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Abstract
Stem cells from human exfoliated deciduous teeth (SHEDs) are ideal seed cells in bone tissue
engineering. As a �rst-line anti-diabetic drug, metformin has recently been found to promote bone
formation. The purpose of this study was to investigate the effect of metformin on osteogenic
differentiation of SHEDs and its underlying mechanism. SHEDs were isolated from the dental pulp
of deciduous teeth from healthy children aged from 6 to 12, and their surface antigen markers of stem
cells were detected by �ow cytometry. The effect of metformin (10 - 200 μM) treatment on SHEDs cell
viability, proliferation, and osteogenic differentiation was analyzed. The activation of adenosine 5'-
monophosphate-activated protein kinase (AMPK) was determined by western blot assay for the AMPK
phosphorylated at Thr172 (p-AMPK). SHEDs were con�rmed as mesenchymal stem cells (MSCs) based
on the expression of characteristic surface antigens. Metformin (10-200 μM) did not affect the viability
and proliferation of SHEDs, but signi�cantly increased the expression of osteogenic genes, the activity of
alkaline phosphatase, matrix mineralization, and p-AMPK level in SHEDs. Compound C, a speci�c
inhibitor of AMPK pathway, abolished metformin-induced osteogenic differentiation of SHEDs. Moreover,
metformin treatment enhanced pro-angiogenic/osteogenic growth factors BMP2 and VEGF but reduced
the osteoclastogenic factor RANKL/OPG expression in SHEDs. In conclusion, metformin could induce the
osteogenic differentiation of SHEDs by activating the AMPK pathway and regulates the expression of
pro-angiogenic/osteogenic growth factors and osteoclastogenic factors in SHEDs. Therefore, SHEDs,
combined with metformin possesses therapeutic potential for bone regeneration and bone defect repair.

Introduction
Effective reconstruction of the severe bone defects caused by trauma, infection, and tumor resection is a
great challenge in clinical practice. Grafting autologous bone or synthetic bone substitutes are used to �ll
the large size bone defect. Bone grafts are the second most common tissue grafts in the world.
Approximately 2,200,000 bone grafts are performed worldwide each year to repair bone defects [1–3].
However, supplies of functional stem cells and growth factors are necessary to regenerate the de novo
bone. Therefore, development of functional stem cells with osteogenic potential is urgent to achieve ideal
bone regeneration and repair.

Recently, the application of stem cells to bone regeneration and repair has been paid much attention.
Stem cells from human exfoliated deciduous teeth (SHEDs) are characterized as mesenchymal stem
cells (MSCs) with low immunogenicity. SHEDs can be differentiated into osteoblasts, odontoblasts,
chondrocytes, adipocytes, nerve cells, and other cells with strong horizontal differentiation capability [4].
The potential clinical application of SHEDs is not only limited to dental diseases but also to a variety of
disorders, including bone defects that may be repaired by tissue engineering with stem cells [5]. The
telomere length of SHEDs is twice that of the human dental pulp stem cells (DPSCs), resulting in a high
degree of stemness and vitality for SHEDs [6]. Compared with DPSCs and BMSCs, SHEDs have stronger
proliferative, angiogenesis, and osteogenic potential [7, 8]. In addition, SHEDs are conveniently available
from dental practice with relatively low ethical barriers. SHEDs recovered after long-term cryopreservation
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retained stem cell characteristics, pluripotency, dentin/bone regeneration, and immunomodulatory
function [9], this indicates the possibility of using cryopreserved autologous SHEDs for bone tissue
engineering. SHEDs have thus been increasingly recognized as one of the most promising seed cell
sources in tissue engineering for bone regeneration and repair.

Previous studies have shown that type 2 diabetes may cause abnormal bone formation [10, 11].
Metformin is a safe, well-tolerated, and the �rst-line drug for the treatment of type 2 diabetes. and has
benn approved for clinical use in the United Kingdom since 1958 and the United States since 1995 [12,
13]. In recent years, metformin has been found to promote MSCs to differentiate into osteoblasts [11, 14],
as well as improve bone repair in diabetic patients [11, 15]. As a highly hydrophilic compound, metformin
requires membrane transporters such as organic cation transporters (OCTs) to cross the cell membrane
and function [16]. OCTs have been found to be present in SHEDs[17], indicating metformin may exert an
effect on SHEDs. However, the effect of metformin on the osteogenic differentiation of SHEDs has not yet
to be characterized.

