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Concentrated growth factor promotes gingival regeneration through the AKT/
Wnt/b-catenin and YAP signaling pathways

Lei Qia,b�, Lu Liub,c�, Yue Hub,c, Jie Lib,c, Jiayi Lib,d, Ningning Caoa,b, Fangxing Zhua,b, Chaoji Shib,d and
Lei Zhanga,b

aDepartment of Oral and Cranio-Maxillofacial Surgery, Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai,
China; bNational Clinical Research Center for Oral Diseases, Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of
Medicine, Shanghai, China; cShanghai Key Laboratory of Stomatology and Shanghai Research Institute of Stomatology, Shanghai Jiao Tong
University School of Medicine, Shanghai, China; dDepartment of Oral and Maxillofacial-Head Neck Oncology, Shanghai Ninth People’s
Hospital, College of Stomatology, Shanghai Jiao Tong University School of Medicine, Shanghai, China

ABSTRACT
Although concentrated growth factor (CGF) is known to promote gingival regeneration and improve
the outcomes of clinical treatment, the mechanisms underlying its effects remain unknown. Therefore,
this study aimed to elucidate the effects of CGF on gingival thickening. To this end, gingival mesenchy-
mal stem cells (GMSCs) were treated with different concentrations of CGF, and the effects of CGF on
cell proliferation and migration; collagen-1 (Col-1), fibronectin (FN), vascular endothelial growth factor
(VEGF), and angiopoietin-1 (Ang-1) expression; and the AKT, Wnt/b-catenin, and Yes-associated protein
(YAP) signalling pathways were investigated. The effects of CGF in vivo were also investigated in a rat
buccal gingival injection model. GMSCs cultured with CGF showed improved cell proliferation and
migration. Moreover, CGF treatment improved the levels of FN, Col-1, VEGF, and ANG-1. These effects
of CGF were mediated by the AKT/Wnt and YAP pathways, with the AKT pathway possibly functioning
upstream of the Wnt/b-catenin and YAP pathways. YAP was also shown to be overexpressed in the
in vivo model. Thus, CGF can promote gingival regeneration, and YAP transport into the nucleus may
be a key factor underlying this activity, which provides a novel perspective for gingival regeneration
and further promotion of the clinical application of CGF.
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Introduction

Patients with thin gingiva biotype often experience disap-
pointing outcomes such as gingival recession, poor postoper-
ative stability, and unexpected aesthetic effects during
orthodontic and orthognathic treatment. Hence, the gingival
graft procedure is the current “gold standard” for the treat-
ment [1]. However, this approach has various drawbacks such
as donor-site damage, limited palatal mucosal tissue, and
poor postoperative outcome [2–4]. Gingival regeneration is a
complex developmental process, which involves the use of
growth factors to establish a fully functional vascular
microenvironment for tissue survival [5]. A previous study has
confirmed that concentrated growth factor (CGF), a third-
generation platelet concentrate derived from autologous
blood, is crucial for tissue regeneration[6]. Hitherto, the func-
tion of CGF has been rarely reported with respect to gingival
regeneration.

CGF is obtained by centrifugation of autologous venous
blood without any anticoagulant and thrombin additives dur-
ing blood harvesting. CGF contains a variety of autologous
growth factors, including platelet-derived growth factors
(PDGF), transforming growth factors-b (TGF-b), vascular endo-
thelial growth factors (VEGF), and insulin-like growth factors
(IGF), tumour necrosis factor-a (TNF-a), which are of crucial
importance in tissue regeneration [7]. It has been reported
that CGF could not only promote the proliferation and osteo-
genic differentiation of mesenchymal stem cells in vitro but
also enable excellent healing of bone defects of critical sizes
in vivo [8]. Moreover, a previous study has revealed that CGF
regulates the synthesis of the extracellular matrix of auricular
chondrocytes and enhances cartilage regeneration in microtia
patients via the insulin-like growth factor 1 receptor (IGF-1R)/
PI3K/AKT signalling pathway [9]. Interestingly, various types
of platelet extracts, including CGF, have been used in preclin-
ical and clinical studies on topics such as teeth implantation,
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bone fracture healing, and hair replantation [10–12].
However, the potential mechanisms of CGF-mediated gingival
regeneration are yet to be elucidated. Moreover, the intricate
regulatory networks and complex signalling mechanisms in
the CGF microenvironment are of great importance to gin-
gival tissue regeneration, which requires further clarification.

