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Abstract

Background Ensuring the quantity, quality, and efficacy of human dental mesenchymal stem cells (MSCs)

has become an urgent problem as their applications increase. Growth factors (GFs) have low toxicity, good biocom-
patibility, and regulate stem cell survival and differentiation. They bind to specific receptors on target cells, initiating
signal transduction and triggering biological functions. So far, relatively few studies have been conducted to sum-
marize the effect of different GFs on the application of dental MSCs. We have reviewed the literature from the past
decade to examine the effectiveness and mechanism of applying one or multiple GFs to human dental MSCs. Our
review is based on the premise that a single dental MSC cannot fulfill all applications and that different dental MSCs
react differently to GFs.

Methods A search for published articles was carried out using the Web of Science core collection and PubMed. The
study was conducted following the Preferred Reporting ltems for Systematic Reviews and Meta-Analyses (PRISMA
2020) guidelines. This review considered studies from 2014 to 2023 that examined the effects of GFs on human dental
MSCs. The final selection of articles was made on the 15th of July 2023.

Results Three thousand eight hundred sixty-seven pieces of literature were gathered for this systematic review ini-
tially, only 56 of them were selected based on their focus on the effects of GFs during the application of human den-
tal MSCs. Out of the 56, 32 literature pieces were focused on a single growth factor while 24 were focused on multiple
growth factors. This study shows that GFs can regulate human dental MSCs through a multi-way processing manner.

Conclusion Multimodal treatment of GFs can effectively regulate human dental MSCs, ensuring stem cell quality,
quantity, and curative effects.

Keywords Dental mesenchymal stem cells, Growth factors, Growth factor receptors

Background
Human dental mesenchymal stem cells (MSCs) are abun-
dant and easily accessible multipotent cells compared to
other types of MSCs, such as bone marrow or umbilical
cord MSCs. Dental MSCs have significant advantages
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dental pulp stem cell (DPSC), and stem cell of the apical
papilla (SCAP) [1]. These cells could be used in cellular
therapy, and their development could lead to techniques
used in regenerative dentistry and the treatment of
degenerative diseases [2, 3].

Various methods have been used to enhance the activ-
ity of stem cells, including immortalization, hypoxia,
drugs, chemical reagents, physical factors, cytokines, and
growth factors (GFs) [4, 5]. GFs have been extensively
studied for their good biocompatibility and low toxicity,
as they are important regulators of MSCs. The most stud-
ied types of GFs are transforming growth factor-p (TGE-
B), vascular endothelial growth factor (VEGEF), bone
morphogenetic protein (BMP), fibroblast growth factor
(FGF), platelet-derived growth factor (PDGF), and nerve
growth factor (NGF). However, different dental MSCs
respond differently to a single GF. For instance, TGF-3
or PDGF can stimulate the proliferation and chemot-
axis of PDLSC, while they show the effect of chemotaxis
on GMSC [6-9]. The combined application of GFs can
promote the realization of functions synchronously and
sequentially, even if they are not initiated separately [10].

GFs play a crucial role in regulating the biological
responses of stem cells. When GFs bind to receptors pre-
sent on the surface or cytoplasm of target cells, they trig-
ger various signal transduction mechanisms that perform
specific functions. For instance, GFs activate odontogenic
differentiation through pathways such as ALK5/Smad2/3,
TAK1, p38, and MEK/ERK signaling [11, 12]. BMPs
also bind to specific type I and type II serine/threonine
kinase receptors to activate downstream expression, and
it is the type I receptor that determines the nature of the
biological response [13]. The activation of specific Smad
molecules may vary over time and space, which is why
BMP-2/-7 requires precise temporal and spatial regula-
tion to induce the correct biological response [8, 9].

However, one dental MSC source cannot meet all the
application requirements. The traditional culture process
of dental MSCs has several risks including the transmis-
sion of prion and zoonotic viruses due to animal serum.
Additionally, there are problems with aging, as well as the
low differentiation rate and high apoptosis rate of MSCs
[4, 14, 15]. It is necessary to advance the known growth
factors and signaling molecules implicated in tooth
development and regeneration of different structures
of teeth to improve the process [3]. Therefore, achiev-
ing long-term expansion and dry maintenance of dental
MSCs is crucial for ensuring the number, quality, and
efficacy of stem cells [16].

Significant progress has been made in understand-
ing stem cells, the genes that control their fate, and the
niches that provide signals to modulate their decisions
[2, 3]. While several studies have been conducted on the
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role of dental MSCs in regenerative dentistry, relatively
few have summarized the effects of different GFs on the
application of human dental MSCs. This review aims to
systematically examine research on multi-mode treat-
ment of human dental MSCs with GFs in the past decade
to determine the effect of single GFs and their specific
receptors or mechanisms. It also investigates the effects
of multiple GFs combined with dental MSCs and specific
receptors or mechanisms. This paper can provide valua-
ble insights into the development of human dental MSCs
regenerative medicine and clinical application.

Methods

This systematic review followed the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses
(PRISM A 2020) guidelines.

Search strategy

The systematic review utilized The databases Web of
Science core collection and PubMed databases due to
their high quality and abundance of relevant articles.
The reviewers searched the Web of Science core collec-
tion database using the following terms: “dental mesen-
chymal stem cell*” OR “periodontal ligament stem cell*”
OR “dental follicle stem cell*” OR “stem cell from human
exfoliated deciduous teeth” OR “dental pulp stem cell*”
OR “stem cells of the apical papilla” OR “gingival mes-
enchymal stem cell*” AND “Receptors, Growth Factor”
At the same time, the PubMed database was used to
perform “Majr” of “Receptors, Growth Factor” Nearly
10 years of English works of literature from 2014 to 2023
were screened. Moreover, the final selection was made on
the 15th of July 2023.

Eligibility, inclusion, and exclusion criteria

The study included experimental articles that provided
information on the effects of GFs during the applica-
tion of human dental MSCs. The following literature was
excluded: nonhuman, no open access, reviews, retracted,
unspecified, meeting, and other topics (studies that do
not treat with GFs, genetic, plasmidor adenoviruses
treated, impact factors <2.5). After screening the full text
of the eligible articles, only papers focusing on the effects
of GFs during the application of human dental MSCs
were included. The reviewers independently studied the
screening records and read the full text of each article to
identify potentially qualified and relevant studies. This
method allowed for the analysis of the content of a man-
uscript that meets the requirements. Only the literature
that fulfilled the inclusion criteria was selected for this
review.
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Data extraction

The reviewers independently collected outcomes related
to two aspects - single GF and multiple GFs. Firstly,
the assessment of publication year and types of dental
MSCs was completed. The unique parameters and infor-
mation about the authors’ names, studies, GFs, dental
MSC:s, receptors, mechanisms, and effects were further
extracted to evaluate the efficacy outcomes.