Adenosine 5'-monophosphate-activated protein kinase (AMPK) is a crucial cellular energy sensor
associated with cell viability [18]. Metformin has been well characterized as an activator of AMPK. The
promotion of osteogenic differentiation of MSCs and bone repair in diabetic patients by metformin has
led to establishing a role of AMPK in bone metabolism. The purpose of this study was to investigate
whether metformin could promote the osteogenic differentiation of SHEDs and if so, to further evaluate
the role of AMPK pathway in metformin-mediated osteogenic effect on SHEDs.

Material And Methods

Cell Culture
The Medical Ethics Committee of the A�liated Stomatology Hospital of Guangzhou Medical University
approved this study (KY2019008). Retained deciduous teeth were extracted from healthy children aged
6–12 years. The informed written consents from the parent of the patients was obtained. The teeth were
cleaned in sterile conditions with phosphate buffered saline (PBS) containing 4% penicillin/streptomycin.
Then pulp tissues were separated, cut into pieces, digested with 3 g/L collagenase I and 4 g/L dispase for
30 min, and centrifuged for 5 min. The collected cells were cultured in 60 mm petri dishes with α-MEM
containing 10% of fetal bovine serum and 1% of penicillin/streptomycin. When the monolayer of adherent
cells reached 80% of con�uence, they were trypsinized and subcultured at 5 × 103 cells/cm2. Surface
antigens (CD105, CD90, CD73, CD34, CD45) were detected by �ow cytometry (FCM). CD73 and CD105
were labeled by Phcoerythrin (PE). CD90 and CD45 were labeled by Phycoerhthrin-CY5 Conjugate (PE-
CY5). CD34 was labeled by Fluorescein isothiocyanate (FITC). The SHEDs of passage (P) 4 to 6 (P4-P6)
were used for subsequent experiments.

Cell Viability Staining
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SHEDs were seeded in 6-well plates at a density of 5 × 104 cells/well. The plates were put in a humidi�ed
incubator at 37 °C under 5% CO2 for 24 h. After were starved for 12 hours on the culture medium
containing 1% FBS. SHEDs were co-cultured with the DMEM medium containing 0, 10, 50, 100, and
200 µM metformin (Sigma Aldrich, USA) was then added respectively. At day 1 and 7, the cells were
stained with a live/dead cell double staining kit (BestBio, China). The living cells were visualized as green
and the dead cells as red under the inverted �uorescence microscopy (Leica Instruments, Houston, USA)
according to the kit instruction.

Cell Proliferation Assay
Cells were cultured in 96-well plates at a density of 2 × 103 cells/well for 24 h. Then SHEDs were co-
cultured with the medium containing 0, 10, 50, 100, and 200 µM metformin was added respectively (6
repeats per concentration). At 1, 3, 5, or 7 days, the medium was discarded and the cells were washed
with PBS twice. The cells were then incubated for 2 h in the incubator after added 90 µl medium and 10 µl
CCK8 reagent (Dojindo, Japan) to each well and the absorbance was measured at 450 nm. The
absorbance value of each time point was calculated, with the detection time as the abscissa and the
absorbance value as the ordinate, and the histogram and line graph were drawn for statistical analysis.
Each assay was repeated in triplicate (n = 3).

Osteogenic Gene Expression Analysis
SHEDs (1.0 × 105 cells) were seeded in each well of 6-well plates. At 4 and 7 days after induction for
SHEDs by metformin, total RNA was extracted using Trizol® (Invitrogen, Carlsbad, CA), and 1,000 ng of
total RNA was used for the RT reaction using the PrimeScript RT reagent kit(Takara). qRT-PCR was
performed using SYBR Green PCR Master Mix (Thermo Fisher, USA) to detect the gene expression of runt-
related transcription factor 2 (Runx2), type I collagen (COL-I), alkaline phosphatase (ALP), osteocalcin
(OCN), bone morphogenetic protein 2 (BMP2), vascular endothelial growth factor A (VEGFA), receptor
activator of nuclear factor-κB ligand (RANKL), and osteoprotegerin (OPG). The primer sequences for the
genes are listed in Table 1. PCR conditions were as follows: 2 min at 50 °C, 10 min at 95 °C, then 15 sec
at 95 °C for 40 cycles, and 60 °C for 1 min in 96-well plates using the ViiA™ 7 q-PCR System. The data
were normalized to the internal control, GAPDH. The �nal expression level of the gene of interest relative
to controls was reported by the 2-ΔΔCt method. All experiments were repeated in triplicate (n = 3).
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Table 1
Primers used in qRT-PCR to examine gene expression.