In addition to the classical signalling pathways, the YAP
signalling pathway controls cell proliferation, migration, and
tissue regeneration in many organs [13–15]. When the signal-
ling pathway is active, the phosphorylation of upstream mol-
ecules including MSTs and LATS leads to the degradation of
YAP in the cytoplasm, which inhibits its transcriptional activ-
ity [16]. Conversely, the inactivation of this signalling path-
way increases YAP nuclear accumulation. Subsequently, YAP
interacts with many transcription factors in addition to TEAD/
TEF family factors to activate the target genes controlling cell
proliferation, migration, and apoptosis, and tissue regener-
ation [17]. An increasing number of studies have highlighted
that YAP is the nexus and integrator of multiple prominent
signalling cascades with vital roles in the regulation of cell
function and tissue regeneration [18,19]. Previous studies
have also revealed that YAP interacted with other signalling
pathways, including the mechanotransduction, Wnt, G pro-
tein-coupled receptor, epidermal growth factor (EGF), and
Notch pathways [20–23]. A recent study provided evidence
that RASSF1A-induced pS127-YAP plays an active role in con-
trolling the balance between pluripotency and differentiation
of stem cells [24]. A previous in vitro study demonstrated
that YAP accelerates cell cycle, inhibits apoptosis, and delays
senescence in human periodontal ligament stem cells by
influencing the members of the mitogen-activated protein
kinase (MAPK) and B-cell lymphoma-2 (Bcl-2) families [25].
However, whether the YAP signalling pathway interacts with
other signalling pathways involved in the regulation of the
proliferation, migration, and differentiation of gingival mesen-
chymal stem cells (GMSCs) treated with CGF remained
largely unclear.

In the present study, we demonstrated that the treatment
with CGF membrane could increase the thickness of gingiva
and amplify the postoperative stability after periodontal
accelerated osteogenic orthodontics (PAOO). Based on these
findings and those of previous studies mentioned above, we
hypothesised that CGF could promote the proliferation,
migration, and differentiation of GMSCs isolated from gin-
gival tissues surrounding the third molar sockets.
Furthermore, we found that CGF exerted strong effects on
cell proliferation and migration as well as the expression of
angiogenic and fibroblast-specific factors in a concentration-
dependent manner. Moreover, the activation of the AKT and
Wnt/b-catenin signalling pathways and transportation of YAP
to the nucleus might be the mechanisms underlying the
effects of CGF treatment on GMSCs. Finally, in this study, a
gingival buccal injection model was used to investigate the
regulatory effect of CGF on gingival regeneration ability
in vivo. The results of this study showed the advantages of
CGF as a potential source for tissue engineering as it is easily
accessible and applicable and a less invasive approach for
harvest, which makes it a promising choice for gingival tissue
regeneration.

Materials and methods

Periodontal accelerated osteogenic orthodontics

During orthodontic treatment, PAOO was performed in 10
patients who were healthy and had good oral hygiene. These
patients received treatment at the Department of Oral and
Cranio-maxillofacial Surgery, Ninth People’s Hospital,
Shanghai Jiao Tong University School of Medicine. The treat-
ment involved the use of the CGF membrane to increase the
alveolar bone mass to accelerate tooth movement
(Supplementary Figure 1 and Figure 1(A)). The following
patients were included: (1) Male or female patients aged
18–35 years; gender is not limited; (2) patients with dental or
skeletal type III malocclusion who needed orthodontic com-
pensation treatment or decompensated orthodontic treat-
ment; (3) patients with thin gingiva accompanied by bone
cracking and bone opening; and (4) patients with tooth
movement who wanted to shorten treatment time and
desired increased orthodontic stability. The following patients
were excluded: (1) Patients with periodontal disease or severe
gingival recession; (2) patients with abnormal blood and
coagulation functions; (3) patients allergic to implants; (4)
patients with long-term use of corticosteroids and bisphosph-
onates; (5) patients with long-term use of non-steroidal anti-
inflammatory drugs; (6) patients with diseases of the heart,
lung, brain, kidney, and other important organs; and (7)
patients with mental illness. This study was approved by the
Ethics Committee of Shanghai Ninth People’s Hospital,
Shanghai Jiao Tong University School of Medicine (SH9H-
2018-164-T122).

Collection, culture, and identification of GMSCs

Gingival tissues surrounding the third molar sockets from
four 16- to 20-year-old healthy individuals were collected
immediately after tooth extraction for gingiva-derived cell
isolation, culture, and subsequent investigations. Informed
consent was obtained from all individuals for the use of their
gingival tissues. Briefly, the gingival tissues were rinsed three
times with phosphate-buffered saline (PBS) containing 5%
penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA). Then,
the gingival tissues were physically minced into <1mm3

pieces and fixed with a coverslip in 10-cm2 dishes and cul-
tured with Dulbecco’s modified Eagle’s medium (DMEM;
Gibco, Carlsbad, CA, USA) containing 20% foetal bovine
serum (FBS; Gibco, Carlsbad, CA, USA) and 1% penicillin/
streptomycin. All primary cultured cells were subjected to
immunofluorescence to observe the expression of cytokeratin
and vimentin. To prove the ability of multipotent differenti-
ation, human GMSCs were cultured in osteogenic, adipo-
genic, and chondrogenic media (Cyagen, Santa Clara, CA,
USA). Both media were refreshed at 3-day intervals. After
incubation for 10 days, the expression of the osteogenic, adi-
pogenic, and chondrogenic genes was analysed by quantita-
tive real-time PCR (qRT-PCR). The primer sequences are listed
in Supplementary Table 1. After incubation for 7 days, the
cells were subjected to alkaline phosphatase (ALP) staining.
After incubation for 14 days, the cells were subjected to
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Alican blue and toluidine blue staining. After incubation for 3
and 4weeks, the cells were subjected to Alizarin Red and Oil
O staining, respectively.