Results

Design and samples

In this systematic review, 3847 records were initially
obtained through database searching from the Web of
Science core collection, and 20 records from PubMed
were included. After excluding 2886 manuscripts due
to duplication, non-human content, lack of open access,
reviews, untraceable sources, unspecified content, and
meetings, only 19 records remained for screening. After
reviewing the titles and abstracts of 962 articles, 830 were
excluded because they did not cover GFs. The full text
of the remaining 132 articles was analyzed, and 56 were
selected for their focus on the effects of GFs for treating
human dental MSCs. Out of those 56 articles, 32 focused
on a single growth factor while 24 focused on multiple
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growth factors. A flow chart illustrating this process is
presented in Fig. 1.

The study characteristics

For this systematic review, a total of 56 studies were
selected. Human dental MSCs have garnered increasing
attention from scholars due to their unique advantages
in the field of regenerative medicine. This has made it a
focal point for future research. According to the review,
47% of the articles were about DPSC, while 34% cov-
ered PDLSC, SHED, SCAP, and GMSC to a lesser extent.
However, there were no studies on DFSC. This indicates
that DPSC and PDLSC have the most promising appli-
cations in human dental MSCs. Over the past decade,
research on GFs treatment of human dental MSCs has
shown a gradual increase, with only two papers meeting
the subject requirement in 2014, but increasing to ten in
2020 (Fig. 2).

The application of a single GF

This review covers 32 literary works using human den-
tal MSCs with single GF treatment. The research mainly
examines the therapeutic effects of different GFs on
dental MSCs. However, there are only a few studies on
the corresponding body or specific mechanism. The
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Articles not retrieval based on title or abstract

with no growth factor treated (n=830)
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Full-text articles assessed for
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Full-text Articles exciuded (n=76) with reasons:
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Fig. 1 Flow chart of the literature search
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= PDLSC (34%, 20)
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SCAP (3%, 2)
= GMSC (2%, 1)
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Total=56
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Fig. 2 Study characteristics. A human dental MSCs types. (DPSC: dental pulp stem cell, PDLSC: periodontal ligament stem cell, SHED: stem cell
from human exfoliated deciduous teeth, SCAP: stem cells of the apical papilla, GMSC: gingival mesenchymal stem cell, DFSC: dental follicle stem
cell) B Proportion of human dental MSCs types treated by GFs in the selected studies. C Publication year of the selected studies on human dental

MSCs treated by GFs

literature commonly uses pathway inhibitors to validate
receptors and mechanisms. Table 1 presents detailed
information about growth factors (GFs), cell types, recep-
tors, pathways, and effects.

The application of multiple GFs

In this review, 24 pieces of literature focus on the effects
of different GFs on human dental MSCs. The combina-
tion of multiple GFs is more complex when compared to
the treatment of just one GF. The previous studies mainly
focused on the efficacy of dental MSCs combined with
GFs and rarely investigated the corresponding receptors
or pathways. Table 2 provides detailed information on
GFs, cell types, receptors, pathways, and their effects.

Mechanism of GFs acting on human dental MSCs

How GFs work is not straightforward. Although differ-
ent GFs can affect dental MSCs using the same signaling
pathway, a single GF can also use several signaling path-
ways to influence dental MSCs. As per the data gathered
so far, various GFs affecting specific receptors or signal-
ing pathways on dental MSCs are illustrated in Fig. 3.

Discussion

This review aims to systematically analyze how GFs regu-
late human dental MSCs through multi-way processing.
Dental MSCs have become increasingly significant as
they possess therapeutic abilities in treating various dis-
eases without causing any serious adverse effects [72].
According to A.A. Volponi et al. [73], dental MSCs from
various sources possess unique functional characteristics,
which is in line with the findings of Dean Whiting et al.
[74].

A single GF

Different GFs have varying effects on dental MSCs.
FGEF-2 treatment increases the proportion of Stro-1+/
CD146 + progenitor cells in SHED and improves vascu-
larization differentiation efficiency more than hypoxia
[24]. Similarly, treating DPSC with BDNF using the tra-
ditional SH-SY5Y sequential method can lead to more
noticeable neuron-like characteristics [44]. These results
suggest that supplementing with GFs can be a poten-
tial therapy for regenerating human dental MSCs in the
pulp, blood vessels, and nerves. The effects of GFs may
vary depending on the concentration used. ] Qian et al.
[28] discovered that the ability of DPSC to undergo
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Table 1 The therapeutic effect of human dental MSCs treated by single GF
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Literature GFs Cell types Receptors Pathways Effects

Chun Fanetal.[17] TGF-B1 PDLSC - ROS induce aging

Hsiao-Hua Chang et al. [18] TGF-B1 SHED TGF-BRI, TGF-BRII - ALK5/Smad2, promote proliferation, collagen turnover,

TAK1, p38, MEK/  and differentiation
ERK

Liming Jiang et al. [19] TGF-B1 DPSC - - promote pulp regeneration or restora-
tive dentin formation

Parisa Ghandforoushan et al. [20] TGF-B1 DPSC - - promote adhesion, proliferation, and dif-
ferentiation of chondrocytes

Alireza Moshaverinia et al. [21] TGF-B3 PDLSC, GMSC - - promote tendon repair and regenera-
tion

Yangfan Li et al. [22] TGF-B3 PDLSC - - promote osteogenic differentiation
and repair incomplete bone defects

Jingting Lu et al. [23] FGF9 DPSC - ERK1/2 inhibit osteogenic differentiation

Caroline Gorin et al. [24] FGF-2 SHED - - induce the release of VEGF and HGF
and enhance the angiogenesis potential

Anita Novais et al. [25] FGF-2 SHED - - increase the bone healing potential

Chunshu Zhang et al. [26] FGF-2 PDLSC - - promote proliferation, dry expression,
and cytokine secretion