Genes Primer Sequence

Forward
5’-3’

Reverse
5’-3’

ALP GGACCATTCCCACGTCTTCAC CCTTGTAGCCAGGCCCATTG

OCN TGCCTGGAGAGGAGCAGAACT GGCGCTACCTGTATCAATGGC

COL-I CAGTGGTAGGTGATGTTCTGGGAG CAAGAGGCATGTCTGGTTCGG

RUNX2 CCCGTGGCCTTCAAGGT CGTTACCCGCCATGACAGTA

GAPDH GGACCTGACCTGCCGTCTAG GTAGCCCAGGATGCCCTTGA

VEGF-A AGGAGGAGGGCAGAATCATCA CTCGATTGGATGGCAGTAGCT

OPG CACTACTACACAGACAGCTGG ACTCTATCTCAAGGTAGCGCC

RANKL CGTTGGATCACAGCACATCAG GTACCAAGAGGACAGACTCAC

BMP2 AACACTGTGCGCAGCTTCC CTCCGGGTTGTTTTCCCAC

Western Blotting
Total protein from SHEDs was extracted with RIPA buffer. The lysate was centrifuged at 12,000 rpm for
15 min to collect the supernatant. A bicinchoninic acid (BCA)-based protein analysis kit (BestBio, China)
was used to quantify the protein concentration of lysate at 562 nm. Then 30 µg protein was isolated in
10% SDS-PAGE gel and transferred into polyvinylidene �uoride (PVDF) membrane. The membrane was
blocked with 5% nonfat milk powder for 1 h at 37 °C. The membrane was then incubated at 4 °C
overnight with primary antibodies, which included rabbit anti-human AMPKα, rabbit anti-human p-AMPK
(Thr172), and rabbit anti-human GAPDH (Cell Signaling Technology, USA). HRP-conjugated A�nipure
Goat Anti-Rabbit IgG was incubated at room temperature for 1 h. Protein bands were detected by using an
Enhanced Chemical Luminescence kit (Millipore, USA). The ImageJ software was used to semi-quantify
band intensity.

Alkaline Phosphatase (alp) Activity And Staining
The cells (1.0 × l04 cells) were inoculated in each well of 48-well plates, and 250 µl complete medium was
added to each well. After 24 h, different concentrations of metformin were added to the medium. On day
4, the original medium was removed, and the cells were washed with PBS twice. The cell lysis buffer
containing 0.1% Triton x-100 was added to each well. The cells were lysed on ice for 30 min and
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transferred into 1.8 ml tubes, which were centrifuged (12,000 rpm) at 4 °C for 15 min. The supernatant is
absorbed for subsequent operation. The protein concentration was determined by the BCA method, as
described above. The activity of alkaline phosphatase was determined by alkaline phosphatase assay kit
(Nanjing Jiancheng, China), according to the manufacturer’s instruction. The experiment was replicated
three times (n = 3).

For ALP staining, the cells were washed twice with PBS. The cells were then �xed with 150 µl of alcohol
(95%) for 15 min. The staining buffer was prepared by mixing 3 ml of alkaline phosphatase color buffer,
10 µl of 5-bromo-4-chloro-3-indolyl phosphate (BCIP) solution, and 20 µl of nitrotetrazolium blue chloride
(NBT) solution in a 5 ml tube according to the instructions of an alkaline phosphatase staining kit
(Beyotime, China). The BCIP/NBT staining solution (150 µl) was added to each well. After incubation in
the dark at room temperature for 30 min for color development, the BCIP/NBT staining solution was
removed. The cells were then washed with deionized water twice to terminate a color development
reaction. The staining was examined under a stereomicroscope (Leica Instruments, Houston, USA)

