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The present study was conducted to determine whether metformin, a low-cost drug
widely prescribed to control type 2 diabetes mellitus, stimulates production of angiogenic
factors to potentially enhance vascularization of dental pulp stem cell (DPSC)-based
craniofacial tissue engineered bone. Bone tissue engineering utilizing stem cells, growth
factors and scaffolds offer an attractive alternative for regenerating large craniofacial
osseous defects versus autologous bone grafts. Yet, successful stem cell-based bone
regeneration highly depends on proper adaptation of cells to hypoxia and reestablishment
of a functional microvasculature. Recent reports show that metformin induces DPSC’s
osteogenic differentiation; however, it remains unknown whether metformin stimulates
DPSC-derived, pro-angiogenic responses to support bone regeneration. We found that
metformin induced a marked but variable increase in DPSC-derived angiogenic factors,
including VEGF and angiogenin, which were further amplified by hypoxia. These results
point to a novel, pro-angiogenic action of metformin to potentially enhance DPSC-based
vascularized craniofacial skeletal regeneration.
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Chapter 1
INTRODUCTION

Metformin is an established first-line anti-diabetic biguanide drug used worldwide for the
treatment of type II diabetes mellitus. The anti-hyperglycemic effects of metformin result
from decreasing intestinal glucose absorption, improving peripheral glucose uptake,
lowering fasting plasma insulin levels and increasing insulin sensitivity [1]. These
responses lead to a reduced level of blood glucose without inducing overt hypoglycemia.
In recent years, the therapeutic role of metformin has expanded beyond diabetes by also
exerting promising anti-tumoral, anti-aging, cardioprotective, and neuroprotective effects
as well as treatment for polycystic ovary syndrome [2-6]. In particular, metformin has
been shown to positively affect osteoblastic cells in culture by increasing cell
proliferation, alkaline phosphatase activity, type I collagen production and stimulating
bone cell-derived matrix mineralization [7, 8]. These results indicate a potential
application of metformin in the field of skeletal regenerative medicine.
Treatment of bony defects remains a challenge in oral and maxillofacial surgery for
procedures associated with traumatic injuries, tumor resection, dental implant placement,
cleft palate repair and orthognathic surgery. While autogenous bone grafts are considered
the gold standard to treat osseous defects, their application has several disadvantages
including donor site morbidity, limited shape and size and the aggressive nature of the
procedure. Therefore, bone tissue engineering using osteogenic cells, growth factors and
scaffolds were developed in the early 1990s as an alternative to overcome these
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shortcomings [9-13]. For instance, bone morphogenic protein-2 (BMP-2) can induce
osteogenic differentiation and mineralization of progenitor cells from different sources
such as human skeletal muscle-derived stem cells or human bone marrow mesenchymal
stem cells (BM-MSCs) [14, 15]. However, recombinant BMP-2 protein is very costly,
and mesenchymal stem cells from skeletal muscle or bone marrow are difficult to harvest
from the host. This makes the combination of metformin and dental pulp stem cells
(DPSCs) an attractive alternative for craniofacial bone tissue engineering because of the
low cost and minimal toxicity of metformin and easy availability of DPSCs, mostly
obtained from routinely removed third molars or “wisdom teeth” [16].
DPSCs are an adult stem cell population with high proliferative potential and the ability
to differentiate in many cell types including chondrocytes, adipocytes, odontoblasts and
osteoblasts [17-23]. DPSCs exhibit higher clonogenic and proliferative potential than
BM- MSCs [16, 24]. Although, metformin can induce the differentiation and
mineralization of pre-osteoblasts into osteoblastic cells, it has also been shown that in the
presence of metformin DPSCs can differentiate into osteoblasts/odontoblasts with
increased mineralization [25-27]. Metformin is a highly hydrophilic cationic compound
that relies on cell membrane organic cation transporters (OCTs) of the solute carrier 22A
(SLC22A) gene family to facilitate its intracellular uptake and action [28, 29]. This
implies that to act as a predictable osteogenic agent, metformin must target functional
OCT-expressing cells. Recent evidence demonstrates that the osteogenic effect of
metformin is directly associated with OCT expression and function and this process is
mediated via activation of the AMP-activated protein kinase (AMPK) signaling pathway
[30, 31].
2

Despite being a highly vascularized tissue, bone is particularly a hypoxic
microenvironment [32]. Therefore, during bone regeneration, an important consideration
is to re-establish blood supply early to facilitate the transport of nutrients and cells to help
initiate the repair of the bony defect [33, 34]. It has been well established that the
hypoxia-inducible factor-1 (HIF-1)/vascular endothelial growth factor (VEGF) pathway
plays a central role in coupling angiogenesis to skeletal regeneration [35-41]. Although
metformin has been reported to have cardiovascular protective effects, the effects of
metformin on DPSCs and endothelial cells have been largely unexplored.

