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Abstract
Rutin is one of the flavonoids found in fruits and vegetables. Recent reports have revealed

that rutin is a major player in proliferation and bone development. However, data on how

rutin regulates the proliferation of periodontal ligament stem cells (PDLSCs), as well as the

differentiation of osteogenic cells are scanty. Here, our findings showed that rutin enhanced

PDLSCs proliferation, increased ALP activity, and matrix mineralization. Moreover, rutin

significantly promoted the expression of osteogenic genes and elevated phosphorylated

AKT and mTOR. Treatment with LY294002 reversed these effects by inhibiting PI3K. We

also found that the expression levels of GPR30 were increased by rutin. Interestingly, this

upregulation was not altered after the addition of LY294002. In addition, G15, a selective

antagonist of GPR30, could reduce the beneficial effects induced by rutin and interfere with

the modulation of PI3K/AKT/mTOR signal transduction. Collectively, our findings revealed

that rutin increased proliferation and osteogenic differentiation of PDLSCs through GPR30-mediated PI3K/AKT/mTOR signal

transduction. Therefore, it could be deduced that rutin as a certain flavonoid possesses therapeutic value for periodontal bone

regeneration and tissue engineering.
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Introduction

Local stimulations of the periodontal supporting tissues
are known to cause chronic inflammation which triggers
periodontitis, a condition that induces damage to the
periodontal-supporting tissues.1 Regeneration of lost peri-
odontal tissue is the ideal outcome and ultimate goal
of periodontal therapy.2 In recent years, periodontal tissue
engineering has become a mainstay treatment of periodon-
tal tissue regeneration, which makes the functional
periodontal tissue and bone tissue regenerated and recon-
structed. The periodontal ligament is rich in periodontal

ligament stem cells (PDLSCs), which are classified as undif-
ferentiated mesenchymal stem cells (MSCs).3 These stem
cells exhibit self-renewal potential and can differentiate in
a multidirectional manner.4 The prevailing evidence sug-
gested that PDLSCs could repair periodontal tissue defects
and maintain periodontal dynamic balance and regulate
periodontal tissue regeneration.5 It was proved that
PDLSCs was one of the most promising cell type which
can promote the regeneration of damaged periodontal
tissue.6 When the periodontal tissue is damaged, stem
cells of the periodontal ligament differentiate and
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proliferate continuously, secrete growth factors, improve
local micro-environment, and regenerate damaged tissue.7

Flavonoids for a class of polyphenolic compounds were
the most abundant in the human diet, which is widely
found in fruits, vegetables, and beans. In a study investi-
gating the bone health in postmenopausal women after
dietary intake of flavonoids, it was confirmed that bone
mineral density and resorption were related to the intake
of flavonoids.8 Moreover, they are thought to increase
osteoblast activity.9 Flavonoids are widely distributed in
nature, and more than 5000 flavonoids have been found.10

Rutin, as one of the common flavonoids in fruits and veg-
etables, has many cellular functions e.g. anti-inflammatory,
anti-tumor, anti-virus, and so on.11 A previous study indi-
cated that rutin is a therapeutically important flavonoid.
According to the study, it can induce proliferation while
having minimal influence on the distribution of the cell
cycle. Moreover, it also possesses bone tissue formation
functions.12 Rutin was also found to stimulate proliferation
and osteoblast differentiation in bone marrow MSCs.13

However, following a literature review, we found that
only a few studies have explored the effects of rutin on
the osteogenic differentiation and proliferation of PDLSCs
as well as associated mechanisms.

An essential pathway that modulates many physiologi-
cal and pathological processes is the PI3K/AKT/mTOR,
which has been implicated in cell differentiation, prolifer-
ation, metabolism, and survival.14 Rutin is a natural flavo-
noid, when exert its function, related to the PI3K/AKT/
mTOR signaling pathway. Previously, it was showed that,
in A549 human lung carcinoma cells, rutin modulated
COX-2, PGE2, and MMP-9 through PI3K/AKT signaling
and ERK pathways.15 Another study showed that rutin
protects PC12 cells by triggering the activation of the
PI3K/AKT/mTOR pathway following neurotoxicity
induced by nitroprusside.16 Other studies have found that
rutin could be used to alleviate the apoptosis of Leydig cells
and oxidative damage induced by hydrogen peroxide by
triggering PI3K/AKTsignaling pathway, which provided a
novel strategy for reducing oxidative stress.17 However,
whether PI3K/AKT/mTOR modulates the osteogenic dif-
ferentiation and proliferation of PDLSCs induced by rutin
remains unclear. Previously, some researchers reported that
estrogen receptors interact with some flavonoids and
phytochemicals.18,19