Jessica Ratajczak et al. [27] FGF-2 PDLSC - - promote angiogenesis secretion

JQian et al. [28] bFGF DPSC - - treatment for 1 week to increase bone
formation, treatment for 2 weeks
to reduce bone formation

Lihua Luo et al. [29] bFGF DPSC - ERK, TRPC1 save the proliferative activity of fro-
zen cells without changing the dry
and pluripotency

Nunthawan Nowwarote et al. [30] bFGF SHED - Pi/PPi metabolism increase the number of cells and main-
tain stem cell characteristics

Casiano Del Angel-Mosqueda et al. EGF DPSC - - promote extracellular matrix mineraliza-

(31] tion, osteogenic differentiation

bFGF DPSC - - inhibit osteogenic differentiation

De-Hua Zheng et al. [32] EPO PDLSC - Wnt/[-catenin dose-dependent contributes to bone
differentiation

Liying Wang et al. [33] EPO PDLSC - p38 MAPK promote proliferation and osteogenic
differentiation

JiHoon Park et al. [34] BMP peptide DPSC - - support high cell viability, accelerates
proliferation and odontogenic differen-
tiation

Selen Kugukkaya Eren et al. [35] BMP-7 DPSC - - increase osteogenic differentiation
and regeneration

Cheng Liang et al. [36] BMP7 DPSC - - promote vascular regeneration in a con-
centration-dependent manner

TGF-B1 DPSC - - completely inhibits calcification,

Seung Hun Park et al. [37] BMP2 PDLSC - - promote osteogenic differentiation
non-invasively

Edit Hrubi et al. [38] BMP2 DPSC BMPRI, BMPRII - inhibit cell proliferation, and use alone
is not sufficient to induce osteogenesis

Joo-Young Park et al. [39] BMP-2 PDLSC - - higher mineralization and collagen
synthesis

Qian Zeng et al. [40] CGF DPSC - - promote pulp healing

Joshua N Winderlich et al. [41] VEGF-a DPSC VEGF-R2 - increase the permeability of the blood-
brain barrier, stimulate the adhesion
and migration of cells

JGXuetal. [42] VEGF-a SHED, DPSC - SMAD2/3 enhance endothelial differentiation

Nan Xiao et al. [43] GDNF DPSC GFR AKT, MAPK increase migration and promote rapid

wound healing
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Table 1 (continued)

Literature GFs Cell types Receptors Pathways Effects

Arwa A Al-Maswary et al. [44] BDNF DPSC ERK/MAPK promote differentiation into typical
neuron-like cells

Saikrishna Kandalam et al. [45] BDNF SCAP[55] induce immune regulation, protect
nerves, and promote the expression
of neuronal markers

Ji-Hyun Kim et al. [46] BDNF DPSC TrkB induce odontogenic differentiation

Zhenging Liu et al. [47] NGF p75NTR JNK activation of the DLX5 gene contributes

to bone

-unknown or not mentioned

DPSC dental pulp stem cell, PDLSC periodontal ligament stem cell, SHED stem cell from human exfoliated deciduous teeth, SCAP stem cells of the apical papilla, GMSC
gingival mesenchymal stem cell, TGF-B transforming growth factor 3, FGF fibroblast growth factor, bFGF basic fibroblast growth factor, EGF epidermal growth factor,
EPO erythropoietin, BMP bone morphogenetic protein, VEGF vascular endothelial growth factor, GDNF glial-derived neurotrophic factor, BDNF brain derived growth
factor, NGF nerve growth factor, CGF Concentrated growth factor, ROS reactive oxygen species

osteogenic differentiation increased after 1 week of bFGF
pretreatment. Although the effectiveness of bFGF is not
diminished by passage, the osteogenic impact is reduced
after 2 weeks of preconditioning, which is consistent with
the findings of Casiano Del Angel-Mosqueda et al. [31].
A single GF can have multiple biological roles. The
effect of bFGF on DPSC is not limited to osteogenesis
but also helps to up-regulate the TRPC1 channel, which
prevents apoptosis. Continuous treatment of Stem Cells
from SHED with bFGF plays a vital role in regulating Pi/
PPi metabolism and maintaining stem cell properties
[28-30]. GFs can also have the same impact on dental
MSCs. For instance, NGF and EGF both have osteogenic
effects, and BMP2 and FGF9 are also capable of inhibit-
ing osteogenic differentiation. This could provide the
basis for the combined application of GFs [23, 31, 38, 47].

Multiple GFs
When comparing single GF treatment to combined GF
treatment, it can have either a synergistic or antagonis-
tic effect. The combination of IGF-1 and VEGF works
through the AKT pathway to stimulate DPSC growth.
FGF-2 can work with TGF-B1 to stimulate PDLSC dif-
ferentiation but antagonize BMP-induced differentiation
[48, 50]. The use of multiple GFs has proven to be a bet-
ter alternative to traditional stem cell culture medium.
EGF, bFGF, and BDNF in a medium can stimulate dopa-
minergic neuron formation [58, 59]. DPSC can induce
Schwann-like cells using PDGF-aa, bFGF, NRG, TGF-f33,
BMP-2/-6/-7, and IGF-1 [56, 57]. PDLSC, on the other
hand, can differentiate into corneal cells using bFGF-
2, TGF-B3, and SP. Lastly, an EHFM medium is the best
option for the long-term expansion of PDLSC [53, 55].
Different human platelet derivatives contain natural
GFs with various effects. PRP enhances cell viability in
PDLSC while PL has higher activity of GFs and fewer side
effects [64, 65, 68—70]. AFC is also a safe alternative to

serum with a high content of GFs [60]. In i-PRF, yellow
i-PRF stimulates osteogenic differentiation earlier, but
red i-PRF is more suitable for bone regeneration [61].
However, GFs in vivo have limitations, improving their
delivery systems can extend their stability and lifespan
[75]. Hydrogel materials and modified gels enable tissue
engineering with GFs like FGF, BMP, VEGF, and TGF-p
[21, 25, 51, 66, 71]. Mineral trioxide aggregate (MTA),
root BP Plus, and doxycycline (DOX) play an auxiliary
role in the interaction process [35, 40, 67].