Mineralization Assays
SHEDs were seeded into 48-well plates with a density of 2 × 104 cells/well. After 24 h, the cell culture
medium was replaced with osteogenic medium (50 g/ml ascorbic acid, 10 mM sodium
glycerolphosphorate, 10 nM dexamethasone) containing different concentrations of metformin. The
medium was changed every 2 days. On days 14 and 21, the medium was discarded. The cells were �xed
with 150 µl of ethanol (95%) for 30 min. Each well was then washed with double distilled water for 3
times. The cells were incubated with 5% of alizarin red (Sigma Aldrich, USA) dye solution for 5–10 min,
and washed with double distilled water repeatedly until the washing water became colorless. The plate
was placed under a stereomicroscope (Leica Instruments, Houston, USA) for observation and photo
taking. After taking photos, each well of cells was incubated with 150 µl 10% of the CPC solution for 1 h
to extract the dye. The eluted liquid was transferred to the 96-well plate. The absorbance was measured
by the micro plate spectrophotometer (Thermo Fisher, USA) at a wavelength of 562 nm.

Statistical analysis
Data were obtained from at least three separate experiments under identical conditions and expressed as
the mean ± standard deviation (SD). Statistical analysis was performed by analysis of variance (ANOVA)
and then Dunnett’s test with the Graph Pad Prism software (Version 7, La Jolla, CA, USA). P < 0.05 was
considered statistically signi�cant.

Results

Stem Cell Surface Markers in Primary SHEDs
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Flow cytometry was used to examine the surface markers of MSCs in the SHEDs we isolated from
healthy children aged 6–12 years. Consistent with other MSCs, the SHEDs showed a strong expression of
mesenchymal surface molecular markers of the cluster of differentiation (CD), including CD105, CD90,
and CD73 (Fig. 1). Besides, SHEDs expressed CD34 and CD45 moderately. These results con�rm that the
SHEDs isolated and used in this study are typical MSCs.

No Effect Of Metformin Treatment On Sheds Viability
To ascertain whether metformin treatment would have an impact on the growth of SHEDs, we compared
the cell viability and proliferation between with and without metformin treatment. Figure 2a shows
live/dead cell staining at days 1 and 7. The majority of cells were alive (green) under metformin treatment
(10–200 µM) with a few dead cells (red). As shown by quantitative analysis, metformin treatment did not
affect SHEDs viability (Fig. 2b), nor the cell growth over time up to 7 days (Fig. 2c). No adverse effect of
metformin treatment on SHEDs proliferation and growth over the time course of induction (1–7 days)
was further con�rmed by another viability/proliferation assay (CCK8) (Fig. 2d).

Effect of Metformin Treatment on Osteogenic Gene
Expression of SHEDs
To study the impact of metformin treatment on osteogenic differentiation of SHEDs, we �rst examined
the effects on the expression of related osteogenic genes. q-PCR was performed at day 4 and 7 after
metformin treatment. VEGFA, a member of the platelet-derived growth factor (PDGF)/VEGF growth factor
family, plays a vital role in angiogenesis [19]. BMP is an acidic glycoprotein widely existing in the bone
matrix, and BMP2 is one of the key extracellular signaling molecules promoting bone formation and
inducing osteoblast differentiation [20]. OCN is considered as a marker of osteoblast differentiation and
maturation [21]. Runx2 is an important regulator of osteoblast differentiation. ALP and COL-I are also well
known as makers of bone formation. Compared to the control, the cells treated with metformin had
signi�cantly increased expression of ALP, RUNX2, COL-I, OCN, BMP2, and VEGFA at days 4 and 7 (Fig. 3a-
f).

Furthermore, bone healing involves synthesis by osteoblast and bone resorption by osteoclast and is
tightly controlled by the RANKL/RANK/OPG molecular triplet. RANKL/OPG is the key to maintain the
dynamic balance between bone resorption and bone formation in bone remodeling [22]. Consistent with
the above upregulation of genes in bone formation, the expression of RANKL/OPG in metformin-treated
cells was signi�cantly lower than that in vehicle-treated control cells (Fig. 3g).