Rutin (3,30,40,5,7-pentahydroxyflavone-3-rhamnogluco-
side) has a planar double benzene ring structure similar
to endogenous estrogen 17-b-estradiol (E2). This structure
can bind to the estrogen receptor occupied by E2, and thus
play an estrogen-like role.20 Moreover, the G protein-
coupled receptor 30 (GPR30) is a G protein-coupled recep-
tor that binds estrogen and participates in the transmission
of classical signaling pathways.21,22 As an estrogen
receptor, GPR30 can transduce rapid effects of E2. Reports
indicate that GPR30 confers protection on neurons and
endothelial cells.23,24 In addition, GPR30 is closely associat-
ed with the formation and metabolism of bones.25,26

In the present study, the effects of rutin on the
osteogenic differentiation and proliferation of PDLSCs
were investigated together with the mechanisms involved.

Our findings might provide a basic knowledge and guid-
ance to understand and use rutin in the bioengineering of
periodontal tissues and regeneration of bones.

Materials and methods

PDLSCs isolation

The preparation and culture of PDLSCs were performed
according to a previous study.4 All experimental protocols
and procedures were in line with the guideline of the
Medical Ethical Committee of Shandong University. In
brief, human premolars designed for orthodontic purposes
were utilized in cell extraction procedures. The premolars
were collected in precooled a-MEM (Gibco, USA) with
400mg/mL streptomycin (Beyotime, China) and 400U/
mL penicillin (Beyotime, China), which were immediately
transported to the laboratory. Next, a sharp scalpel was
used to scrap the periodontal tissue of the middle one-
third of the tooth root after washing three times with PBS,
and then cut into sections (1mm� 1mm� 1mm) under
sterile conditions. Then, after mincing the PDL tissues
blocks, they were incubated with medium containing the
mixed digestive liquid of dispase (4mg/mL, Sigma) and
collagenase type I (3mg/mL, Sigma) at 37�C for 60min.
After being subjected to a 70 lm strainer, single cells in sus-
pension were obtained. The obtained cells were seeded into
25 cm2 flasks, followed by culturing in 5% CO2 at 37

�C in
a-minimal essential medium (a-MEM, Gibco) containing
streptomycin (100mg/mL) (Beyotime, China), penicillin
(100U/mL) (Beyotime, China), and 10% fetal bovine
serum (Gibco). Media were replaced every three days.
Cells were passaged to 3–5 and then used in the subsequent
study.

Flow cytometry measurement of cell surface markers

Cell surface markers of the PDLSCs were detected using
flow cytometry analysis. Similarly, at passage 3, the immu-
nophenotypes of the cells were determined using flow
cytometry analysis following the manufacturer’s instruc-
tions (BD Bioscience, USA). Once trypsinized, the cells
were washed with PBS and then cultured with monoclonal
antibodies conjugated with fluorescent dyes in darkness for
20min at 4�C. Antibodies against MSC-positive cocktail
were CD44 PE, CD105 PerCP-Cy5.5, CD90 FITC, and
CD73 APC. While those against MSC-negative cocktail
were CD34 PE, HLA-DR PE, CD45 PE, CD19 PE, and
CD11b PE. The FlowJo software was used to analyze
the results.

Multipotent differentiation assays

Cells were incubated in a medium containing a-MEM plus
10% fetal bovine serum (FBS, Gibco), 10mM b-glycerophos-
phate, 50mg/L ascorbic acid, and 10 nM dexamethasone
for osteogenic induction. Media were replaced every
three days. Four weeks later, cells were subjected to
Alizarin Red staining (Sigma) to detect the mineralized
nodules. For the adipogenic differentiation assay, the cells
were treated with a-MEM induction media comprising 10%
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FBS, 0.2mM indomethacin, 10mg/L insulin, 2 lM dexa-
methasone, and 0.5mM 3-isobutyl-1-methylxanthine. At
the end of four weeks, Oil Red O staining was performed
to detect lipid droplets for 30min after which they were
examined under an inverted microscope (Olympus IX73).