Preparation of the CGF extract

An equivalent of 36ml of venous blood was withdrawn into
four sterile vacuette tubes by using a 24-gauge needle from
three healthy male volunteers (age range: 18–25 years) who
provided informed consent. Then, the four tubes were sub-
jected to centrifugation in a Medifuge 2000 centrifuge
(Silfradent, London, UK) by acceleration for 30 s and centrifu-
gation for 2min at 2700 rpm, for 4min at 2400 rpm, for 4min
at 2700 rpm, for 3min at 3000 rpm, and finally deceleration
for 36 s. After centrifugation, three separate fractions were
obtained in the tubes: (1) an uppermost blood plasma frac-
tion without fibrinogen and coagulation factors; (2) a CGF
layer containing various kinds of growth factors; and (3) the
lowermost red blood cell layer. Every CGF layer was extracted
carefully and diluted with DMEM separately according to vol-
ume for subsequent experiments.

Live and dead cell assay

To investigate the biocompatibility of CGF, GMSCs treated
with different concentrations of CGF were evaluated using a
live-dead staining assay. Briefly, the live cells were stained
with 2 mmol/L Calcein-AM (Dojindo, Kumamoto, Japan), and
dead cells were stained with 4mmol/L propidium iodide
(Sigma-Aldrich, St Louis, Mo, USA) . The images were cap-
tured using a fluorescence microscope (Olympus Co.,
Tokyo, Japan).

Cell proliferation assay

To determine the optimal concentrations of CGF for the sub-
sequent experiments, DMEM containing different concentra-
tions of CGF was used. The GMSCs were seeded in 96-well
plates at a density of 3� 103 cells/well in triplicate. After cell
attachment, the culture medium was replaced by the
medium supplemented with various concentrations of CGF.
Then, a cell counting kit-8 (CCK-8, Kumamoto, Japan) was

used to detect the ability of proliferation on days 1, 4, and 7.
Absorbance was measured using a microplate reader
at 450 nm.

Cell migration assay

Twenty-four-well plates containing Transwell filter inserts
(Corning Inc., Corning, NY, USA) were used to detect the
migratory capacity of GMSCs after treatment with CGF.
Briefly, 1� 105 cells harvested in 200 lL of serum-free culture
medium were seeded in the upper chambers. The lower
chambers consisted of 700 lL medium/well with different
concentrations of CGF in 24-well plates. Thirty-six hours after
culture, the cells were fixed and stained with 5% crystal vio-
let. Then, the migrated cells were photographed and counted
using an inverted microscope (Olympus IX71, Japan) by
two observers.

qRT-PCR

The expression of fibronectin (FN), collagen-1 (Col-1), vascular
endothelial growth factor (VEGF), and angiopoietin-1 (Ang-1)
messenger RNAs (mRNAs) was determined by qRT-PCR.
Briefly, total cellular RNA was extracted with TRIzol reagent
(Invitrogen, Carlsbad, CA, USA), and cDNA was synthesised
from total RNA by using the PrimeScript RT reagent kit
(Takara Bio, Inc., Shiga, Japan) according to the manufac-
turer’s instructions. The qRT-PCR analysis was performed
using the Bio-Rad real-time PCR system (Bio-Rad, USA). The
qRT-PCR programme was as follows: 40 cycles each involving
5 s of denaturation at 95 �C and 34 s of amplification at 60 �C.
All PCR amplifications were performed in triplicate. The pri-
mer sequences for GMSCs are listed in Supplementary
Table 1.

Western blot

Protein concentration was measured using the PierceTM BCA
Protein Assay kit (Thermo Scientific, USA). Total protein
(20lg) was transferred to polyvinylidene difluoride (PVDF)
membranes (0.22 lm, Merck Millipore, USA). The membranes
were blocked with 5% non-fat milk for 1 h, followed by

Figure 1. CGF could lead to thickened gingiva after PAOO in patients with thin gingival biotype. (A) The CGF membrane was used during PAOO. (B) The measure-
ment of gingival thickness before and 6 months after PAOO. (C) The quantitative assay for the gingival thickness before and 6 months after PAOO.
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incubation with primary antibodies overnight at 4 �C and
with horseradish peroxidase (HRP)-linked secondary antibod-
ies for 1 h at room temperature. All protein expression was
normalised to that of the internal control. The protein bands
were then visualised using the enhanced chemiluminescence
(ECL) substrate kit (Merck Millipore, USA) and quantified
using ImageJ software.

Immunofluorescence staining

After fixation and permeabilization following respective treat-
ments, the slides were subsequently blocked and incubated
with primary antibodies overnight. Then, the slides were
incubated with the secondary antibodies in the dark for 1 h
at room temperature. 40,6-Diamidino-2-phenylindole (DAPI)
was used to stain the cell nuclei. Finally, the slides were pho-
tographed, and the images were analysed using a fluores-
cence microscope.