Central hypothesis
The central hypothesis of the present in vitro study is that metformin enhances VEGF
expression and secretion in DPSCs, and that this response can be further potentiated by a
hypoxic microenvironment.
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Chapter 2
MATERIALS AND METHODS

Cell Culture
Human DPSCs were obtained commercially from Lonza Bioscience (Catalog #: PT5025), which are isolated from adult third molars collected during the extraction of a
donor's wisdom teeth. According to the manufacturer’s specifications, these cells have
been cryopreserved at primary passage and are guaranteed through 10 population
doublings, to express CD105, CD166, CD29, CD90, and CD73, and to not express CD34,
CD45, and CD133. Cryopreserved DPSCs were thawed in 37 °C water bath, seeded in a
culture dish and incubated in Dental Pulp Stem Cell BulletKitTM Medium (Lonza
Catalog #: PT-3005) which is optimized for cell maintenance and expansion at 37 °C and
5% CO2. Non-adherent cells were removed 24 hours after the initial plating and the
medium was replaced every 3 days. When the primary culture became subconfluent, after
approximately one week, cells were collected by trypsinization and subcultured at 5000
cells/cm2 in growth medium.

Analysis of VEGF protein expression in metformin-treated DPSCs by western
blotting
After reaching 80-90% confluency, DPSCs cultured in 10-cm petri dishes were treated
with vehicle control or 50 μM metformin for 24 hours under normoxic (21% O2) or
hypoxic (1% O2) conditions. Hypoxic conditions were generated by placing cells in a
4

humidified tightly sealed modular incubator chamber containing a triple gas mixture of 1%
O2, 5% CO2 and 94% nitrogen as previously described by the Schneider laboratory [42].
After isolation of whole DPSC lysates, equal amounts of protein were separated by SDSPAGE, electrophoretically transferred onto polyvinylidene difluoride membranes and
immunodetection was performed as previously described [42]. For detecting VEGF
expression, membranes were incubated overnight at 4°C with monoclonal mouse antihuman VEGF primary antibody at a 1:500 dilution (Santa Cruz Biotechnology, Santa
Cruz, CA). Blots were subsequently stripped and re-probed with mouse anti-human
monoclonal anti-β-actin antibody at a 1:10000 dilution (Sigma) as sample loading control.

Measurement of secreted VEGF protein levels in conditioned media from
metformin-treated DPSCs by enzyme-linked immunosorbent assay (ELISA)
After reaching 80-90% confluency, DPSCs cultured in 10-cm petri dishes were treated
with vehicle control or 50 μM metformin for 24 hours under normoxic or hypoxic
conditions (3 dishes per condition). Conditioned medium (4.5 ml) from each sample was
collected and concentrated to 0.5 ml using the Amicon® Ultra-15 Centrifugal filters.
Concentrated conditioned media was then analyzed with a commercially available VEGF
ELISA kit (DuoSet human VEGF, R&D Systems, Wiesbaden, Germany) according to the
manufacturer's instructions.

5

Capillary tubule formation assay
To assess the direct angiogenic effects of DPSC-derived conditioned media collected
from the aforementioned experiments, µ-Slide angiogenesis kit was used (ibidi, catalog #:
81506). 1.0 x 105 immortalized human dermal microvascular endothelial cell-1 (HMEC-1;
a kind gift from Dr. Silvia Montaner, University of Maryland, Baltimore) cells were
seeded per well. In vitro tubule formation assays were performed by exposing HMEC-1
cells to the previously collected DPSC-derived conditioned media for 18 hours according
to the manufacturer's instructions. After HMEC-1 cells were stained with calcein
acetoxymethyl for 45 minutes, three fluorescently labeled tube images were taken for
each condition, and the angiogenic effects were determined by measuring capillary tube
length quantified with the “angiogenesis module” of ImageJ software.