Cell proliferation test

The proliferation of the PDLSCs was determined using the
cell counting kit-8 (CCK-8) (Dojindo Laboratories, Japan)
assay. Briefly, 3000 cells PDLSCs were added into each
well of a 96-well plate and then treated with various con-
centrations of rutin (Solarbio Science & Technology Co.,
Ltd., Beijing, China) (0, 0.01, 0.1, 1, 10, and 100lM) for
six days. The culture medium was refreshed every
day. One hour before each test time point, 10 lL of CCK-8
reagent was added into the wells and cultured at 37�C for
1 h. The absorbance at 450 nm was then obtained using the
SPECTROstar plate reader (Germany).

ALP activity assay

The ALP activity kit (Nanjing Jiancheng Bioengineering
Institute, China) was used to assess the activity of ALP in
PDLSCs as per the manufacturer’s protocols. In summary,
the cells were washed thrice using PBS, and RIPA buffer
was used to lyse them. Centrifugation was then done at 4�C
at a speed of 12,000g to separate the liquid and solid phase.
The liquid phase (supernatant) was carefully transferred
into a 96-well plate and treated with a substrate for ALP
at 37�C for a period of 15min. The optical densities of the
samples were read by a spectrophotometer asset at a wave-
length of 520 nm.

ALP staining

PDLSCs were cultured in six-well plates. After oneweek
of induction with osteogenic inductive medium, the
cells were washed thrice and then fixed in 4% paraformal-
dehyde. Then, ALP staining was performed using an
ALP-specific staining kit (Beyotime Institute of
Biotechnology, China), and the cells were viewed under an
inverted microscope (Olympus Corporation, Tokyo, Japan).

RNA preparation and qRT-PCR assay

RNAios Plus reagent protocol (Takara Bio, Inc., Otsu,
Japan) was used to isolate total cellular RNA. To prepare
cDNA, one microgram of RNA was used as the template.
This was done by a Super ScriptTM II Reverse Transcriptase
kit (Thermo Fisher Scientific, Inc., MA, USA). The Roche
Light CyclerVR 480II was used to perform the qRT-PCR.
PCR conditions used were: initial denaturation at 95�C
for 30 s followed by 40 cycles of denaturation and annealing

at 95�C for 5 s and 60�C for 35 s, respectively. mRNA levels
of the target genes were normalized using the GAPDH
mRNA. Table 1 shows the primers used for this assay.

Western blot analysis

The collected treated cells were lysed for 30min in RIPA
buffer solution containing phosphate and protease inhibi-
tors on ice. The amount of protein was determined using
the BCA assay kit (Solarbio, Beijing, China). The proteins
were separated on sodium dodecyl sulphate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and transferred to
a polyvinylidene fluoride (PVDF) membrane. The PVDF
membrane was blocked with 5% non-fat milk solution for
1 h and then incubated with anti-GAPDH (1:20,000,
Proteintech, USA), anti-ALP (1:10,000, Abcam,
Cambridge, UK), anti-OCN (1:500, Abcam, Cambridge,
UK), anti-RUNX2 (1:1000, Cell Signaling Technology, Inc.,
Danvers, USA), anti-COL1 (1:500, Wanleibio, Liaoning,
China), anti-p-AKT (1:1000, Cell Signaling Technology,
Inc., Danvers, USA), anti-AKT (1:1000, Cell Signaling
Technology, Inc., Danvers, USA), anti-p-mTOR (1:1000,
Cell Signaling Technology, Inc., Danvers, USA), anti-
mTOR (1:1000, Cell Signaling Technology, Inc., Danvers,
USA), and anti-GPR30 (1:500, Cusabio, Wuhan, China) at
4�C for 24 h. The protein bands were analyzed using the
chemiluminescence system. The expression levels of target
protein were normalized to that of GAPDH.

