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Abstract: Diabetes mellitus (DM) is a chronic metabolic disease that gives rise to impaired bone remodeling. In-
creasing evidences have shown that miRNAs are associated with osteogenic differentiation of stem cells. However,
the underlying mechanism that links DM-induced HG conditions and impaired osteogenic differentiation capacity
of periodontal ligament stem cells (PDLSCs) still remains unclear. In this study, we found that diabetic mice with in-
creased miR-31 level in periodontal ligaments exhibited greater bone loss. In vitro, the high expression of miR-31 is
associated with the impaired osteogenic differentiation ability of PDLSCs in high glucose environment. Furthermore,
miR-31 inhibitors increased mineralized bone matrix formation and raised Runx2, Osx and OCN expression at both
mRNA and protein levels. However, PDLSCs pretreated with miR-31 mimics decreased bone matrix formation and
reduced Runx2, Osx and OCN expression level in high glucose microenvironment. Moreover, Satb2 was identified
as a target of miR-31 which directly binds to its 3’-untranslated region. To further elucidate the effect of Satb2 in
miR-31-mediated osteogenic differentiation, PDLSCs were transfected with Satb2 siRNA and miR-31 inhibitors. The
results showed that Satb2 siRNA inhibited osteogenic differentiation of PDLSCs in HG, whereas miR-31 inhibitors
reversed the repression of osteogenic differentiation in Satb2 siRNA transfected PDLSCs. Taken together, these
results demonstrate that miR-31 is involved in the high glucose-suppressed osteogenic differentiation of PDLSCs
by targeting Satb2.
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Introduction tial to differentiate into multiple cell types and
may contribute to tissue repair and regenera-
tion. It has been reported that high glucose

microenvironment influences the differentia-

Diabetes mellitus (DM) is a chronic metabolic
disease that is characterized by hyperglycemia

and results in some complications such as reti-
nopathy, nephropathy and diabetic osteoporo-
sis [1-4]. Periodontitis is a microbe-induced
chronic inflammatory disease that leads to
the supporting tissue breakdown and alveolar
bone resorption. Strong evidence indicates
that poorly controlled diabetes increases sus-
ceptibility to periodontitis, also known as dia-
betic periodontitis [5, 6]. Patients with diabetic
periodontitis exhibit greater alveolar bone loss
and a poorer prognosis after routine treat-
ments compared with patients who do not have
diabetes [7, 8].

Mesenchymal stem cells (MSCs) are a popula-
tion of postnatal stem cells that have the poten-

tion potential of MSCs and inhibits bone regen-
eration [9, 10]. The recent identification of stem
cells within the periodontal ligament represents
an important role in there generation of alveolar
bone [11, 12]. However, the underlying mecha-
nism that links DM-induced HG conditions and
impaired osteogenic differentiation of periodon-
tal ligament stem cells (PDLSCs) still remains
unclear.

MicroRNAs (miRNAs) are small noncoding RNAs
that regulate gene expression at the post-tran-
scriptional level by causing either degradation
or translational repression of target mRNAs.
miRNAs have been implicated in the regulation
of various biological processes such as inflam-
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mation, infection, bone homeostasis and stem
cell osteogenic differentiation [13-16]. More
recently, several interesting studies showed
that miR-31 could regulate the osteogenic dif-
ferentiation of bone mesenchymal stem cells
and adipose-derived stem cells [17, 18]. Never-
theless, whether miR-31 could influence osteo-
genic differentiation of PDLSCs under high glu-
cose conditions remains poorly understood.

In this study, we analyzed the mechanisms of
high glucose-suppressed PDLSCs osteogenic
differentiation. We found that miR-31 expres-
sion was upregulated both in high glucose cul-
tured PDLSCs and periodontal ligament tissues
of db/db mice. Furthermore, miR-31 was asso-
ciated with the osteogenic differentiation of
PDLSCs under high glucose microenvironment
by targeting Satb2. In addition, we examined
the effect of Satb2 downregulation on miR-31
mediated osteogenic differentiation of PDLSCs.