Angiogenesis Antibody Array
To explore whether other angiogenic factors could be stimulated or inhibited by the
different treatment conditions, we evaluated the expression profile of 55 human
angiogenesis-related proteins in conditioned media from DPSCs by using the Proteome
ProfilerTM Array/Human Angiogenesis Antibody Array kit (Catalog #: ARY007, R&D
Systems; see Appendix 1). One out of four angiogenesis array membranes were used for
each treatment condition and digital autoradiography exposures were quantified using
ImageJ software. Background reading was subtracted from the reading for each
detectable angiogenic factor, which was then normalized to the reading of the reference
protein on each membrane. The protein level of those detectable angiogenic factors was
6

compared between different conditions to determine the positive or negative effect from
different treatment conditions.

Data Analysis & Statistics
When indicated, data were processed using Excel and analyzed using t-test or two-way
ANOVA with the Prism 6.0 biostatistics module from GraphPad Software. Data were
plotted as mean ± S.E.M.
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Chapter 3
RESULTS

Metformin induced cellular VEGF expression in DPSCs, which was further
potentiated by hypoxia
To determine whether treatment of DPSCs with metformin under normoxic or hypoxic
conditions triggers a pro-angiogenic response, we initially analyzed the protein
expression of VEGF, a well-known, prototypical angiogenic factor. As shown in Figure 1,
we found by western blotting that treatment of DPSCs with metformin (50 µM) for 24
hours upregulated VEGF expression when compared to untreated controls, and that this
response was further potentiated when cells were cultured in a hypoxic
microenvironment.

Soluble VEGF levels were markedly increased in hypoxic DPSCs, but were not
affected by metformin treatment
Soluble VEGF levels in concentrated conditioned media from the aforementioned
experiments were determined by ELISA. As depicted in Figure 2, under both normoxic
and hypoxic conditions, the addition of metformin did not stimulate an increase in soluble
VEGF levels. In contrast, DPSCs exposed to hypoxia alone showed an approximately
3.5-fold increase in VEGF levels regardless of metformin treatment.

8

Figure 1. VEGF protein expression was evaluated by western blotting in whole cell
lysates obtained from DPSCs treated with or without metformin under normoxic (21%
O2) or hypoxic (1% O2) conditions for 24 hours. Expression of β-actin expression was
used as sample loading control.

Figure 2. Soluble VEGF levels were analyzed by ELISA in conditioned media derived
from DPSCs treated with or without metformin under normoxic (21% O2) or hypoxic (1%
O2) conditions for 24 hours. ANOVA was used for statistical analysis and Tukey method
was used for post hoc comparison. Soluble VEGF levels were markedly increased in
conditioned media derived from hypoxic DPSCs, but were not affected by metformin
treatment (***p<0.001 compared to normoxia alone; ^^^p<0.001 compared to metformin
treatment under normoxic conditions).
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Conditioned media derived from hypoxic DPSCs treated with metformin induced a
marked pro-angiogenic response in HMEC-1 cells
Although we found that in DPSCs metformin triggered an increase in cellular VEGF
protein levels, it failed to boost soluble VEGF levels as measured by ELISA. To clarify
the physiological effects of metformin on DPSCs, we further evaluated the proangiogenic potential of conditioned media derived from DPSCs treated with vehicle
control or metformin (50 µM) when cultured under normoxic or hypoxic conditions for
24 hours. This response was analyzed through an in vitro capillary tube formation assay
by using HMEC-1 cells. Our data show that HMEC-1 cells exposed to conditioned media
collected from hypoxic DPSCs that were treated with 50 µM metformin clearly triggered
an angiogenic response that was evident by a significant increase in HMEC-1 capillary
tube length (Figure 3). Interestingly, this pro-angiogenic response was not found in
DPSCs exposed to either metformin or hypoxia only suggesting a plausible synergistic
effect as a result of the addition of metformin to hypoxic DPSCs.
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Figure 3. An in vitro capillary tube formation assay was performed by culturing HMEC1 endothelial cells in conditioned media derived from DPSCs treated with or without
metformin under normoxic or hypoxic conditions for 18 hours. Fluorescent images from
the capillary tube formation assay were captured digitally and tube length was measured
using ImageJ software. Data is presented as fold change relative to the length of capillary
tubes formed using conditioned media obtained under normoxic conditions only.
ANOVA was used for statistical analysis. The length of capillary tubes formed using
conditioned media derived from hypoxic DPSCs treated with metformin increased
significantly when compared to the other groups (**p<0.01).