Statistical analysis

The analysis of variance (ANOVA) function in the SPSS17.0
software was used to determine the group differences. All
tests were repeated more than thrice, and data presented as
the mean� S.D. Statistical significance was said to be pre-
sent between variables when the P-value was less than 0.05.

Results

PDLSCs isolation and identification

The isolation of PDLSCs from periodontal ligament tissues
was successful. The PDLSCs were fusiform and formed
spiral arrangements (Figure 1(a)). Analysis done using
flow cytometry indicated that the cells positively expressed
cell-specific surface markers CD73C, CD105, CD44, and
CD90 of the mesenchymal cells but negatively expressed
the hematopoietic- or endothelial-specific antigens
(HLA-DR, CD45, CD19, CD11b, and CD34) (Figure 1(d)).
Osteogenic differentiation results revealed that after osteo-
genic induction, the mineralized nodules appeared as red
nodules after staining with Alizarin Red (Figure 1(b)).

Table 1. Primer sequences.

GAPDH F 50-GGAGCGAGATCCCTCCAAAAT-30 R 50-GGCTGTTGTCATACTTCTCATGG-30

ALP F 50-GTGAACCGCAACTGGTACTC-30 R 50-GAGCTGCGTAGCGATGTCC-30

COL I F 50-GCTGATGATGCCAATGTGGTT-30 R 50-CCAGTCAGAGTGGCACATCTTG-30

RUNX2 F 50-GTTTCACCTTGACCATAACCGT-30 R 50-GGGACACCTACTCTCATACTGG-30

OCN F 50-AATCCGGACTGTGACGAGTTG-30 R 50-CAGCAGAGCGACACCCTAGAC-30

R: reverse primer; F: forward primer.
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For adipogenic differentiation assay, droplets appeared as
red drops after staining with Oil Red O (Figure 1(c)).

Effects of rutin on the proliferation of PDLSCs

To assess the effects that rutin had on PDLSCs proliferation,
the CCK-8 assay was used (Figure 2). When treated with dif-
ferent concentrations of rutin, PDLSCs showed different
responses to cell proliferation. Rutin caused the PDLSCs to
proliferate when compared to that of the control group. The

promotion effect reached its peak when the concentration of
rutin was 1lM (P< 0.001) on day four. Therefore, a rutin con-
centration of 1lM was used in the subsequent experiments.

Effects of rutin on osteogenic differentiation of PDLSCs

To determine the effect of rutin on osteogenic differentia-
tion of PDLSCs, we performed Alizarin Red staining and
measured ALP activity via ALP staining. These assays
(Figure 3(a) and (b)) showed that after seven days of treat-
ment with rutin, ALP activity was significantly higher
relative to the control group. Moreover, the Alizarin Red
staining demonstrated that rutin caused a significant
increase in mineralization. We found that culture dishes
in both the control group and the rutin group contained
Alizarin Red-stained nodules after culturing, but more cal-
cium nodules were observed in the rutin group (Figure 3
(c)). We also measured protein and gene expression levels
in the cells after 14 days by Western blot and qRT-PCR, in
order to confirm the rutin-induced osteogenesis accelera-
tion on a molecular level. The p-mTOR, mTOR, p-AKT, and
AKT levels were also detected in the control and rutin
groups. Generally, the rutin group displayed higher expres-
sion levels of COL1, ALP, RUNX2, and OCN both at the
mRNA (Figure 3(d)) and at the protein level (Figure 3(e)
and (f)). The protein levels of p-mTOR and p-AKTwere also
elevated in the rutin group (Figure 3(g) and (h)).

Rutin induces proliferation and osteogenic
differentiation through the PI3K/AKT/mTOR
signaling pathway

Based on our findings that AKT and mTOR signaling
pathways are activated by rutin, we further examined

Figure 1. Isolation and identification of PDLSCs. Cells were observed under a phase contrast microscope. (a) The PDLSCs (P3) formed spiral arrangement and

displayed spindle-shaped morphology (scale bar 200 lm). (b) Alizarin Red staining revealed that osteogenic differentiation of PDLSCs appeared as red mineralized

nodules (scale bar 100 lm). (c) Oil red O staining of PDLSCs to assess adipogenic differentiation which appeared as red oil drops (scale bar 50 lm). (d) PDLSCs

expressed the MSCs-positive cocktail (CD90, CD44, CD105, CD73) and negative for the MSCs negative cocktail (HLA-DR, CD45, CD11b, CD19, CD34). (A color

version of this figure is available in the online journal.)