Receptors

The mechanism by which GFs act on human dental
MSCs is complex but critical. The receptors related to the
TGE-P1 signal, such as TGF-BRIs (ALK1, ALK3, ALK5),
TGE-BRIL B glycan, and endothelial glycoproteins, are
detectable in SHED. Type I and II receptors within SHED
enhance collagen synthesis, and TGF-$1 further affects
SHED through differentially regulating ALK5/Smad2/3,
TAK1, p38, and MEK/ERK pathways [18]. At a molecu-
lar level, TGF-P1 promotes the activity of B-galactosidase
and the expression of p16 and p21 in PDLSC, leading to
cellular senescence due to excessive ROS generation [17].
As for DPSC, researchers believe that BMP2, VEGF-a,
GDNE, and BDNF mediate cell proliferation, migration,
and differentiation through specific receptors [38, 41,
43, 46]. These findings suggest that GFs initiate biologi-
cal processes by activating particular receptors in dental
MSCs.

Limitations

It is important to acknowledge certain limitations in this
study. The search strategy only considered literature from
the last decade, which means that not all available litera-
ture was included. Additionally, the included research
mainly focused on basic research of cells or the primary
animal model used in mice, which increases the risk of



He et al. BMC Oral Health

(2024) 24:290

Table 2 The therapeutic effect of human dental MSCs treated by multiple GFs
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Literature GFs Cell types Receptors Pathways Effects

Sun-YiHyun et al. [48] FGF-2, TGF-B1, BMP-2/-4 PDLSC - - FGF-2 collaborates with TGF-31
to stimulate fibrotic differentiation
and antagonize BMP osteogenic/
cemental differentiation

Nan Xiao et al. [49] BDNF, NT4/5 DPSC TrkB ERK/MAPK accelerate migration and wound
healing

Wanyu Lu et al. [50] IGF-1,VEGF DPSC - AKT combined to promote prolifera-
tive migration and osteogenesis,
the effect alone is not obvious

Kun Xia et al. [51] RGD, VEGF DPSC - - promote cell adhesion, angiogen-
esis, and endodontic regeneration

Francesco Paduano et al. [52] Medium (EGF, bFGF) DPSC - - up-regulate osteogenesis-specific
markers

Anna Di Vito et al. [53] Medium (EGF, FGF) PDLSC - - maintain growth and dryness
with higher osteogenic potential

Jingyi Xiao et al. [54] Medium (FGF2, TGF 31) DPSC - - higher maintenance of cell prolif-
eration, pluripotency, migration,
and stability

Jialin Chen et al. [55] Medium (bFGF-2, TGF-33, SP) PDLSC - - construction of multilayer human
corneal stromal-like tissue

Wendy Martens et al. [56] Medium (PDGF-aa, bFGF, NRG) DPSC - - induce differentiation
into Schwann-like cells

A Longoni et al. [57] Medium (TGF-33, BMP-2/-6/-7, DPSC - - fibrocartilaginous tissue is formed,

IGF-1) hyaline cartilage is not formed

Huong Thi Nguyen Nguyen etal. ~ Medium (EGF, bFGF, BDNF) SHED - - induction into neurons improves

[58] neurite development and mito-
chondrial function

Xu, JG et al. [59] Medium (TGF-31, BMP4) SHED - TGF-B1-ALKS5 derived to SMC

Hua-Lian Cao et al. [60] AFC DPSC, PDLSC - - GF source that promotes dentin/
dentin differentiation, cell expan-
sion

Prakan Thanasrisuebwong et al. i-PRF PDLSC - - yellow i-PRF stimulates osteogenic

[61] differentiation earlier, and red i-PRF
is more suitable for bone regenera-
tion

Melissa Lo Monaco et al. [62] L-PRF DPSC - - an immunomodulatory effect,
stimulate the survival of chondro-
cytes

Ali Sadeghinia et al. [63] a-PRP DPSC - - accelerate cell osteogenic differen-
tiation, mineralization, and expres-
sion of bone gene markers

Yunhe Xu et al. [64] PRP PDLSC - autophagy  concentration-dependent
enhancement of cell viability
and osteogenic differentiation

Qiu Xu et al. [65] PRP PDLSC - - significantly enhances osteogen-
esis, with a concentration of 1%
being the most effective mode
of administration

Bei-Min Tian et al. [66] PL PDLSC - - improve the osteogenic potential
and support cell sheet formation

Gengtao Qiu et al. [67] PL PDLSC enhance osteogenic differentiation
potential

Gengtao Qiu et al. [68] PL PDLSC - - improve cell viability and osteo-
genic differentiation, 2.5%
is the optimal concentration

Nela Pilbauerova et al. [69] PL DPSC - - serum substitute for expanded

stem cells in vitro
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Table 2 (continued)
Literature GFs Cell types Receptors Pathways Effects
Hanan Jafar et al. [70] PL SCAP. PDLSC - - a suitable substitute for animal-
derived serums that contribute
to bone
Tong Leietal. [71] PL SHED - - promote stem cell proliferation

and differentiation, and standardize
cell production methods

-unknown or not mentioned

DPSC dental pulp stem cell, PDLSC periodontal ligament stem cell, SHED stem cell from human exfoliated deciduous teeth, SCAP stem cells of the apical papilla, SMC
smooth muscle cell, TGF- transforming growth factor 3, FGF fibroblast growth factor, bFGF basic fibroblast growth factor, EGF epidermal growth factor, BMP bone
morphogenetic protein, SP substance P, VEGF vascular endothelial growth factor, BDNF brain derived growth factor, NT neurotrophin, IGF insulin-like growth factor,
AFC Allogeneic Fibrin Clot, PRF platelet-rich fibrin, PRP platelet-rich plasmawithin, PL platelet lysate

TGF-B1
EPO

TGF-B
inhibitor

1

/
7

== direct stimulation

\ MEK \
ERK1/2
= ﬁ-catemn

FGF9

GDNF

= = =» jndirect stimulation

Fig. 3 Mechanism of GFs acting on dental MSCs. (PRP: platelet-rich plasmawithin, VEGF: vascular endothelial growth factor, EPO: erythropoietin,
TGF-B: transforming growth factor (3, ROS: reactive oxygen species, FGF: fibroblast growth factor, bFGF: basic fibroblast growth factor, NGF: nerve
growth factor, BDNF: brain derived growth factor, GDNF: glial-derived neurotrophic factor)

bias and confounding. This article mainly discusses den-
tal MSCs, types of GFs, and specific uses in regenera-
tive medicine, while ignoring the following aspects: (1)
age, sex, and viability of human dental MSC donors; (2)
number of animal experiments and duration of interven-
tion, and (3) statistical methods used. Dental MSCs show
great promise in regenerative medicine. However, the

literature does not clarify the mechanism of interaction
between different GFs in detail. Potential biases in the
data may have further affected the systematic analysis.
Due to the lack of a clinical database, a meta-analysis was
not performed.