Signalling pathway inhibition

LY294002 and CA3, which are highly selective inhibitors of
AKT and YAP respectively, were purchased from Selleck
(China) and dissolved in dimethyl sulfoxide (DMSO) at a stock
concentration of 10mM according to the manufacturer’s
protocol. To confirm the involvement of the AKT and YAP
pathways in CGF-mediated regeneration, GMSCs were pre-
treated with the recommended concentrations of LY294002
(10lM) and CA3 (1lM) for 60min and subsequently stimu-
lated with CGF for another 60min. The western blotting
assay, Transwell assay, and immunofluorescence staining
were then conducted as described above.

Transfection assay

According to the manufacturer’s protocol, an equivalent of
1� 105 GMSC cells/well were plated in 6-well plates at pas-
sage 3 and cultured to 70% confluency. Then, the cells were
transfected with YAP-overexpressing plasmids packaged
using LipofectamineTM 3000 transfection reagent (Invitrogen,
CA). The cells transfected with empty plasmids were used as
controls. Meanwhile, GMSCs at 60%–70% confluence were
transfected with YAP siRNA or the negative control by using
Opti-MEM (Invitrogen, CA) medium according to the manu-
facturer’s instructions. All the plasmids, siRNA, and the nega-
tive control were purchased from RiboBio (Guangzhou,
China). The transfection efficiency of YAP was measured by
qPCR and western blot. The CCK-8 and Transwell assays were
performed to investigate the function of YAP in promoting
the proliferation and migration of GMSCs. Moreover, the
mRNA and protein expression of FN, Col-1, VEGF, and Ang-1
for each group was detected by qRT-PCR and western blot,
respectively. All experiments were repeated three times.

Animal study design

Ten male Sprague–Dawley (SD) rats were obtained from the
Shanghai Jiao Tong University School of Medicine Laboratory

Animal Centre. The blood of four SD rats was collected by
aorta ventralis puncture, without anticoagulants, and sub-
jected to centrifugation for 13min. The other rats were ran-
domly divided into two groups to establish the buccal
gingival injection model (Supplementary Figure 5). Briefly,
these rats were anaesthetised by intraperitoneal injection of
pentobarbital, and then, vascular forceps and tweezers were
used to expose the buccal visual field of mandibular molars.
Subsequently, 300 mL of CGF was injected into the submuco-
sal layer of mandibular gingiva in the sagittal direction of the
alveolar bone by using articaine adrenal injective syringe. The
other side of the gingiva was injected with the same amount
of PBS as that injected in the control group. This experimen-
tal treatment was performed once a week for 4weeks. After
another 4weeks, the animals were sacrificed, and the man-
dibular gingiva was subjected to gross examination, hema-
toxylin-eosin (HE) staining, and histology.

HE staining and immunohistochemistry

The gingival tissue of the rats in each group was harvested,
fixed in formalin, embedded in paraffin, and cut into 4-mm
slices for HE staining and immunohistochemistry. Briefly, the
sections were incubated with YAP, Ki67, and CD31 antibodies
overnight at 4 �C following deparaffinization, hydration, and
endogenous peroxidase blocking. The mean thickness of the
gingival epithelium was calculated from the thickness of the
basal layer to the granule of the gingival mucosa.
Microscopic examination of the tissue samples subjected to
immunohistochemical staining was performed by
two persons.

Statistical analysis

All data are expressed as mean± standard deviation values.
Differences between two groups were evaluated by two-
tailed Student’s t-test using SPSS 17.0 software (SPSS Inc.,
USA). All experiments were performed at least three times,
and p< .05 was considered statistically significant.

Results

Clinical observation of gingival thickness after PAOO

The average gingival thickness at the cemento-enamel junc-
tion of six anterior teeth was measured by cone-beam com-
puted tomography (CBCT). Incidentally, CBCT at 6months
postoperatively demonstrated a significant increase in the
gingival thickness when the CGF membrane was used during
surgery (Figure 1(B,C)). Detailed information about the age,
sex and preoperative and postoperative gingival thickness of
10 patients is shown in Supplementary Table 2. These results
prompted us to isolate and culture GMSCs from gingival tis-
sues and explore the underlying mechanisms.
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Characterisation of human GMSCs obtained from
gingival tissue