Identification of other potential soluble angiogenic factors in conditioned media
derived from DPSCs treated with metformin under normoxic and hypoxic
conditions
Although the conditioned media from hypoxic DPSCs treated with metformin showed
positive paracrine effects to induce HMEC-1 capillary tube formation, there seems to be a
limited impact of each treatment alone to enhance the angiogenic response. In addition to
VEGF, there are many other potential angiogenic factors whose cellular and soluble
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levels may be affected to positively (or negatively) correlate with the angiogenic potential
of the DPSC-derived conditioned media collected after the different treatments.
To identify other potentially significant angiogenic factors in conditioned media derived
from normoxic or hypoxic DPSCs in the presence or absence of metformin, we used a
human angiogenesis antibody array to analyze the secretion profile of 55 soluble
angiogenic factors after 24 hours following these treatment conditions: normoxic control,
metformin (50 µM), hypoxia, hypoxia/metformin (Figure 4A). After quantifying and
analyzing the angiogenesis antibody array data, 21 factors had detectable signals and 12
of them were secreted at considerable levels. Among the 12 candidate factors, 4 factors
showed elevated secretion upon treatment with metformin or hypoxia; however, it was
evident that the soluble levels of Angiogenin in DPSCs were markedly increased by
metformin when cells were also exposed to hypoxic conditions (Figure 4B, 4C). The
other 8 factors demonstrated either relatively no change or decreased secretion under the
same conditions, among which 5 factors including Pentraxin-3, Serpin-E1, Serpin-F1,
tissue inhibitor of metalloproteinase-1 (TIMP-1), and urokinase Plasminogen Activator
(uPA) had the lowest levels in conditioned media from hypoxic DPSCs treated with
metformin (Figure 5).
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Figure 4. (A) Secretion profile of 55 angiogenesis-related factors in conditioned media
derived from DPSCs treated with or without 50 µM metformin under normoxic or
hypoxic conditions for 24 hours by using Human Angiogenesis Array Kit. Each panel
represents one treatment condition and each factor is presented in duplicate. The
membranes illustrated in this figure were exposed for 60 seconds and the autoradiography
was captured digitally. There are 3 loading controls/reference points located at A1/2,
A23/24 and F1/2 while F23/24 represents negative controls. (B, C) Secretion profile of
Angiogenin from 4 treatment conditions was grouped from Figure 4A and quantified.
The level of loading controls remains similar between different groups while the level of
secreted soluble Angiogenin steadily increases and reaches the highest level in
conditioned media from DPSCs treated with both metformin and hypoxia.
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Figure 5. Similar to Figure 4, the secretion profile of several other angiogenesis-related
factors was quantified, plotted and compared between 4 treatment groups (N0: normoxia
without metformin; N50: normoxia with 50 µM metformin; H0: hypoxia without
metformin; H50: hypoxia with 50 µM metformin). In contrast to Angiogenin, the level of
soluble Pentraxin-3, Serpin-E1, Serpin-F1, TIMP-1 and uPA steadily decreases and
reaches the lowest in conditioned media from DPSCs treated with both metformin and
hypoxia.
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Chapter 4
DISCUSSION