Therefore, to strengthen the conclusion, future
improvements can be made in the following areas. First,
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conducting additional research that includes experiments
and data from a broader range of species such as pigs,
dogs, or humans is necessary. Second, it is important to
consider the potential for publication, ensuring an ade-
quate description of the mechanisms governing interac-
tion between different growth factors in human dental
MSCs. More consistent use of statistical methods, age,
sex, and viability of human dental MSC donors, along
with inhibition of experimental intervention can lead to
higher-quality articles.

Conclusion

Multimodal treatment of GFs can effectively regulate
human dental MSCs, ensuring stem cell quality, quantity,
and curative effects.

Abbreviations
MSCs Mesenchymal stem cells
GF Growth factor

PDLSC  Periodontal ligament stem cell

DFSC Dental follicle stem cell

SHED Stem cell from human exfoliated deciduous teeth
DPSC Dental pulp stem cell

SCAP Stem cells of the apical papilla

GMSC  Gingival mesenchymal stem cell

EGF Epidermal growth factor

TGF-B  Transforming growth factor
PDGF Platelet-derived growth factor
bFGF Basic fibroblast growth factor
BMP Bone morphogenetic protein

IGF Insulin-like growth factor

VEGF Vascular endothelial growth factor
NGF Nerve growth factor

EPO Erythropoietin

GDNF  Glial-derived neurotrophic factor
BDNF Brain derived growth factor

NT Neurotrophin

SP Substance P

PDGF Platelet-derived growth factor
CGF Concentrated growth factor
SMC Smooth muscle cells

BBB Blood—brain barrier

PL Platelet lysate

AFC Allogeneic Fibrin Clot
PRF Platelet-Rich Fibrin

PRP Platelet-rich plasmawithin
ROS Reactive oxygen species
3D Three-dimensional

DOX Doxycycline
MTA Mineral trioxide aggregate

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512903-024-04013-2.

[ Additional file 1. PRISMA 2020 Checklist. }

Acknowledgements
Not applicable.

Page 9 of 11

Authors’ contributions

HH, XY, and YH all played a significant role in developing the main idea for this
work. HH was responsible for creating the original draft, as well as the figures
and tables. Both HH and YY conducted literature screenings for systematic
analysis. XY and YH provided supervision throughout the work and offered
valuable comments and scientific insights. XY also took charge of revising

the text. Finally, all of the authors carefully reviewed and approved the final
manuscript for publication.

Funding

This study was supported by the National Key Research and Development
Program of China (No. 2021YFA0804903), and the Guangzhou-Jinan University
Municipal and University Joint Funding Programs (No. 202201020045)
awarded to Yue Huang. Additionally, the study was supported by the Guang-
zhou Key Laboratory for Germ-free Animals and Microbiota Application (No.
202201020381).

Availability of data and materials
The datasets supporting the conclusions of this article are included within the
article and its Additional file 1.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 9 November 2023 Accepted: 12 February 2024
Published online: 01 March 2024

References

1. Yang JW, Shin YY, Seo Y, Kim HS. Therapeutic functions of stem cells from
oral cavity: an update. Int J Mol Sci. 2020;21(12):4389.

2. Rodriguez-Lozano FJ, Bueno C, Insausti CL, Meseguer L, Ramirez MC,
Blanquer M, Marin N, Martinez S, Moraleda JM. Mesenchymal stem cells
derived from dental tissues. Int Endod J. 2011;44(9):800-6.

3. Rodriguez-Lozano FJ, Insausti CL, Iniesta F, Blanquer M, Ramirez MD,
Meseguer L, Meseguer-Henarejos AB, Marin N, Martinez S, Moraleda JM.
Mesenchymal dental stem cells in regenerative dentistry. Med Oral Patol
Oral Cir Bucal. 2012;17(6):e1062-1067.

4. Hu G LiL. Preconditioning influences mesenchymal stem cell properties
in vitro and in vivo. J Cell Mol Med. 2018;22(3):1428-42.

5. YokoiT, Saito M, Kiyono T, Iseki S, Kosaka K, Nishida E, Tsubakimoto T,
Harada H, Eto K, Noguchi T, et al. Establishment of immortalized dental
follicle cells for generating periodontal ligament in vivo. Cell Tissue Res.
2007,327(2):301-11.

6. Nishimura F, Terranova VP. Comparative study of the chemotactic
responses of periodontal ligament cells and gingival fibroblasts to poly-
peptide growth factors. J Dent Res. 1996;75(4):.986-92.

7. Sant’Ana AC, Marques MM, Barroso TE, Passanezi E, de Rezende ML.
Effects of TGF-betal, PDGF-BB, and IGF-1 on the rate of proliferation and
adhesion of a periodontal ligament cell lineage in vitro. J Periodontol.
2007;78(10):2007-17.

8. Smith PC, Martinez C, Caceres M, Martinez J. Research on growth factors
in periodontology. Periodontol 2000. 2015;67(1):234-50.

9. Smith WC.TGF beta inhibitors. New and unexpected requirements in
vertebrate development. Trends Genet. 1999;15(1):3-5.

10. Ripamonti U, Crooks J, Petit JC, Rueger DC. Periodontal tissue regenera-
tion by combined applications of recombinant human osteogenic
protein-1 and bone morphogenetic protein-2. A pilot study in Chacma
baboons (Papio ursinus). Eur J Oral Sci. 2001;109(4):241-8.


https://doi.org/10.1186/s12903-024-04013-2
https://doi.org/10.1186/s12903-024-04013-2

He et al. BMC Oral Health

20.

21.

22.

23.

24.

25.

26.

27.

28.