GMSCs have specific characteristics of self-renewal and multi-
or pluripotency. In addition, they can be induced to differen-
tiate into osteogenic, chondrogenic, and adipogenic lineages.
Extensive studies have demonstrated the regenerative cap-
ability of MSCs both in vitro and in vivo [26,27]. Therefore,
GMSCs are a promising alternative cell source for tissue
regeneration. In our study, the first adherent cells displayed a
spindle-shaped, fibroblast-like morphology between 4 and
7days after tissue preparation. Typically, primary cell cultures
are obtained over 12–15 days at 70–90% confluence (Figure
2(A)). In immunofluorescence analyses, all primary cultured
cells expressed vimentin, while no cytokeratin expression was
detected (Figure 2(B)). When the cells were cultured in an
osteoinductive medium, ALP staining revealed mineralisation
at 7 days. GMSCs also formed mineralised nodules after
osteogenic induction for 21 days, and lipid-rich vacuoles
within cells were detected by Oil Red O staining. Moreover,
Alican blue and toluidine blue staining demonstrated that
GMSCs could be induced to undergo chondrogenic differenti-
ation (Figure 2(C)), and qPCR analyses suggested that the
expression levels of osteopontin (OPN), runt-related transcrip-
tion factor 2 (RUNX2), Col-1, peroxisome proliferator-activated
receptor, collagen-2 (Col-2), and aggrecan (ACAN) were
higher than those in the control group in GMSCs following
10days of osteogenic, adipogenic, and chondrogenic induc-
tion (Figure 2(D)). These data indicate that cells derived from
gingival tissues possess the ability to show adherent growth,
self-renewal, and multipotent differentiation.

CGF promotes proliferation, migration and
differentiation of GMSCs in vitro

The live and dead assay found >90% viable cells irrespective
of the CGF concentration (Figure 3(A)). Therefore, CGF treat-
ment was associated with excellent cell viability and biocom-
patibility in the present culture conditions. GMSC
proliferation after treatment with different concentrations of
CGF was higher than that in the control group at every time
point (Figure 3(B)). Importantly, the results demonstrated that
the proliferation ability was elevated when the cells were cul-
tured with 4%, 8%, and 10% CGF at days 4 and 7. However,
no significant difference was detected among 4%, 8%, and
10% CGF. After culturing for 36 h, CGF can promote the
migration of GMSCs in a concentration-dependent manner
(Figure 3(C)). Furthermore, the expression of FN, Col-1, VEGF,
and ANG-1 was upregulated after incubation in CGF for 24 h,
as detected by the qRT-PCR assay (Supplementary Figure 2).
In addition, western blot demonstrated that CGF enhances
the expression of FN, Col-1, ANG-1, and VEGF proteins in
comparison with their expression levels in normal medium
alone (Figure 3(D)). Interestingly, the expression of VEGF pro-
tein was maximal when the cells were cultured in 4% CGF,
while the expression of other proteins increased in a concen-
tration-dependent manner. Consequently, 10% of CGF was
chosen as the appropriate concentration for immunofluores-
cence staining, which demonstrated markedly increased

cytoplasmic expression of FN and Col-1 (Figure 3(E)). These
data suggested that CGF promotes proliferation, migration,
and differentiation of GMSCs, which is essential for gingival
regeneration.

CGF promotes gingival regeneration via activation of
AKT/Wnt and YAP signalling pathways

The AKT/Wnt and YAP pathways are common pathways in
the process of tissue regeneration [28–30]. Our study aimed
to explore whether the AKT/Wnt and YAP signalling path-
ways are involved in regulating the proliferation, migration,
and differentiation of GMSCs treated with CGF. To explore
the potential mechanisms by which CGF regulates the bio-
logical processes of GMSCs, we examined the signalling path-
ways regulated by CGF treatment. The findings showed
found that AKT and GSK3b were phosphorylated at 5min, fol-
lowed by a decrease after 30min. However, the expression of
cytoplasmic b-catenin was not changed significantly by CGF
(Figure 4(A)). Moreover, the expression of p-YAP (ser127) and
p-YAP (ser397) was significantly suppressed by CGF.
Furthermore, western blot analysis of the nuclear protein lev-
els demonstrated that CGF could drastically induce the
nuclear translocation of YAP in a time-dependent manner
(Figure 4(B)). To further elucidate the cellular localisation of
YAP and b-catenin, immunofluorescence staining analysis was
performed, which confirmed that b-catenin rarely entered the
cell nucleus, and YAP was largely transferred to the cell
nucleus, and the nuclear YAP transport in the CGF groups
was significantly different from that in the control group
(Supplementary Figure 3(A,B)). To further examine the cross-
talk of AKT/Wnt/b-catenin and YAP pathways in CGF-medi-
ated gingival regeneration, the inhibitors LY294002 and CA3,
a potent inhibitor of YAP, were used, respectively. The results
of western blot analyses revealed that AKT phosphorylation
for GMSCs treated with CGF could be attenuated by
LY294002. Moreover, the expression level of phosphorylated
YAP (ser397) was significantly enhanced by CGF treatment
with CA3 (Figure 4(C)). The AKT inhibitor LY294002 also
inhibited the phosphorylation of GSK3b and increased the
expression level of p-YAP protein (ser397) in the cytoplasm.
However, CA3 could not influence the expression of the
other two pathways. These results demonstrated that the
Wnt/b-catenin, AKT, and YAP pathways effectuate crosstalk in
CGF-mediated gingival regeneration, and the AKT pathway
may function as upstream of the Wnt/b-catenin and YAP
pathways. In addition, the results demonstrated that
LY294002 and CA3 could suppress the upregulated expres-
sion of FN, Col-1, Ang-1, and VEGF protein (Figure 4(D)).
Moreover, the upregulated migration capability was partially
inhibited by these two pathway inhibitors (Figure 4(E)).
Furthermore, immunofluorescence staining could verify that
LY294002 and CA3 reduced the levels of FN and Col-1 in
GMSCs in comparison with the control group (Supplementary
Figure 3(A,B)). The results also clearly demonstrated that the
expression of FN and Col-1 was suppressed in GMSCs treated
with CGF (Figure 4(F)).