Effects Of Metformin Treatment On Mineralization In Sheds
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To further assess the effects of metformin treatment on osteogenic differentiation of SHEDs, we
examined matrix mineralization of SHEDs culture by using Alizarin Red staining. ARS was performed at
days 14 and 21 after osteogenic induction. The dense staining in Fig. 4a indicates the higher degree of
matrix mineralization in the metformin-treated SHEDs than those in the control cells at day 14 (Fig. 4a,
left panels). By quantitative analysis on the dye extract with 10% CPC, we found that metformin
treatment for 14 days signi�cantly increased the mineralization in SHEDs as compared to the vehicle-
treated controls (Fig. 4b). However, there were no differences between metformin treatment and vehicle at
day 21 (Fig. 4a, right panels; Fig. 4c), possibly due to an overriding effect by the osteogenic medium over
time.

We also analyzed the ALP expression and activity. ALP is a marker for early osteogenesis. Consistent
results on ALP expression and activity were obtained. ALP activity in metformin-treated SHEDs was
signi�cantly higher than that of the control cells (Fig. 4d). At day 4, metformin-treated SHEDs showed
enhanced ALP staining as compared to the control (Fig. 4e).

Activation Of Ampk By Metformin Treatment In Sheds
To validate metformin as an AMPK activator in SHEDs, we detected the expression of the AMPK
phosphorylated at threonine 172 (p-AMPK Thr172) by immunoblotting. After treatment with metformin
(10, 50, 100, and 200 µM) for 24 h, the expression of p-AMPK (Thr172) was signi�cantly increased as
compared to the control treatment (Fig. 5). Interestingly, consistent with the above osteogenic effects by
metformin, the activation of AMPK seemed to be most signi�cant at metformin concentration of 100 µM.
A dose-dependent effect on AMPK activation by metformin treatment was observed at clinically relevant
concentrations; however, the effect might begin to reduce at a higher concentration of metformin such as
200 µM tested in the present study. In the subsequent experiments, 100 µM of metformin was employed.

Osteogenic Effects by Metformin in SHEDS via AMPK
Signaling
To determine the role of AMPK signaling in the osteogenic effects by metformin in SHEDs, we added
AMPK inhibitor in the cultures. 6-[4-(2-Piperidin-1-ylethoxy) phenyl]-3-pyridin-4-ylpyrazolo [1,5-a]pyrimidine
(Compound C) is widely used as a cell-permeable AMPK inhibitor [23]. Compound C treatment
dramatically decreased the expression of p-AMPK (Thr172) (Fig. 6a-b). Notably, compound C treatment
not only abolished the activation of AMPK by metformin but also reduced the constitutive level of active
AMPK in SHEDs. The mineralization enhanced by metformin treatment was fully abolished by Compound
C treatment (Fig. 6c-d). Consistent with its inhibition towards constitutive AMPK activation, Compound C
treatment alone also led to a decreased mineralization in SHEDs. Furthermore, as compared to
metformin-treated cells and vehicle-treated control cells, the expressions of osteogenic genes, including
Col I, ALP, RUNX2, and OCN were signi�cantly reduced in the presence of Compound C (Fig. 6e-h). These
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results indicated that AMPK activation was required in the promotion of osteogenic differentiation by
metformin in SHEDs.

Discussion
Mesenchymal stem cells (MSCs) are basal cells that can adhere to grow and express certain signature
surface marker proteins such as CD73, CD90, and CD105, but not others such as CD45, CD14, CD34
which express in hematopoietic cells and CD31 which expresses in endothelial cells [24]. Metformin has
been widely reported to promote osteogenic differentiation by several types of MSCs, such as those
derived from bone marrow, placenta, umbilical cord blood, adipose tissue, and muscle [25–28]. However,
while the great clinical potential of SHEDs in tissue engineering has been increasingly recognized, it was
unknown whether metformin treatment could induce the osteogenic differentiation of SHEDs. In this
study, we have demonstrated that metformin treatment can signi�cantly increase the expression of
osteogenic genes and mineralization in SHEDs. Moreover, the osteogenic effect of metformin in SHEDs
was found to be via AMPK activation.