(2024) 24:290

. Machla F, Angelopoulos |, Epple M, Chatzinikolaidou M, Bakopoulou

A. Biomolecule-mediated therapeutics of the dentin-pulp complex: a
systematic review. Biomolecules. 2022;12(2):285.

Sugiaman VK, Djuanda R, Pranata N, Naliani S, Demolsky WL, Jeffrey A. Tis-
sue engineering with Stem Cell from Human Exfoliated Deciduous Teeth
(SHED) and collagen matrix, regulated by growth factor in regenerating
the dental pulp. Polymers (Basel). 2022;14(18):3712.

Nohe A, Keating E, Knaus P, Petersen NO. Signal transduction of bone
morphogenetic protein receptors. Cell Signal. 2004;16(3):291-9.
Julavijitphong S, Wichitwiengrat S, Tirawanchai N, Ruangvutilert P, Vantan-
asiri C, Phermthai T. A xeno-free culture method that enhances Wharton's
jelly mesenchymal stromal cell culture efficiency over traditional animal
serum-supplemented cultures. Cytotherapy. 2014;16(5):683-91.

Sharpe PT. Dental mesenchymal stem cells. Development.
2016;143(13):2273-80.

Ferreira JRM, Greck AP. Adult mesenchymal stem cells and their
possibilities for dentistry: what to expect? Dental Press J Orthod.
2020;25(3):85-92.

Fan C, Ji Q, Zhang C, Xu S, Sun H, Li Z. TGF-{3 induces periodontal liga-
ment stem cell senescence through increase of ROS production. Mol
Med Rep. 2019;20(4):3123-30.

Chang HH, Chen IL, Wang YL, Chang MC, Tsai YL, Lan WC, Wang TM,
Yeung SY, Jeng JH. Regulation of the regenerative activity of dental pulp
stem cells from exfoliated deciduous teeth (SHED) of children by TGF-B31
is associated with ALK5/Smad2, TAK1, p38 and MEK/ERK signaling. Aging
(Albany NY). 2020;12(21):21253-72.

Jiang L, Ayre WN, Melling GE, Song B, Wei X, Sloan AJ, Chen X. Liposomes
loaded with transforming growth factor 31 promote odontogenic dif-
ferentiation of dental pulp stem cells. J Dent. 2020;103:103501.
Ghandforoushan P, Hanaee J, Aghazadeh Z, Samiei M, Navali AM, Khatibi
A, Davaran S. Enhancing the function of PLGA-collagen scaffold by
incorporating TGF-B1-loaded PLGA-PEG-PLGA nanoparticles for cartilage
tissue engineering using human dental pulp stem cells. Drug Deliv Trans|
Res. 2022;12(12):2960-78.

Moshaverinia A, Xu X, Chen C, Ansari S, Zadeh HH, Snead ML, Shi S.
Application of stem cells derived from the periodontal ligament or
gingival tissue sources for tendon tissue regeneration. Biomaterials.
2014,35(9):2642-50.

LiY, Qiao Z, Yu F, Hu H, Huang Y, Xiang Q, Zhang Q, Yang Y, Zhao Y.
Transforming growth factor-B3/chitosan sponge (TGF-B3/CS) facilitates
osteogenic differentiation of human periodontal ligament stem cells. Int
J Mol Sci. 2019,20(20):4982.

Lu J, Dai J,Wang X, Zhang M, Zhang P, Sun H, Zhang X, Yu H, Zhang W,
Zhang L, et al. Effect of fibroblast growth factor 9 on the osteogenic
differentiation of bone marrow stromal stem cells and dental pulp stem
cells. Mol Med Rep. 2015;11(3):1661-8.

Gorin C, Rochefort GY, Bascetin R, Ying H, Lesieur J, Sadoine J, Beckouche
N, Berndt S, Novais A, Lesage M, et al. Priming dental pulp stem cells
with fibroblast growth factor-2 increases angiogenesis of implanted
tissue-engineered constructs through hepatocyte growth factor and
vascular endothelial growth factor secretion. Stem Cells Transl Med.
2016;5(3):392-404.

Novais A, Lesieur J, Sadoine J, Slimani L, Baroukh B, Saubaméa B, Schmitt
A, Vital S, Poliard A, Hélary C, et al. Priming dental pulp stem cells from
human exfoliated deciduous teeth with fibroblast growth factor-2
enhances mineralization within tissue-engineered constructs implanted
in craniofacial bone defects. Stem Cells Transl Med. 2019;8(8):844-57.
Zhang C, Guo H, Yang C, Chen Q, Huang J, Liu L, Zhang Y, Jin S, Song

A, Yang P. The biological behavior optimization of human periodontal
ligament stem cells via preconditioning by the combined application

of fibroblast growth factor-2 and A83-01 in in vitro culture expansion. J
Transl Med. 2019;17(1):66.

Ratajczak J, Hilkens P, Gervois P, Wolfs E, Jacobs R, Lambrichts |, Bronckaers
A. Angiogenic capacity of periodontal ligament stem cells pretreated
with deferoxamine and/or fibroblast growth factor-2. PLoS One.
2016;11(12):e0167807.

Qian J, Jiayuan W, Wenkai J, Peina W, Ansheng Z, Shukai S, Shafei Z, Jun

L, Longxing N. Basic fibroblastic growth factor affects the osteogenic dif-
ferentiation of dental pulp stem cells in a treatment-dependent manner.
Int Endod J. 2015;48(7):690-700.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Page 10 of 11

Luo L, Zhang Y, Chen H, Hu F, Wang X, Xing Z, Albashari AA, Xiao J, He Y,
Ye Q. Effects and mechanisms of basic fibroblast growth factor on the
proliferation and regenerative profiles of cryopreserved dental pulp stem
cells. Cell Prolif. 2021;54(2):212969.

Nowwarote N, Sukarawan W, Pavasant P, Foster BL, Osathanon T. Basic
fibroblast growth factor regulates phosphate/pyrophosphate regulatory
genes in stem cells isolated from human exfoliated deciduous teeth.
Stem Cell Res Ther. 2018:9(1):345.

Del Angel-Mosqueda C, Gutiérrez-Puente Y, Lépez-Lozano AP, Romero-
Zavaleta RE, Mendiola-Jiménez A, Medina-De la Garza CE, Marquez MM,
De la Garza-Ramos MA. Epidermal growth factor enhances osteogenic
differentiation of dental pulp stem cells in vitro. Head Face Med.
2015;11:29.

Zheng DH, Wang XX, Ma D, Zhang LN, Qiao QF, Zhang J. Erythropoietin
enhances osteogenic differentiation of human periodontal ligament
stem cells via Wnt/B-catenin signaling pathway. Drug Des Devel Ther.
2019;13:2543-52.