Materials and methods
Animals and experimental design

Male 4-week-old C57BL/Ks]) type 2 diabetic
db/db mice and nondiabeticdb/m littermates
were originally purchased from Jackson Labo-
ratories (Bar Harbor, ME, USA). Mice were given
ad libitum access to food and water and main-
tained at 23°C room temperature with 55%
humidity and a 12-hour light/dark cycle. All
animal experiments were performed according
to the USA National Institute of Health Guide for
the Care and Use of Laboratory Animals, and
the protocols were approved by the Ethics
Committee for Experimental Research, Shang-
hai Stomatological Hospital, Fudan University.
To induce experimental periodontitis, cotton
ligatures presoaked in a medium containing
porphyromonas gingivalis (108/ml) were wrap-
ped around the cervical position of the maxil-
lary first molars and knotted distal-buccally in
the db/db mice and db/m mice. Ligatures were
changed every other day. The animal experi-
ment lasted for 4 weeks after the initial ligature
application.

Alveolar bone loss measurement

At the end of the experiments, mice were sacri-
ficed and mandibular jaws were dissected free
from surrounding soft tissues. Samples were
fixed with 4% paraformaldehyde and analyzed
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using a micro-CT system. The bone loss level of
the first molars in each mouse was calculated
by measuring the distance from the cementoe-
namel junction to the alveolar crest at six sites:
mesio-buccal, mid-buccal, disto-buccal, mesio-
palatal, mid-palatal and disto-palatal. The alve-
olar bone loss data represent the mean in mil-
limeters of the six measured sites.

Cell culture

After obtaining approval from the Ethics Com-
mittee, intact permanent teeth were collected
from healthy patients aged 13-18 years who
were undergoing orthodontic treatment at the
Shanghai Stomatological Hospital, Fudan Uni-
versity. The periodontal ligament (PDL) was
gently separated from the surface of the root
using a sterilized scalpel and digested in 3 mg/
mL collagenase type | (Sigma, Saint Louis, MO,
USA) and 4 mg/mL dispase (Roche, Mannheim,
Germany) for 1 h at 37°C. Single cell-derived
colonies culture was obtained using the limiting
dilution technique as previously described.
After 2-3 weeks in culture, the single cell-
derived clones were harvested and mixed
together. Multiple colony-derived hPDLSCs at
passage 3 were used in our experiments. At the
indicated time points, hPDLSCs were treated
with 25 mmol/L glucose in high glucose group
and 5.5 mmol/L glucose in control group.

miRNA microarray analysis

Total RNA was extracted from hPDLSCs cul-
tured with 5.5 mmol/L glucose or 25 mmol/L
glucose using Trizol (Invitrogen, USA). The
miRNA expression profiles were established
using the Human miRNA Microarray (Agilent
Technologies, Santa Clara, CA, USA). All proce-
dures were performed according to the manu-
facturer’'s recommendations.

Osteogenic differentiation

To induce osteoblast differentiation, hPDLSCs
were cultured in 25 mmol/L glucose or 5.5
mmol/L glucose supplemented with 100 nM
dexamethasone, 50 ng/ml of ascorbic acid,
and 5 mM B-glycerophosphate for 7-21 days.
The media were changed every 2 days. Cells
were washed twice in phosphate-buffered
saline (PBS) after fixation in 4% paraformalde-
hyde for 20 min. Calcium accumulation was
detected by 2% Alizarin red staining.
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Cell transfection

The miR-31 oligonucleotides (mimics, inhibi-
tors, and negative control) and small-interfer-
ing RNAs (si-Satb2) were synthesized by Gene-
Pharma Co. Ltd. (Shanghai, China). hPDLSCs
were transfected using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) and harvested
48 hours after transfection. For long-term
detection, hPDLSCs were repeatedly transfect-
ed every 3 days.