924 L. QI ET AL.

https://doi.org/10.1080/21691401.2020.1773482
https://doi.org/10.1080/21691401.2020.1773482
https://doi.org/10.1080/21691401.2020.1773482
https://doi.org/10.1080/21691401.2020.1773482


YAP promotes proliferation, migration, and
differentiation in GMSCs

In order to further examine the regulatory mechanism of YAP
in the process of gingival regeneration, YAP overexpression
plasmids were transfected into GMSCs. qPCR and western

blot confirmed an increase in the expression level of YAP.
Moreover, high mRNA and protein expression levels of FN,
Col-1, VEGF, and Ang-1 were detected for YAP-overexpressed
GMSCs in comparison with the control group (Figure 5(A,B)).
Importantly, the cell proliferation and Transwell assays

Figure 2. Characterisation of human GMSCs obtained from gingival tissue. (A) Representative images of primary cells grown from human gingival tissue and at
days 7, 11, and 15. Scale bars: 100 lm. (B) Representative images of gingival tissue primary cells subjected to immunofluorescence staining. Cells were negative for
cytokeratin and positive for vimentin (green) expression; nuclei were stained with DAPI (blue). Scale bars: 100 lm. (C) Representative images of cells cultured with
normal and inductive medium and stained with ALP, Alizarin Red S, Oil Red O, alican blue and toluidine blue. Scale bars: 100 lm. (D) qRT-PCR analysis for the
expression levels of Col-1, Runx2, OPN,PPARc, Col-2 and ACAN treated with normal and inductive medium, respectively. Scale bars: 100 lm. �p < .05.
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Figure 3. CGF promotes proliferation, migration, and differentiation of GMSCs. (A) Live/dead staining assay for GMSCs cultured in different concentrations of CGF.
Scale bars: 100 lm. (B) CCK8 assay for GMSCs cultured in different concentrations of CGF at days 1, 4, and 7. (C) Transwell assay for GMSCs cultured in different con-
centrations of CGF. Scale bars: 100 lm. (D) Western blot assay to assess the expression of Col-1, FN, VEGF, and ANG-1 proteins in GMSCs treated with different con-
centrations of CGF at 48 h. (E) Representative images of GMSCs treated with different concentration of CGF were subject to immunofluorescence to assess the
expression of FN and Col-1. Scale bars: 100 lm. �p< .05; #p< .01.
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Figure 4. CGF promotes gingival regeneration via activation of AKT/Wnt and YAP signalling pathways. (A) Western blot assay for expression of AKT and Wnt signal-
ling pathways for GMSCs treated with different concentrations of CGF at 5, 15, 30, 60, and 90min. (B) Western blot assay for the expression of YAP and p-YAP pro-
teins in cytoplasm and YAP in cell nucleus for GMSCs treated with different concentrations of CGF at 5, 15, 30, 60, and 90min. (C) Western blot assay for the
expression of p-AKT, p-GSK3b, b-catenin, and p-YAP (ser397) for GMSCs cultured in CGF with inhibitors LY294002 and CA3 for 15min, respectively. (D) Western blot
assay for the expression of FN, Col-1, VEGF, and ANG-1 for GMSCs cultured in CGF with inhibitors LY294002 and CA3 for 48 h, respectively. (E) The Transwell assay
for GMSCs cultured in CGF with inhibitors LY294002 and CA3. Scale bars: 100 lm. (F) Representative images of GMSCs cultured in CGF with inhibitors LY294002 and
CA3 were subjected to immunofluorescence to assess the expression of FN and Col-1. Scale bars: 100 lm.
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demonstrated that YAP regulates the proliferation and migra-
tion abilities of the cells (Figure 5(C,D)). Moreover, YAP siRNA
and negative control were transfected to verify the effect of
YAP on cell proliferation, migration, and differentiation in
GMSCs. The results showed that after YAP siRNA transfection,
the expression level of YAP was significantly decreased in
GMSCs compared to those transfected with the correspond-
ing siRNA control (Supplementary Figure 4(A,B)). Likewise, the
mRNA and protein expressions of FN, Col-1, VEGF, and Ang-1
were also obviously downregulated (Supplementary Figure
4(A,B)). The proliferation and Transwell assays revealed that
the proliferation and migration abilities of GMSCs treated
with YAP siRNA was markedly attenuated in comparison to
those transfected with siRNA control (Supplementary Figure
4(C,D)). Taken together, the above data indicated that YAP is
one of the major nexuses of upstream and downstream fac-
tors that are required for gingival regeneration.