Figure 2. Effects of rutin on the proliferation of PDLSCs. Cell proliferation as

determined by CCK-8 assay after treatment with various doses (0, 0.01, 0.1, 1,

10, and 100 lM) of rutin for six days. Rutin promoted the proliferation of PDLSCs

in a dose-dependent pattern. Rutin at 0.01, 1, and 10 lMmarkedly increased the

proliferation of PDLSCs as compared to the control groups, and rutin at 1 lM
produced the highest proliferation activity among the groups (**P< 0.01,

***P<0.001) rutin group (1 lM) vs. control group (0 lM); (#P< 0.05, ##P< 0.01)

rutin group (0.1 lM) vs. control group (0 lM); (&&P< 0.01), rutin group (10 lM) vs.

control group (0 lM).
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Figure 3. Effects of rutin on osteogenic differentiation of PDLSCs. Rutin enhanced the osteogenic differentiation of PDLSCs. (a) The result of ALP activity assay after

osteogenic induction for seven days. (**P< 0.01) (b) Representative images of ALP staining after osteogenic induction for seven days (scale bar 100 lm). (c)

Representative images of Alizarin Red staining after osteogenic induction for 28 days (scale bar 100 lm). (d) The mRNA level of COL1, ALP, OCN, and RUNX2 in the

rutin and control groups after osteogenic induction for 14 days (*P< 0.05, **P< 0.01). (e) The protein levels of COL1, ALP, OCN, and RUNX2 proteins in the rutin and

control groups after osteogenic induction for 14 days. (f) Relative quantification of COL1, ALP, RUNX2, and OCN protein levels. GAPDH was used as a loading control.

(*P< 0.05, **P< 0.01) (g) After osteogenic induction for 14 days, the expression of p-mTOR, mTOR, p-AKT, and AKT proteins was measured in PDLSCs. (h) Relative

quantification of p-AKT/AKT, p-mTOR/mTOR. GAPDH was used as a loading control (*P< 0.05). (A color version of this figure is available in the online journal.)

Figure 4. Rutin activated AKT and mTOR in PDLSCs. Attached PDLSCs were cultured with serum-free medium for 1 h in the absence or presence of LY294002

(10 lM). After deprivation, they were then stimulated with or without rutin at 1 lM for 1 h, 2 h, and 3 h. To assess the phosphorylation level of AKT and mTOR, total AKT

and total mTOR by Western blot assay, we prepared total cell lysates. (a) Rutin increased mTOR and AKT phosphorylation in a time-dependent pattern. The

phosphorylation level of AKT and mTOR reached the peak at 2 h. (b) Relative quantification of p-AKT/AKT, p-mTOR/mTOR. GAPDH was used as a loading control.

(*P< 0.05, **P<0.01) (c) Rutin group with LY294002 displayed suppressed p-AKT and p-mTOR. (d) Relative quantification of p-AKT/AKT, p-mTOR/mTOR. GAPDH

was used as a loading control. (**P< 0.01).
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the activation patterns. Upon treatment with rutin, the
phosphorylation level of AKTwas higher after 1 h, reached
a peak at 2 h, and then declined noticeably after 3 h. Similar
changes were also observed in the phosphorylation of
mTOR (Figure 4(a) and (b)). The results clearly demonstrat-
ed that rutin activated the AKT and mTOR signaling path-
ways. Moreover, 10 lM of LY294002 (an inhibitor of PI3K)
(Cell Signaling Technology, Inc., Danvers, USA) was found
to largely inhibit the activation of AKT and mTOR induced
by rutin (Figure 4(c) and (d)). To characterize the ways in
which rutin affects the proliferation and osteogenic differ-
entiation through PI3K/AKT/mTOR signaling pathway,
we used LY294002 in rutin-treated PDLSCs during prolif-
eration and osteogenic induction. After adding LY294002,

the PDLSCs were treated with rutin for six days to assess its
effect on the growth rate relative to PDLSCs not treated
with LY294002. The results showed that LY294002
decreased the proliferation of PDLSCs promoted by rutin
(Figure 5(a)). In addition, PDLSCs were incubated with
osteogenic induction media for 7 days, 14 days, and
28 days to evaluate the effect of LY294002 on PDLSCs oste-
ogenic differentiation induced by rutin. The findings of the
ALP activity and staining after sevendays (Figure 5(b) and
(c)) revealed that the ALP activity of the rutin group with
LY294002 was remarkably decreased compared with the
rutin group without LY294002. Alizarin Red staining on
day 28 revealed a significant decrease in mineralization in
the rutin group upon LY294002 treatment (Figure 5(d)).