Luciferase activity assay

Luciferase reporter constructs were used, and
luciferase assays were performed as described
previously. Briefly, the Satb2 3’-UTR sequence
was amplified from human cDNAs by PCR. The
wildtype and mutated 3’-UTR regions of Satb2
were cloned into pMIR-REPORT vector (Ambion).
The reporter plasmids were co-transfected with
miR-31 mimics or the control into hPDLSCs
using Lipofectamine 2000 (Invitrogen). After
24 hours, luciferase activity was measured
using the Dual-Luciferase Reporter Assay
System (Promega) according to the manufac-
turer’'s recommendations.

RNA extraction and quantitative real-time PCR
(qQRT-PCR) analysis

The total RNA was extracted from hPDLSCs
using Trizol reagent (Invitrogen, USA) accord-
ing to the manufacturer’'s protocol. Reverse-
transcription was carried out using M-MLV
Reverse Transcriptase (Affymetrix). 1 yg cDNA
was used for real-time PCR analysis with Fast
SYBR Green gPCR Master Mix (Affymetrix) by a
Bio-Rad iQ5 thermal cycler. The GAPDH was
used as a control. Data were analyzed using
the comparative cycle threshold (AACT) me-
thod.

Western blot analysis

The whole proteins extraction and western blot
analysis were performed as previously des-
cribed [19]. Briefly, cells were lysed on ice for
30 minutes with RIPA lysis buffer containing
protease and phosphatase inhibitors (Sigma).
Proteins were then extracted by centrifuging
for 10 minutes at 10000 g at 4°C. 10 pg of
each sample protein were resuspended in a 4x
loading buffer and electrophoresed on 8%-10%
SDS-polyacrylamide gels. Fractionated proteins
were transferred onto polyvinylidenedifluori-
de membranes (Invitrogen). Membranes were
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blocked with 5% nonfat milk for 1 hour followed
by overnight incubation with primary antibodies
(Santa Cruz) at 4°C. The secondary antibodies
(goat-anti-rabbit IgG conjugated with the horse-
radish peroxidase, Santa Cruz) were added on
the membranes and incubated for 1 hour at
room temperature. The blots were developed
with enhanced chemiluminescence.

Statistical analysis

The SPSS 17.0 software was applied to com-
plete data processing. All data were represent-
ed as mean * SD of three independent experi-
ments. Statistical significance was tested by
Student’s t-test and one-way ANOVA. Results
were considered statistically significant when
P<0.05.

Results

HG increases alveolar bone loss and inhibits
osteogenic differentiation of PDLSCs

To investigate the influences of hyperglycemia
on periodontitis, we established experimental
periodontitis models in db/m mice as control
group and db/db mice as DM group. We found
that there was a significant alveolar bone loss
in DM group compared to the control group
(Figure 1A). Several studies have suggested
that HG can suppress osteogenic differentia-
tion ability of BMSCs, we then determined
whether HG could also affect the osteogenic
differentiation of hPDLSCs. Alizarin red staining
showed that cells treated with 25 mM glucose
resulted in reduced mineralization nodule for-
mation compared to cells treated with 5.5 mM
glucose (Figure 1B). Furthermore, qRT-PCR
analysis showed that the mRNA expression of
osteogenic transcription factors Runx2, Osx
and OCN were significantly reduced in 25 mM
glucose treated cells (Figure 1B).