In order to successfully correct bony defects and regenerate skeletal tissues, it requires
the proper application of mesenchymal stem cells (MSCs) combined with sufficient
amount of growth factors and bio-compatible scaffolds as an alternative approach to
autologous bone grafts [10, 11, 13]. In addition, it is critical to restore blood supply to the
defect site to ensure the proper availability of oxygen and nutrients in the regenerative
process [43]. Therefore, effective MSC-based bone tissue engineering is highly
dependent on the adaptation of MSCs to a hypoxic microenvironment and a functional
microvasculature to not compromise the regenerative response of osteogenic progenitors.
The formation of new blood vessels from the existing vasculature, a process refer to as
angiogenesis, is essential for bone repair [44]. The hypoxia-inducible factor-1 (HIF-1)/
vascular endothelial growth factor (VEGF) signaling pathway has been established as an
important mechanism to couple angiogenesis to skeletal development and regeneration
[35-41]. Studies showed that VEGF-containing scaffolds can promote better blood vessel
growth and much-improved outcomes when regenerating bone [45]. In addition to its role
to induce angiogenesis, VEGF has been shown to promote osteoblastic differentiation,
inhibit osteoblast apoptosis and enhance of bone formation [46]. Based on this evidence,
it seems promising to develop innovative MSC-based bone tissue engineering strategies
utilizing VEGF-mediated neovascularization to treat patients with large bony defects.
Metformin (1,1-dimethylbiguanide hydrochloride) is a first-line, anti-hyperglycemic drug
commonly prescribed for the treatment of type 2 diabetes. Recent studies have suggested
15

other clinical indications for metformin, including anti-tumor effects, anti-aging effects,
as well as cardio- and neuroprotective responses [2-5]. Interestingly, metformin has also
been shown to induce the osteogenic differentiation of MSCs derived from various
sources including the bone marrow, blood progenitor cells, umbilical cord, and dental
tissues [25, 30, 31, 47-52]. Like other types of progenitor cells, DPSCs have inherent
proliferative potential and plasticity to differentiate into several cell types including
odontoblasts and osteoblasts [25, 26]. Studies from the Schneider laboratory in
collaboration with Dr. Huakun Xu’s laboratory at the University of Maryland School of
Dentistry have demonstrated that DPSCs, isolated from the dental pulp of clinically
healthy, extracted adult third molars due to orthodontic treatment, highly express organic
cation transporter-1 (OCT-1) [31]. As a highly hydrophilic cationic drug, metformin
uptake relies on tissue-specific mechanisms facilitated by OCTs, a group of polyspecific
cell membrane transporters of the solute carrier 22A gene family [28, 29]. OCTs mediate
transport of structurally diverse, small hydrophilic organic cationic endogenous
compounds, toxins and drugs, including metformin [53]. Indeed, OCT-1-expressing
DPSCs respond to metformin released from calcium phosphate cement bioscaffolds and
exhibit enhanced odontoblastic differentiation [25]. Currently there is limited research
describing potential DPSC-driven, pro-angiogenic effects of metformin, which could be
mediated through the HIF-1/VEGF signaling pathway.
The present study demonstrates that metformin can induce DPSCs to express cellular
VEGF. However, unlike the effects of hypoxia, metformin failed to promote soluble
VEGF secretion from DPSCs after 24 hours. To further determine whether metformin (50
µM) could stimulate a paracrine, pro-angiogenic effect derived from normoxic or
16

hypoxic DPSCs, we also performed in vitro capillary tube formation assays by using
HMEC-1 endothelial cells. Conditioned media from DPSCs treated with either metformin
or hypoxia alone were unable to promote an angiogenic response. However, a significant
increase in HMEC-1 capillary tube length was observed when endothelial cells were
treated with conditioned media derived from metformin-treated hypoxic DPSCs. These
data suggest a synergistic, paracrine, pro-angiogenic effect initiated by DPSCs when
simultaneously exposed to metformin and hypoxia.
Previous data from our group demonstrate that HMEC-1 cells express OCT-1 and exhibit
increased cell migration and capillary tube formation when directly treated with
metformin (Appendix 2). Alternatively, the pro-angiogenic effects of metformin on
endothelial cells can be attributed to paracrine secretion of a wide range of DPSC-derived
cytokines and growth factors, which is also known as the cellular secretome. To identify
the candidate pro-angiogenic targets derived from the DPSC secretome in response to
metformin, we compared the secretion profile of 55 angiogenic factors (listed in
Appendix 1) in conditioned media from 4 treatment groups (normoxic control, metformin,
hypoxia, or hypoxia/metformin). We found that conditioned media derived from hypoxic
DPSCs treated with metformin correlated with an upregulated secretion of angiogenin
and promoted an inhibitory action on the secretion of Pentraxin-3, Serpin-E1, Serpin-F1,
tissue inhibitor of metalloproteinase-1 (TIMP-1), and urokinase Plasminogen Activator
(uPA) . Based on current evidence, Angiogenin and uPA are positive regulators of
angiogenesis while Pentraxin-3, Serpin-E1, Serpin-F1, and TIMP-1 can inhibit
angiogenic responses. Surprisingly, VEGF secretion levels in 3 samples with single or
combined hypoxia/metformin treatment were lower than its level in the control group,
17