Figure 5. Rutin induces proliferation and osteogenic differentiation through PI3K/AKT/mTOR signaling pathway. For proliferation, the common culture medium

supplemented with rutin (1 lM) or vehicle in with or without LY294002 (10 lM) was used to culture PDLSCs for six successive days. For osteogenic differentiation,

osteogenic differentiation medium supplemented with rutin (1 lM) or vehicle in with or without LY294002 (10 lM) was used to culture PDLSCs. (a) Effects of LY294002

on proliferation of PDLSCs induced by rutin (*P< 0.05, **P< 0.01). (b) The ALP activity following osteogenic induction for seven days of rutin and LY294002 groups

(**P< 0.01). (c) ALP staining images following osteogenic induction for seven days of rutin and LY294002 groups (scale bar 100 lm). (d) Representative images of

Alizarin Red staining after osteogenic induction for 28 days of rutin and LY294002 groups (scale bar 100 lm). (e) ThemRNA level of COL1, ALP, OCN, and RUNX2 in the

rutin and LY294002 groups after osteogenic induction for 14 days (*P< 0.05, **P< 0.01). (F) The expression of COL1, ALP, RUNX2, and OCN proteins in the rutin and

LY294002 groups after osteogenic induction for 14 days. GAPDH served as the loading control. (g) Relative quantification of COL1, ALP, RUNX2, and OCN protein

levels. GAPDH was used as a loading control (*P< 0.05, **P< 0.01). (h) After osteogenic induction with or without LY294002 for 14 days, the protein levels of mTOR, p-

mTOR, p-AKT, and AKT proteins in PDLSCs were measured. (i) Relative quantification of p-AKT/AKT, p-mTOR/mTOR. GAPDH was used as a loading control

(**P< 0.01). (A color version of this figure is available in the online journal.)
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Moreover, transcription of osteogenic genes COL1, OCN,
RUNX2, and ALP was detected on day 14; it was reduced
both at the mRNA level and protein level (Figure 5(e) to
(g)). Similarly, the level of proteins of both the p-mTOR and
p-AKT was reduced (Figure 5(h) and (i)).

GPR30 mediates the PI3K/AKT/mTOR signal

transduction

The expression levels of GPR30 in PDLSCs were increased
by rutin, and interestingly, this upregulation was not
altered after the addition of LY294002 (Figure 6(a) and
(b)). To explore the question of whether GPR30 mediates
PI3K/AKT/mTOR pathway activation, PDLSCs were
treated with G15 (a selective antagonist of GPR30)
(30 lM) (APExBIO, USA) and rutin. In terms of

proliferation, after adding G15, the OD value of cells was
measured by CCK-8 for six consecutive days. The results
revealed that G15 decreased PDLSCs proliferation promot-
ed by rutin (Figure 6(c)). In terms of osteogenic differenti-
ation, on day 7, both the ALP activity assay and staining
(Figure 6(d) and (e)) revealed that the activity of ALP in the
G15 group with rutin was remarkably reduced relative to
the rutin group, and fewer mineralized nodules were
formed (Figure 6(f)). On day 14, the levels of osteogenic
genes RUNX2, OCN, COL1, and ALP were reduced at
both the mRNA and at the protein level (Figure 6(g) to
(i)) after treatment with G15. The protein levels of GPR30,
mTOR and p-mTOR, AKT and p-AKT were measured
using Western blotting assays. Western blotting revealed
that G15 reduced the expression of GPR30 and inhibited
the effects of rutin. Meanwhile, the PI3K/AKT/mTOR