Wang L, Wu F, Song Y, Duan Y, Jin Z. Erythropoietin induces the osteogen-
esis of periodontal mesenchymal stem cells from healthy and peri-
odontitis sources via activation of the p38 MAPK pathway. Int J Mol Med.
2018;41(2):829-35.

Park JH, Gillispie GJ, Copus JS, Zhang W, Atala A, Yoo JJ, Yelick PC, Lee SJ.
The effect of BMP-mimetic peptide tethering bioinks on the differentia-
tion of dental pulp stem cells (DPSCs) in 3D bioprinted dental constructs.
Biofabrication. 2020;12(3):035029.

Kigukkaya Eren S, Bahador Zirh E, Zirh S, Sharafi P, Zeybek ND. Combined
effects of bone morphogenetic protein-7 and mineral trioxide aggregate
on the proliferation, migration, and differentiation of human dental pulp
stem cells. J Appl Oral Sci. 2022;30:620220086.

Liang C, Liang Q, Xu X, Liu X, Gao X, Li M, Yang J, Xing X, Huang H, Tang Q,
et al. Bone morphogenetic protein 7 mediates stem cells migration and
angiogenesis: therapeutic potential for endogenous pulp regeneration.
Int J Oral Sci. 2022;14(1):38.

Park SH, Kwon JS, Lee BS, Park JH, Lee BK, Yun JH, Lee BY, Kim JH, Min BH,
Yoo TH, et al. BMP2-modified injectable hydrogel for osteogenic differen-
tiation of human periodontal ligament stem cells. Sci Rep. 2017;7(1):6603.
Hrubi E, Imre L, Robaszkiewicz A, Virdg L, Kerényi F, Nagy K, Varga G, Jenei
A, Hegedus C. Diverse effect of BMP-2 homodimer on mesenchymal
progenitors of different origin. Hum Cell. 2018;31(2):139-48.

Park JY, Park CH, Yi T, Kim SN, Iwata T, Yun JH. rhBMP-2 pre-treated human
periodontal ligament stem cell sheets regenerate a mineralized layer
mimicking dental cementum. Int J Mol Sci. 2020;21(11):3767.

Zeng Q, Zhou C, Li M, Qiu Y, Wei X, Liu H. Concentrated growth factor
combined with iRoot BP Plus promotes inflamed pulp repair: an in vitro
and in vivo study. BMC Oral Health. 2023;23(1):225.

Winderlich JN, Kremer KL, Koblar SA. Adult human dental pulp stem

cells promote blood-brain barrier permeability through vascular
endothelial growth factor-a expression. J Cereb Blood Flow Metab.
2016;36(6):1087-97.

Xu JG, Gong T, Wang YY, Zou T, Heng BC, Yang YQ, Zhang CF. Inhibition of
TGF-B signaling in SHED enhances endothelial differentiation. J Dent Res.
2018,97(2):218-25.

Xiao N, Yu WY, Liu D. Glial cell-derived neurotrophic factor promotes den-
tal pulp stem cell migration. J Tissue Eng Regen Med. 2018;12(3):705-14.
Al-Maswary AA, O'Reilly M, Holmes AP, Walmsley AD, Cooper PR, Scheven
BA. Exploring the neurogenic differentiation of human dental pulp stem
cells. PLoS One. 2022;17(11):e0277134.

Kandalam S, De Berdt P, Ucakar B, Vanvarenberg K, Bouzin C, Gratpain V,
Diogenes A, Montero-Menei CN, des Rieux A. Human dental stem cells
of the apical papilla associated to BDNF-loaded pharmacologically active
microcarriers (PAMs) enhance locomotor function after spinal cord injury.
Int J Pharm. 2020;587:119685.

Kim JH, Irfan M, Hossain MA, George A, Chung S. BDNF/TrkB is a crucial
regulator in the inflammation-mediated odontoblastic differentiation of
dental pulp stem cells. Cells. 2023;12(14):1851.

Liu Z, Suh JS, Deng P, Bezouglaia O, Do M, Mirnia M, Cui ZK, Lee M, Agha-
loo T, Wang CY, et al. Epigenetic regulation of NGF-mediated osteogenic
differentiation in human dental mesenchymal stem cells. Stem Cells.
2022;40(9):818-30.



He et al. BMC Oral Health

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

(2024) 24:290

Hyun SY, Lee JH, Kang KJ, Jang YJ. Effect of FGF-2, TGF-3-1, and BMPs on
teno/ligamentogenesis and osteo/cementogenesis of human periodon-
tal ligament stem cells. Mol Cells. 2017;40(8):550-7.

Xiao N, Thor D, Yu WY. Neurotrophins BDNF and NT4/5 accelerate dental
pulp stem cell migration. Biomed J. 2021;44(3):363-8.

LuW, XuW, Li J, ChenY, Pan Y, Wu B. Effects of vascular endothelial
growth factor and insulin growth factor-1 on proliferation, migration,
osteogenesis and vascularization of human carious dental pulp stem
cells. Mol Med Rep. 2019;20(4):3924-32.

Xia K, Chen Z, Chen J, Xu H, Xu Y, Yang T, Zhang Q. RGD- and VEGF-
mimetic peptide epitope-functionalized self-assembling peptide hydro-
gels promote dentin-pulp complex regeneration. Int J Nanomedicine.
2020;15:6631-47.

Paduano F, Marrelli M, Alom N, Amer M, White LJ, Shakesheff KM, Tatullo
M. Decellularized bone extracellular matrix and human dental pulp
stem cells as a construct for bone regeneration. J Biomater Sci Polym Ed.
2017;28(8):730-48.

Di Vito A, Giudice A, Chiarella E, Malara N, Bennardo F, Fortunato L. In Vitro
long-term expansion and high osteogenic potential of periodontal liga-
ment stem cells: more than a mirage. Cell Transplant. 2019;28(1):129-39.
Xiao J,Yang D, Li Q, Tian W, Guo W. The establishment of a chemically
defined serum-free culture system for human dental pulp stem cells.
Stem Cell Res Ther. 2018;9(1):191.