HG increases the miR-31 expression in vitro
and vivo

hPDLSCs were exposed to either 5.5 mM glu-
cose (control, normal glucose) or 25 mM glu-
cose (high glucose: HG) for 48 hours, then the
miRNA expression profiles were analyzed by
mMiRNA microarray. Of the 700 miRNAs anal-
ysed, we found that miR-31 was the most
upregulated in hPDLSCs cultured with HG
(Figure 2A). The high expression of miR-31 in
HG cultured hPDLSCs was validated by gRT-
PCR (Figure 2B). Additionally, miR-31 was high-
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Figure 1. HG increases alveolar bone loss and inhibits osteogenic differentiation. A. Alveolar bone loss in db/db mice
and db/m mice were determined by micro CT. The distance between the cementoenamel junction and the alveolar
crest was measured at 6 sites in each mouse. B. hPDLSCs were cultured in 25 mmol/L glucose and 5.5 mmol/L
glucose supplemented with 100 nM dexamethasone, 50 ng/mlof ascorbic acid, and 5 mM B-glycerophosphate for
7-14 days. Alizarin red staining and qRT-PCR were used to demonstrate mineralized bone matrix formation and
Runx2, Osx and OCN expression. (**P<0.05 compared with control).

ly expressed in periodontal ligament tissues of
db/db mice (n=5) compared with the db/m
mice (n=5) (Figure 2C).

MiR-31 is involved in the high glucose-sup-
pressed osteogenic differentiation of hPDLSCs

To determine the effect of miR-31 on high glu-

cose-induced osteogenic differentiation of
hPDLSCs, cells were transfected with miR-31
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inhibitors or mimics for 48 hours, and then cul-
tured in 25 mM glucose supplemented with
100 nM dexamethasone, 50 ng/ml ascorbic
acid, and 5 mM B-glycerophosphate for addi-
tional 7 or 14 days. The efficiency of transfec-
tion was measured by gRT-PCR (Figure 3A).
Alizarin red staining, gqRT-PCR and western blot
were used to measure the osteogenic differen-
tiation ability of hPDLSCs transfected with miR-
31 inhibitors or miR-31 mimics in high glucose
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Figure 2. Expression of miR-31 in in vitro and vivo. hPDLSCs were treated with high glucose (25 mM) and control
(5.5 mM) for 48 hours. A. Different expression of miRNAs were indicated by miRNA microarray. B. MiR-31 expression
was determined by qRT-PCR. (**P<0.05 compared with normal control). C. MiR-31 expression in periodontal liga-
ment tissues of db/db mice compared with the db/m mice was detected by qRT-PCR. (n=5 per group, **P<0.05).

microenvironment. As expected, miR-31 inhibi-
tors treatment increased mineralized bone
matrix formation compared with miR-31 mim-
ics treatment (Figure 3B). Furthermore, qRT-
PCR and western blot analysis showed that
miR-31 mimics reduced Runx2, Osx and OCN
expression level in high glucose microenviron-
ment. Importantly, hPDLSCs pretreated with
miR-31 inhibitors in HG reversed Runx2, Osx
and OCN expression at both mRNA and protein
levels (Figure 3C, 3D). These results suggested
that miR-31 increased the high glucose-sup-
pressed osteogenic differentiation of hPDLSCs.

Satb2 is a target of miR-31 in hPDLSCs

To identify targets of miR-31, we used the
online prediction algorithm TargetScan (http://
www.targetscan.org) and found 2 putative
binding sites of miR-31 in Satb2 (Figure 4A).
Furthermore, we verified whether Satb2 is a
direct miR-31 target using luciferase reporter
assays. As shown in Figure 4B, hPDLSCs co-
transfected with the miR-31 mimics and Satb2
3-UTR plasmid suppressed the activity of a
luciferase reporter, but did not suppress that
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of a reporter fused to a mutant (MUT) version
of the 3’-UTR. Additionally, we examined the
Satb2 protein expression in high glucose micro-
environment by incubating hPDLSCs in 25 mM
glucose. Our results showed a significant reduc-
tion of Satb2 expression in HG treated hPDLSCs
(Figure 4C). Moreover, Satb2 expression in
periodontal ligament tissues of db/db mice
decreased compared with that in db/m mice
(Figure 4D). To validate whether Satb2 is indeed
an miR-31 target, miR-31 mimics or inhibitors
were transfected into hPDLSCs. We found that
the protein level of Satb2 was repressed by
miR-31 mimics after 48-hour transfection. In
contrast, Satb2 protein expression was dra-
matically upregulated by miR-31 inhibitors
(Figure 4E).