Figure 6. GPR30 mediates the activation of PI3K/AKT/mTOR signaling pathway induced by rutin. G15 (a selective antagonist of GPR30) decreased rutin-induced

PI3K/AKT/mTOR pathway activation of PDLSCs. For proliferation, PDLSCs were grown in the common culture medium or osteogenic differentiation medium with or

without rutin (1 lM) or vehicle in the absence or presence of G15 (30 lM). (a) The expression of GPR30 proteins in the absence or presence of rutin or LY294002 group

after osteogenic induction was detected. (b) Relative quantification of GPR30 protein level, p-AKT/AKT, and p-mTOR/mTOR. GAPDH was used as a loading control

(*P< 0.05, **P< 0.01). (c) Effects of G15 on proliferation of PDLSCs induced by rutin. (d) Data analysis of the ALP activity after osteogenic induction for seven days

(*P< 0.05, **P< 0.01, vs. control group). (e) Representative images of ALP staining after osteogenic induction for seven days (scale bar 100 lm). (f) Representative

images of Alizarin Red staining following osteogenic induction for 28 days (scale bar 100 lm). (g) qRT-PCR assay for COL1, RUNX2, ALP, and OCN mRNA after

osteogenic induction for 14 days (*P< 0.05, **P< 0.01, vs. control group). (h) The expression of COL1, ALP, RUNX2, and OCN proteins after osteogenic induction for

14 days. GAPDH was used as a loading control. (i) Relative quantification of COL1, ALP, RUNX2, and OCN protein levels. GAPDH was used as a loading control

(*P< 0.05, **P< 0.01,***P< 0.001). (g) Western blotting analysis of the expression of AKT, p-AKT, mTOR, p-mTOR and GPR30 proteins after osteogenic induction for

14 days. (k) Relative quantification of GPR30 protein level, p-AKT/AKT, and p-mTOR/mTOR. GAPDH was used as a loading control (*P< 0.05, **P< 0.01). (A color

version of this figure is available in the online journal.)
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signaling was not activated (Figure 6(j) and (k)). In other
words, we found that G15 interfered with the activation of
the PI3K/AKT/mTOR signal pathway, indicating that
GPR30 acts as a protein mediating the activation of this
pathway.

Discussion

Periodontal tissue defect is a common feature of periodon-
titis. Reconstructing the lost periodontal tissue is a serious
challenge. The application of periodontal surgery and anti-
inflammation are common methods to repair periodontal
tissue,27 but these methods cannot effectively improve the
regeneration potential of periodontal tissue.28 In the recent
past, periodontal tissue engineering has gradually become
a new therapeutic strategy for reconstructing lost tissue.
Owing to the strong ability of PDLSCs to undergo self-
differentiation and renewal, they are ideal for tissue engi-
neering research.29 Improving the regeneration ability of
PDLSCs is a key research direction. Flavonoids are natural
compounds with many medicinal values, which have cer-
tain effects on cell proliferation and bone metabolism.30

Rutin is a common flavonoid, whichmay promote the regen-
eration of periodontal tissue. Here, we studied the impacts of
rutin on PDLSCs, with particular attention to proliferation,
osteogenic differentiation, and potential mechanisms, in
order to provide some novel ideas for application of flavo-
noids in promoting stem cell regeneration.

In periodontal tissue engineering, stem cell acquisition is
a key step. We assessed the proliferation of PDLSCs and
found that the proliferation was enhanced by treatment
with rutin in a concentration-dependent pattern. The pro-
liferative capacity of PDLSCs was significantly enhanced
following rutin treatment at a concentration of 1 lM. To
explore the potential of PDLSCs in the stimulation of oste-
ogenesis, the transcription of osteogenesis-related genes,
e.g. COL1, RUNX2, ALP, and OCN, was detected. The
ALP protein can promote bone matrix mineralization and
has a positive effect on bone formation.31 ALP and COL1
are also considered early markers in osteogenic differenti-
ation.32,33 RUNX2 is a key gene of bone formation and a
specific transcription factor required for osteogenic differ-
entiation and development of bone marrow MSCs.34–36