Our results �rstly con�rmed that SHEDs are MSCs. Metformin treatment did not affect the viability and
proliferation of our SHEDs at up to 200 µM, which is in line with the fact that metformin is a safe drug
widely used in diabetic patients. However, in a previous report, metformin treatment at 100 µM showed
moderate cytotoxicity in human chorionic villous MSCs [27]. These different observations may be due to
the differences in experimental conditions and/or cell types. Alternatively, there could be subtle
cytotoxicity associated with the high concentration of metformin treatment in SHEDs that was
undetectable with our assays yet. Actually, the effects of metformin on osteogenic gene expression,
mineralization, and AMPK activation were maximized at 100 µM in our SHEDs. In clinical patients, the
plasma concentration of metformin is around 10 µM [29]. Our data indicated that metformin treatment
could signi�cantly promote osteogenic differentiation for SHEDs at the low concentrations relevant to
these clinical levels. When directly used at a local site such as tissue engineering for speci�c bone
regeneration and repair, a concentration higher than those in the plasma may be employed to achieve
optimal effects.

Ischemia is one of the major risk factors for reduced bone healing. Blood vessels not only provide oxygen,
but also serve as conduits for additional osteoblasts, which play a positive role in promoting cell
differentiation, and are necessary for bone regeneration. Oxygen sensor and hypoxia play an important
role in regulating cell entry, vascularization, cell differentiation and bone formation [30]. BMP2 and VEGFA
have synergistic effects as osteogenic and angiogenic factors, and they are particularly important for
osteogenesis-angiogenesis coupling in MSCs [31, 32]. VEGF expressed by osteogenically differentiating
MSCs plays a vital role in osteogenesis-angiogenesis coupling during bone regeneration. OPG can
competitively inhibit the binding of RANK and RANKL, inhibit osteoclast function, and reduce bone
destruction. The ratio of RANKL/OPG is crucial to the balance between bone resorption and bone
formation. [22]. However, BMP2, VEGFA, and RANKL/OPG have not been explored in previous studies of
metformin in osteogenic differentiation of MSCs. Our results showed that metformin promoted the
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expression of BMP2 and VEGFA, decreased the expression of RANKL/OPG in SHEDs. The results indicate
that metformin only promotes osteogenic differentiation of SHEDs and the expression of pro-
angiogenic/osteogenic growth factors, but also inhibits the expression of osteoclastogenic factors.

AMPK is a serine/threonine protein kinase that acts as a sensor for cellular energy and nutrition [33]. The
protein complex consists of one catalytic subunit (α) and two regulatory subunits (β and γ) [34]. The
intracellular AMP/ATP ratio increases in cells subjected to stress or energy depletion. Increased level of
AMP triggers allosteric activation of AMPK by binding to AMPKγ subunits, leading to exposure of the
phosphorylation site at AMPK α Thr172. AMPK α Thr172 can be phosphorylated by Liver kinase B1
(LKB1) and Calcium/calmodulin-dependent protein kinase kinase (CaMKK) [35]. AMPK activation has
been reported to promote bone formation and knocking out the α, or β subunit of AMPK in mice can
signi�cantly reduce bone mass[36]. Anti-diabetic metformin suppresses cancer development[37], inhibits
adipogenesis, promotes the blood vessel formation, and increases osteogenesis but reduces bone
resorption[27, 38, 39]. All of these effects by metformin seem to be related to its action as an AMPK
activator. In the present study, we demonstrated that metformin could also increase the activation (i.e.,
phosphorylation at Thr172) of AMPK in SHEDs. AMPK inhibitor compound C abolished the metformin-
induced osteogenic differentiation of SHEDs. Our data and abundant literature evidence indicate
osteogenic effects of metformin, but Jeyabalan and colleagues reported no effects of metformin on
osteogenesis in vivo [40, 41]. It is likely that the seed cells used in some studies did not have su�cient
osteogenic potential or that the animal models were not close enough to the clinical situation of bone
regeneration. SHEDs have multiple advantages, such as low immunogenicity, high viability, and abundant
clinical sources. Our �ndings have thus warranted further studies, in particular preclinical evaluation in
animals, to explore the clinical potential of SHEDs in the combination with metformin in the areas of
bone regeneration and repair.