Chen J, Zhang W, Kelk P, Backman LJ, Danielson P. Substance P and pat-
terned silk biomaterial stimulate periodontal ligament stem cells to form
corneal stroma in a bioengineered three-dimensional model. Stem Cell
Res Ther. 2017;8(1):260.

Martens W, Sanen K, Georgiou M, Struys T, Bronckaers A, Ameloot M,
Phillips J, Lambrichts . Human dental pulp stem cells can differenti-

ate into Schwann cells and promote and guide neurite outgrowth

in an aligned tissue-engineered collagen construct in vitro. FASEB J.
2014,28(4):1634-43.

Longoni A, Utomo L, van Hooijdonk IE, Bittermann GK, Vetter VC, Kruijt
Spanjer EC, Ross J, Rosenberg AJ, Gawlitta D. The chondrogenic differen-
tiation potential of dental pulp stem cells. Eur Cell Mater. 2020;39:121-35.
Nguyen Nguyen HT, Kato H, Sato H, Yamaza H, Sakai Y, Ohga S, Nonaka K,
Masuda K. Positive effect of exogenous brain-derived neurotrophic factor
on impaired neurite development and mitochondrial function in dopa-
minergic neurons derived from dental pulp stem cells from children with
attention deficit hyperactivity disorder. Biochem Biophys Res Commun.
2019;513(4):1048-54.

Xu JG, Zhu SY, Heng BC, Dissanayaka WL, Zhang CF. TGF-beta 1-induced
differentiation of SHED into functional smooth muscle cells. Stem Cell
Res Ther. 2017;8:10.

Cao HL, Chung JH, Choung PH. Allogeneic fibrin clot for odontogenic/
cementogenic differentiation of human dental mesenchymal stem cells.
Tissue Eng Regen Med. 2020;17(4):511-24.

Thanasrisuebwong P, Kiattavorncharoen S, Surarit R, Phruksaniyom C,
Ruangsawasdi N. Red and yellow injectable platelet-rich fibrin demon-
strated differential effects on periodontal ligament stem cell proliferation,
migration, and osteogenic differentiation. Int J Mol Sci. 2020;21(14):5153.
Lo Monaco M, Gervois P, Beaumont J, Clegg P, Bronckaers A, Vandeweerd
JM, Lambrichts I. Therapeutic potential of dental pulp stem cells and
leukocyte- and platelet-rich fibrin for osteoarthritis. Cells. 2020;9(4):980.
Sadeghinia A, Davaran S, Salehi R, Jamalpoor Z. Nano-hydroxy apatite/
chitosan/gelatin scaffolds enriched by a combination of platelet-

rich plasma and fibrin glue enhance proliferation and differentiation

of seeded human dental pulp stem cells. Biomed Pharmacother.
2019;109:1924-31.

Xu'Y,Wang X, Liu W, Lu W. Thrombin-activated platelet-rich plasma
enhances osteogenic differentiation of human periodontal ligament
stem cells by activating SIRT1-mediated autophagy. Eur J Med Res.
2021;26(1):105.

Xu Q, Li B, Yuan L, Dong Z, Zhang H, Wang H, Sun J, Ge S, Jin Y. Combina-
tion of platelet-rich plasma within periodontal ligament stem cell sheets
enhances cell differentiation and matrix production. J Tissue Eng Regen
Med. 2017;11(3):627-36.

Tian BM, Wu RX, Bi CS, He XT, Yin Y, Chen FM. Human platelet lysate sup-
ports the formation of robust human periodontal ligament cell sheets. J
Tissue Eng Regen Med. 2018;12(4):961-72.

67.

68.

69.

70.

71

72.

73.

74.

75.

Page 11 of 11

Qiu G, Wu H, Huang M, Ma T, Schneider A, Oates TW, Weir MD, Xu HHK,
Zhao L. Novel calcium phosphate cement with biofilm-inhibition

and platelet lysate delivery to enhance osteogenesis of encapsulated
human periodontal ligament stem cells. Mater Sci Eng C Mater Biol Appl.
2021;128:112306.

Qiu G, Huang M, Liu J, MaT, Schneider A, Oates TW, Lynch CD, Weir MD,
Zhang K, Zhao L, et al. Human periodontal ligament stem cell encapsula-
tion in alginate-fibrin-platelet lysate microbeads for dental and crani-
ofacial regeneration. J Dent. 2022;124:104219.

Pilbauerova N, Schmidt J, Suchankova Kleplova T, Soukup T, Suchanek

J. Effect of human platelet lysate as cultivation nutrient supplement on
human natal dental pulp stem cell in vitro expansion. Biomolecules.
2022;12(8):1091.

Jafar H, Abuarqoub D, Ababneh N, Hasan M, Al-Sotari S, Aslam N, Kailani
M, Ammoush M, Shraideh Z, Awidi A. hPL promotes osteogenic differen-
tiation of stem cells in 3D scaffolds. PLoS One. 2019;14(5):e0215667.

Lei T, LiuY, Deng S, Xiao Z, Yang Y, Zhang X, Bi W, Du H. Hydrogel supple-
mented with human platelet lysate enhances multi-lineage differentia-
tion of mesenchymal stem cells. J Nanobiotechnology. 2022;20(1):176.
Botelho J, Cavacas MA, Machado V, Mendes JJ. Dental stem cells: recent
progresses in tissue engineering and regenerative medicine. Ann Med.
2017,49(8):644-51.

Volponi AA, Gentleman E, Fatscher R, Pang YW, Gentleman MM, Sharpe
PT. Composition of mineral produced by dental mesenchymal stem cells.
J Dent Res. 2015;94(11):1568-74.

Whiting D, Chung WO, Johnson JD, Paranjpe A. Characterization of the
cellular responses of dental mesenchymal stem cells to the immune
system. J Endod. 2018;44(7):1126-31.

Mitchell AC, Briquez PS, Hubbell JA, Cochran JR. Engineering growth fac-
tors for regenerative medicine applications. Acta Biomater. 2016;30:1-12.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	The growth factor multimodality on treating human dental mesenchymal stem cells: a systematic review
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Methods
	Search strategy
	Eligibility, inclusion, and exclusion criteria
	Data extraction

	Results
	Design and samples
	The study characteristics
	The application of a single GF
	The application of multiple GFs
	Mechanism of GFs acting on human dental MSCs

	Discussion
	A single GF
	Multiple GFs
	Receptors
	Limitations

	Conclusion
	Acknowledgements
	References