OCN is a biochemical marker reflecting the function of
osteoblasts and a late indicator of osteogenic differentia-
tion. And the expression of osteocalcin during matrix min-
eralization is the main manifestation of osteoblasts
differentiation.37,38 Fourteen days after PDLSCs were
treated with 1 lM rutin, the transcription of COL1, OCN,
RUNX2, and ALP was relatively elevated compared to that
of the control group, thus strongly suggesting that rutin
improved the osteogenic differentiation of PDLSCs. In
fact, some researches have demonstrated the correlation
between flavonoids and multiple differentiation potential
of stem cells. For instance, Herba epimedii flavonoids
improve bone health by mediating the effects of RUNX2
on osteogenesis, strongly suggesting that it could be a
novel agent for treating osteoporosis.39 Similarly,
Drynaria fortune can improve the proliferation and osteo-
genic differentiation of stem cells in the dental pulp in a

dose-dependent manner.40 At the same time, Icariin is a
flavonoid with potent effects on bone marrowMSCs’ activ-
ity.41 All these studies are consistent with our results.

The PI3K/AKT/mTOR pathways has key regulatory
functions in cell proliferation42,43 and differentiation44 in
cells. AKT is a crucial element in differentiation45 and is
involved in bone development.46 mTOR signaling pos-
sesses key physiological roles in the modulation of osteo-
genic differentiation and proliferation.47,48 The
mechanisms by which rutin promotes PDLSCs to prolifer-
ate and differentiate could be complicated, and many
details remain to be investigated. This study discovered
that the phosphorylation of mTOR and AKTwas enhanced
in PDLSCs cultured in rutin; the effects were time-
dependent and reached a peak at 2 h. We hypothesize
that the rutin-induced changes in the AKT/mTOR signal-
ing pathway are related to the enhancement of PDLSCs
proliferation as well as their differentiation. Moreover,
LY294002 decreased the proliferation of PDLSCs enhanced
by rutin, reduced the levels of p-mTOR and p-AKT, and
inhibited the expression of genes related to osteogenic dif-
ferentiation during osteogenic induction. Collectively, these
findings prove that the PI3K/AKT/mTOR signal pathway
is involved in rutin-mediated proliferation and osteogenic
differentiation of the PDLSCs. However, other regulators
affecting the PI3K/AKT/mTOR signal pathway require
further study.

GPR30 has been postulated to promote some cellular
and physiological effects of estrogen.49 GPR30-mediated
estrogenic effect involves many signal transductions,
including ERK, MAPK, and the PI3K/AKT signal path-
way.50 Some studies have shown that GPR30 can specifi-
cally bind to estrogen, enhance the proliferative capacity of
cancer cells, and rapidly activate PI3K/AKT signaling in

Figure 7. Model for GPR30/PI3K/AKT/mTOR signaling in rutin-induced prolif-

eration and osteogenic differentiation of PDLSCs. Through the GPR30, rutin

activates AKT, subsequently activating the activation of mTOR, finally resulting in

proliferation and osteogenic differentiation.
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endometrial tumor cells.51,52 In this study, rutin increased
the expression level of GPR30 but LY294002 treatment
failed to do so, suggesting that GPR30 acts upstream of
the PI3K/AKT/mTOR signal pathway. To further explore
whether GPR30 mediates the effects of rutin on PI3K/
AKT/mTOR pathway, PDLSCs were treated with rutin in
the presence or absence of G15. The PI3K/AKT/mTOR
pathway was inhibited by G15, indicating the importance
of GPR30 in the activation of this pathway. Previous studies
revealed that rutin could play an estrogen-like role because
of its similar structure to endogenous and phytoestrogens
and its plane diphenyl ring structure similar to estrogen.53

Similarly, our results confirmed that GPR30 could be acti-
vated by rutin. Although the G15 used in this experiment is
a highly specific antagonist with no affinity for other recep-
tors of estrogen,54 the specific binding mode of rutin to
GPR30 needs further study in the future. Besides, to further
develop the understanding of the underlying mechanisms,
more researches are also necessary.

In conclusion, our study proved that rutin, a common
flavonoid, promoted the proliferation and osteogenic dif-
ferentiation of PDLSCs via the GPR30-mediated PI3K/
AKT/mTOR signal pathway (Figure 7). All of our findings
indicate that rutin is a novel and promising candidate drug
for bone regeneration and periodontal tissue engineering.
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