YAP promotes gingival regeneration in CGF
microenvironment in vivo

In order to further examine the regenerative capacity of CGF
in vivo, gingival buccal injections were administered to rats
for four consecutive weeks (Supplementary Figure 5).
Subsequently, HE staining showed that the number of layers
in the spinous and granule of the SD rats in the CGF group
is greater than that in the PBS group. Moreover, the mean
thickness of the basal layer to the granule of the gingival
mucosa and lamina propria in the CGF group was signifi-
cantly higher than that in the control group. In addition, the
basal layer of the PBS group was relatively flat, while the

epithelial spikes in the CGF group were significantly elon-
gated (Figure 6(A)). The images obtained after immunohisto-
chemical staining also revealed high expression levels of YAP
in the nucleus in the CGF group. In addition, the Ki67, a pro-
liferation marker confined to the basal layer, was highly
expressed in the CGF microenvironment. The expression level
of the endothelial cell marker, CD31, was remarkably upregu-
lated in the tissues in the CGF group as compared to the
control group (Figure 6(B–D)). These findings suggest that
CGF might promote the transport of YAP into the nucleus
and improve the microcirculation state, which in turn pro-
vides adequate blood supply and sufficient nutrients to
achieve the goal of promoting cell proliferation, collagen
deposition, and thickening of the gingival tissue.

Discussion

Mucogingival tissue deformities are a group of conditions
characterised by inadequate thickness of keratinised gingival
tissue, which could result in gingival recession, unsatisfactory
aesthetics, and poor chewing function [31–35]. Previous stud-
ies have demonstrated that an autogenous palatal mucosal
graft was the most predictable grafting material to facilitate
keratinised gingival repair [36]. However, this approach could
lead to secondary damage in the donor site and other draw-
backs. Therefore, development of novel strategies for aug-
mentation of gingival width and thickness is an urgent
prerequisite. Over the last decade, cell-based therapeutics
and tissue engineering applications have gained attention for
the treatment of periodontal diseases in both fundamental
and clinical studies [37–41]. Intriguingly, GMSCs treated with

Figure 5. YAP promotes proliferation, migration, and differentiation in GMSCs. (A) qRT-PCR analysis for the expression levels of YAP, Col-1, FN, VEGF, and ANG-1 in
GMSCs treated with YAP control and overexpression plasmids. (B) Western blot assay for the expression of Col-1, FN, VEGF, and ANG-1 proteins for GMSCs treated
with YAP control and overexpression plasmids. (C) CCK8 assay for GMSCs treated with YAP control and overexpression plasmids at 2, 44, 872 h. (D) Transwell assay
for GMSCs treated with YAP control and overexpression plasmids. Scale bars: 100lm. �p < .05; ��p < .01.

928 L. QI ET AL.

https://doi.org/10.1080/21691401.2020.1773482
https://doi.org/10.1080/21691401.2020.1773482
https://doi.org/10.1080/21691401.2020.1773482
https://doi.org/10.1080/21691401.2020.1773482
https://doi.org/10.1080/21691401.2020.1773482
https://doi.org/10.1080/21691401.2020.1773482


human platelet lysate showed increased proliferation ability
and osteogenic/odontogenic differentiation potential in both
in vitro and in vivo studies, which supports the use of platelet
lysate as an effective alternative in future studies [42–46].
Furthermore, during follow-up assessments of patients who
received PAOO, we observed that the CGF membrane
obtained from autologous blood increased the gingival

thickness and maintained postoperative stability. Hence,
these results prompted us to isolate MSCs from human gin-
gival tissue and culture them in the presence of CGF to
examine the potential mechanisms.

Autologous platelet concentrates containing different
growth factors play an essential role in tissue regeneration
[47]. In this study we selected 10% concentration for

Figure 6. YAP promotes gingival regeneration in CGF microenvironment in vivo. (A) Representative images of HE staining showed that the thickness in the CGF
group was higher than that in the PBS group. Scale bar: 100 lm. (B, C, D): Representative images of immunohistochemistry staining indicated that the expression
level of angiogenic marker (CD31), proliferation marker (Ki67), and transcription coactivator (YAP) in the CGF group was much higher as compared to the PBS group.
Scale bar: 100 lm. �p < .05; ��p < .01.
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experiments because of the existence of optimum doses of
CGF based on the results of pre-experiments and references.
To the best of our knowledge, this study, for the first time,
investigated the safety and efficiency of CGF by evaluating
cell proliferation, migration, and differentiation and assessed
the potential mechanisms underlying gingival regeneration
in vitro and in vivo. The present study demonstrated that
CGF enhances the proliferation and migration ability and the
expression levels of pro-angiogenic and collagen-related fac-
tors in GMSCs. Angiogenesis plays a pivotal role in the pro-
cess of gingival development and repair, and it occurs before
the accumulation of collagen and fibronectin and provides
abundant blood supply and nutrients for gingival regener-
ation [48]. VEGF and Ang-1 are fundamental angiogenic fac-
tors that exist predominantly in MSCs, which is a prerequisite
for neovascularization and soft tissue formation [49,50].
Moreover, the present study indicated that CGF enhances the
expression of VEGF and ANG-1 in GMSCs in a concentration-
dependent manner, which might increase the accumulation
of Col-1 and FN and facilitate gingival tissue repair in
patients with a thin gingival biotype. Based on these results,
it is suggested that CGF not only promotes the proliferation
and migration of GMSCs but also enhances the expression
of pro-angiogenic and collagen-related proteins in vitro, mak-
ing it a prerequisite for gingival tissue repair and
regeneration.