Satb2 knockdown reversed the effect of miR-
31 on hPDLSCs

As we discovered that Satb2 was negatively
regulated by miR-31, we examined whether
Satb2 is involved in miR-31-mediated osteo-
genic differentiation in HG. We observed that
Satb2 siRNA inhibited osteogenic differentia-
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Figure 3. MiR-31 regulates osteogenic differentiation of hPDLSCs in high glucose. (A) hPDLSCs were treated with
an miR-31 mimic, an miR-31 inhibitors or the miR-control for 48 hours, miR-31 levels were determined by qRT-PCR.
(B-D) hPDLSCs were transfected with miR-31 inhibitors or mimics for 48 hours, and then cultured in 25 mM glucose
supplemented with 100 nM dexamethasone, 50 ng/ml ascorbic acid, and 5 mM B-glycerophosphate for additional
7 or 14 days. Alizarin red staining (B) was used to observe mineralized bone matrix formation. gRT-PCR (C) and
western blot (D) were used to measure Runx2, Osx and OCN expression. (**P<0.05 compared with control).

tion of hPDLSCs in HG, whereas co-transfec-
tion with miR-31 inhibitors and Satb2 siRNA
reversed the repression of osteogenic differen-
tiation (Figure 5A, 5B). These results indicate
that Satb2 is crucial in the effect of miR-31 on
the high glucose-suppressed osteogenic differ-
entiation of hPDLSCs depends on Satb2.

Discussion

Diabetes mellitus is a chronic condition that is
characterized by dysregulation of glucose me-
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tabolism and an increased risk for perio-
dontal disease [20]. Recently, the relationship
between periodontal disease and DM has been
extensively studied. It has been reported that
the periodontium and alveolar bone are targets
for diabetic damage in which the regenerate
function of several type of cells is severely
impaired [21, 22]. PDLSCs have been identified
as an important factor for progression of peri-
odontitis and regeneration of the supporting
tissues of tooth. In the present study, a remark-
able alveolar bone loss were observed in db/db
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Figure 4. Satb2 is a direct target of miR-31. A. The sequences of miR-31 and predicted binding sites in the 3’'UTRs
of Satb2. B. Co-transfection of hPDLSCs with the Satb2 3'UTR or Mut-Satb2 3’'UTR constructs along with the miR-31
mimic or miR-control. Luciferase activities were measured (*P<0.05 compared with the cells transfected with the
miR-control plus Satb2 3’UTR). C and D. The Satb2 protein expression in periodontal ligament tissues and hPDLSCs
were determined by western blot. E. Western blot analysis of Satb2 expression in hPDLSCs transfected with miR-31
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Figure 5. Satb2 knockdown reversed the effect of miR-31 on hPDLSCs. hP-
DLSCs were tranastected with Stab2 siRNA and/or an miR-31 inhibitors as
indicated. Alizarin red staining (A) and western blot (B) were used to analyze
the osteogenic differentiation ability of hPDLSCs.

onstrate that hyperglycemia
causes adverse effects on al-
veolar bone remodeling in pa-
tients with diabetic periodon-
titis compared with patients
who do not have diabetes.