The molecular mechanism underlying the role of AMPK activation in osteogenic differentiation and bone
regeneration remains unclear. AMPK activation may promote bone formation by enhancing autophagy
[42]. AMPK controls the osteogenic differentiation of human MSCs through early mTOR inhibition-
mediated autophagy and late activation of the Akt/mTOR signaling axis [43].On the other hand, as a
direct substrate of AMPK, RUNX2 can stimulate osteoblast differentiation and bone formation [44]. In
addition to promoting bone formation, the activation of the AMPK pathway can inhibit bone resorption
[45]. Interestingly, we found that metformin can not only promote osteogenesis but also increase the
expression of vascular genes and decrease the expression of osteoclast genes in SHEDs. Future
mechanistic studies on osteogenic effects of metformin in SHEDs may reveal important insights into
osteogenic differentiation of stem cells and bone metabolism.

In conclusion, metformin treatment has no adverse effect on SHEDs and enhances the osteogenic
differentiation of SHEDs by activating the AMPK pathway. Metformin upregulates the expression of
osteogenic and angiogenic growth factors (BMP2 and VEGF). Interestingly, metformin reduces the
expression of osteoclastogenic factors (RANKL/OPG) in SHEDs. Our �ndings indicate that SHEDs
combined with metformin possess great translational potential, especially for bone regeneration and
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bone defect repair. Further studies on the effects of metformin combined with SHEDs on in vivo models
of bone defects would be critical to evaluate this potential.
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Figures

Figure 1

Detection of cell surface marker antigens in SHEDs by �ow cytometry. Flow cytometry was used to detect
molecular surface antigen markers. As shown, CD45 and CD34 were negative, while CD73, CD105 and
CD90 were positive.
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Figure 2

Effect of metformin treatment on SHED viability. SHEDs were stained as live and dead cells (a) on day 1
and 7. Green, living cell; Red, dead cells. The percentage of live cells was quantitated under an inverted
�uorescence microscopy (b). The cell density of SHEDs was higher on day 7 than that on day 1; however,
there were no differences between metformin-treated and control cells (c). The results from cck-8 assay
also indicated that metformin treatment (0-200 µM) did not affect the proliferation of SHEDs over time
from day 1 to day 7 (d).
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Figure 3

Effect of metformin treatment on osteogenic gene expression in SHEDs. P4 SHEDs were treated with the
indicated concentrations of metformin for 4 or 7 days. The expression of genes (OCN, COL-I, RUNX2, ALP,
BMP2, VEGFA, RANKL/OPG) was detected by q-PCR. ****P<0.0001, ***P < 0.001, **P < 0.01, *P <0.05 as
compared to the control.
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Figure 4

Effect of metformin treatment on osteogenic differentiation of SHEDs. SHEDs were cultured in
osteogenic induction medium for 14 or 21 days. The degree of mineralization was assessed by ARS
(scale bar = 2.5 mm). (a). The Semi-quantitative result of mineralized matrix (b-c). SHEDs were treated
with the indicated concentrations of metformin for 4 day. (d) ALP activity and (e) ALP staining of SHEDs.
****P<0.0001, ***P < 0.001, **P < 0.01, *P <0.05 as compared to the control.
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Figure 5

Effect of metformin treatment on AMPK activation in SHEDs. SHEDs were treated with the indi-cated
concentrations of metformin for 24 h. The expression of AMPK α Thr172 was detected by western blot.
****P<0.0001 as compared to the control.
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Figure 6

AMPK activation was required in the promotion of osteogenic differentiation by metformin in SHEDs.
SHEDs were treated with the AMPK inhibitor Compound C (10 µM) and/or metformin 100 µM for 24h.
The expression of AMPK α Thr172 was detected by western blot (a-b). SHEDs were cul-tured in
osteogenic induction medium for 10 days. Mineralized nodule was assessed by ARS (scale bar = 2.5
mm). (c-d). SHEDs were treated with Compound C and/or metformin for 4 days. The expression of
osteogenic genes was detected by q-PCR(e-h). The data were shown as means ± SD. ****P<0.0001,
***P<0.001 as compared to the control. Con, control; Met+Comp.C, metformin + Compound C; Comp.C,
Compound C; Met, metformin.
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