In addition to the AKT and Wnt/b-catenin signalling path-
ways, YAP nuclear accumulation might play a key role in the
physiology and pathophysiology of GMSCs, which could exert
a profound effect on diverse processes, including cell prolifer-
ation, migration, metabolism, and differentiation [51–53].
Importantly, a previous study demonstrated that YAP overex-
pression promotes proliferation, inhibits apoptosis, and
delays senescence of h-PDLSCs by influencing the ERK and
Bcl-2 signalling pathways. However, the detailed mechanisms
involved in gingival tissue regeneration in the CGF micro-
environment remain to be explored. Therefore, we hypothes-
ised that the AKT, Wnt/b-catenin, and YAP signalling
pathways might be involved in gingival tissue regeneration.
Hitherto, the correlation between these three signalling path-
ways in GMSCs was not investigated. Our results confirmed
that CGF could activate the AKT and Wnt/b-catenin signalling
pathway. Notably, the nuclear translocation of YAP was
increased when stimulated by CGF in comparison with the
control group. In our previous study, we had demonstrated
that the AKT signalling pathway functioned upstream of the
Wnt/b-catenin signalling pathway in vascularised bone regen-
eration [54]. Hence, in the present study, we considered that
these two pathways form an organic entirety in CGF-medi-
ated gingival regeneration. Interestingly, the current data
also suggested that the AKT signalling pathway may function
upstream of the Wnt/b-catenin and YAP signalling pathways.

Figure 7. Schematic of the detailed mechanisms involved in CGF-mediated regeneration of GMSCs.
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However, the association between b-catenin and YAP in the
nucleus and cytoplasm of GMSCs treated with CGF required
further clarification. Moreover, based on the literature and
existing results, whether upstream and downstream signal-
ling pathways other than the Akt, Wnt/b-catenin, and YAP
signalling pathways are involved in cell proliferation, migra-
tion, and differentiation, and consequently affect gingival tis-
sue regeneration needs to be further investigated.

Recently, CGF gelatum and liquid CGF were widely used
in medical cosmetology due to their safety and convenience
[55]. A previous study also confirmed that platelet concen-
trates could significantly increase the release of chemical
products, as well as facilitate blood vessel ingrowth and vas-
cularised regeneration [56]. Interestingly, the current study
confirmed that CGF injected into buccal gingival mucosa
could increase gingival epithelial thickness as well, which
needs to be studied further in vitro. Immunohistochemical
results indicated that CGF promotes the transport of YAP
into the nucleus and enhances the expression of proliferation
marker (Ki67) and endothelial cell marker (CD31), which
might contribute to creating a pro-angiogenic biochemical
microenvironment for promoting cell proliferation, collagen
deposition, and thickening of gingival tissue. Taken together,
these results confirm that CGF effectively promotes gingival
tissue regeneration in vivo.

Therefore, the present study demonstrated that the CGF
membrane increases gingival thickness during PAOO.
Subsequently, based on these studies, we plan to conduct a
prospective randomised controlled trial to further investigate
the effect of CGF on periodontal soft and hard tissue during
PAOO. Accordingly, in vitro data indicated that CGF directly
enhances the regenerative ability of GMSCs by promoting
cell proliferation, migration, and the expression of angio-
genic-related and fibroblast-related genes. These stimulatory
effects might be attributed to the activation of AKT, Wnt/
b-catenin, and YAP signalling pathways, with the AKT signal-
ling pathway functioning upstream to the Wnt/b-catenin and
YAP signalling pathways. Importantly, the in vitro and in vivo
results confirmed that CGF markedly induces the transport of
YAP into the nucleus, which might provide a new perspective
for gingival regeneration and further promotion of the clin-
ical application of CGF. Figure 7 shows the schematic of the
detailed mechanisms involved in CGF-mediated regeneration
of GMSCs.

Conclusion

In summary, the present study demonstrated that CGF has
great potential to promote gingival tissue regeneration. CGF
directly promotes the proliferation and migration of GMSCs
in vitro and enhances microcirculation in vivo. Remarkably,
the transport of YAP into the nucleus was proposed as a key
mechanism underlying the effects of CGF. However, these
experiments need to be repeated to further examine the in-
depth mechanisms of CGF in gingival tissue regeneration,
and large-sample animal studies are essential to substantiate
the complex networks involved in these mechanisms. The
current findings may provide novel insights into the

mechanisms underlying gingival regeneration in the CGF
microenvironment. Thus, CGF may be considered as a bio-
active material for soft and hard vascularised regeneration,
thereby lending a new perspective for regenerative medicine
and further promoting the clinical application of CGF.
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