Recent attention has been fo-
cused on miRNAs as principal
mediators of stem cells ost-
eogenic differentiation. How-
ever, the expression of miR-
NAs was influenced by the
microenvironment where the
stem cells resided. It has
been reported that inflamma-
tion microenvironment result-
ed in an reduction of miR-17
levels in PDLSCs, and promot-
ed the expression of smad
ubiquitin regulatory factor one
(Smurfl), an important nega-

mice induced with experimental periodontitis. tive regulator of MSC osteogenic differentia-
Furthermore, HG also affects the osteogenic tion. So excessive inflammatory cytokine levels,
differentiation of hPDLSCs. These results dem- miR-17, and Smurfl are all involved in a coher-
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ent feed-forward loop [23]. Another study also
showed BMSCs culture in elevated glucose
down regulated miR-378 expression and miR-
378 overexpression attenuates high glucose-
suppressed osteogenic differentiation [24]. Our
study for the first time profiled miRNAs expres-
sion in hPDLSCs exposed to hyperglycemic
conditions. We further observed that miR-31
expression was markedly higher both in hPD-
LSCs cultured with HG and in the periodontal
ligament tissues of db/db mice.

miR-31 is universally expressed in a variety of
tissues, and has been shown to negatively reg-
ulate lymphatic vascular lineage-specific differ-
entiation [25], to enhance vascular smooth
muscle cell proliferation [26], to regulate kerati-
nocyte proliferation [27], to regulate the osteo-
genic differentiation of mesenchymal stem
cells [28], and to facilitate tooth eruption in clei-
docranial dysplasia patients [29]. In this study,
we transfected miR-31 inhibitors and miR-31
mimics into hPDLSCs to exam the effect of miR-
31 on HG-induced osteogenic differentiation of
hPDLSCs. Our results showed that miR-31
inhibitors increased mineralized bone matrix
formation and raised Runx2, Osx and OCN
expression at both mRNA and protein levels.
However, hPDLSCs pretreated with miR-31
mimics decreased bone matrix formation and
reduced Runx2, Osx and OCN expression level
in high glucose microenvironment. These
results reveal that miR-31 is involved in the
high glucose-suppressed osteogenic differenti-
ation of hPDLSCs.

Furthermore, we try to delineate the molecular
mechanism by which miR-31 acts as a sup-
pressor in osteogenic differentiation of hPD-
LSCs in HG. miRNAs modulate gene expression
by degrading target mRNA expression or block-
ing protein translation at the post-transcription-
al level. In our study, computational analysis
predicted that Satb2 is a target gene of miR-31.
Luciferase assay showed that miR-31 inhibited
the expression of Satb2 by directly targeting its
3'UTR. Satb2 is a member of the family of spe-
cial AT-rich binding transcription factors that
interacts with nuclear matrix attachment re-
gions and activates transcription. Satb2 physi-
cally interacts with Runx2, a transcription fac-
tor known to promote the mineralization stage
of bone formation [30, 31]. Several studies
have shown that miR-31 negatively regulates
Satb2 by targeting translational regulation in
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bone mesenchymal stem cells and adipose-
derived stem cells. Consistent with that, our
gain-and loss-of-function experiments demon-
strated that miR-31 regulated Satb2 expres-
sion at the post-transcriptional level. Additi-
onally, upregulation of miR-31 expression and
a decreasion of Satb2 expression were found
both in HG cultured hPDLSCs and in periodon-
tal ligament tissues of db/db mice in our study.
These results suggest that miR-31 expression
negatively correlates with Satb2 levels in vitro
and in vivo. To further investigate the effect of
satb2 on miR-31 mediated osteogenic differen-
tiation in HG, we co-transfected with miR-31
inhibitors and Satb2 siRNA into hPDLSCs.
Interestingly, we observed that Satb2 siRNA
reversed the effects of an miR-31 inhibitor on
the osteogenic differentiation of hPDLSCs in
HG. The above results indicate that Satb2 is an
critical regulator in miR-31-mediated osteogen-
ic differentiation suppression in high glucose
microenvironment.

In conclusion, our study showed that miR-31
expression was upregulated both in high glu-
cose cultured hPDLSCs and periodontal liga-
ment tissues of db/db mice. The high expres-
sion of miR-31 is associated with the impair-
ed osteogenic differentiation ability of PDLSCs
in high glucose. Moreover, miR-31-mediated
suppression of osteogenic differentiation in
PDLSCs is by targeting Satb2 expression.
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