which differs from the ELISA data showing that VEGF levels increased significantly
upon hypoxia treatment. This phenomenon could be explained by the fact that these two
experiments were performed on different commercially available DPSC batches ordered
from the same company (Lonza), which derived from different donors. It has been
reported that MSCs obtained from different donors demonstrated inconsistent stem cell
potency and large variations were observed in pro-angiogenic factor secretion profiles of
conditioned media derived from multiple sources of Wharton’s jelly umbilical cord
MSCs (WJ-MSC) [54]. According to this study, the pro-angiogenic activity of
conditioned media from WJ-MSCs in migration and capillary tube formation of
endothelial cells and in in vivo Matrigel plug assay was highly consistent with secretion
levels of four major factors, including Angiogenin, Interleukin-8, Monocyte
Chemoattractant Protein-1, and VEGF. Similarly for DPSCs, intra-population
heterogeneity and donor dependent factors such as gender and age may predetermine the
pro-angiogenic potential of conditioned media derived from DPSCs obtained from
different individuals. Notably, it seems promising that within the limitations of our
present work with DPSCs, Angiogenin was also found to be a potentially strong proangiogenic candidate being significantly upregulated by metformin under hypoxic
conditions. Future studies are warranted to gain a better cellular and molecular
understanding into the pro-angiogenic impact of DPSC-derived Angiogenin in response
to metformin alone and when combine with hypoxic conditions. In particular, we would
like to elucidate whether Angiogenin plays a significant, enhancing effect on the
supportive neovascularization underlying DPSC-based bone regeneration.
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Chapter 5
CONCLUSIONS

Bone tissue engineering utilizing MSCs, growth factors and biocompatible scaffolds
offers an attractive alternative to autologous bone grafts to treat oral and craniofacial
skeletal defects. Metformin, a first-line medication to treat type 2 diabetes, might also be
repurposed to induce DPSC differentiation into osteoblasts and potentially enhance a proangiogenic activity of endothelial cells to support bone regeneration. Here, we found that
conditioned media derived from hypoxic DPSCs treated with metformin for 24 hours
promote HMEC-1 capillary tube formation, a well-established assay to analyze
angiogenic effects in vitro. Because both DPSCs and HMEC-1 cells express functional
OCT-1, metformin may exert a proangiogenic action by either direct effects on
endothelial cells or indirect stimulation of DPSC-derived paracrine secretion of cytokines
and growth factors such as Angiogenin. Our study provides preliminary but promising
data that warrants further research to gain a better understanding on the role of metformin
as a potential osteogenic/angiogenic factor in oral and craniofacial skeletal regeneration.
In the future, it would be valuable to conduct studies comparing the pro-angiogenic
potential of the DPSC secretome collected from different donors in response to
metformin under normoxic and hypoxic conditions. These studies might identify
potential effective biomarkers whose secretion in DPSC-derived conditioned media
would help in predicting a positive supportive pro-angiogenic role of DPSCs in
craniofacial bone regeneration.
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APPENDIX 1
List of Human Angiogenesis Array coordinates and target/control as described in the Proteome
ProfilerTM Array Human Angiogenesis Array Kit, R & D Systems catalog #ARY007)
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APPENDIX 2

Metformin directly induces HMEC-1 capillary tube formation in a dose-dependent
manner. (A) HMEC-1 capillary tube formation was performed with the following
conditions: untreated control, 10 μM metformin, 25 μM metformin, 50 μM metformin
and 5% FBS medium as positive control. (B) Quantification of capillary tube formation
performed after 18 hours by measuring tube length using ImageJ software shows that
compared to the untreated control there was a significant increase in capillary-tube
formation with 25 and 50 μM metformin treatment (*p<0.05, **p<0.01 vs. metforminuntreated group). The positive control group also has significant increase in capillarytube formation compared to the untreated control (***p<0.001).
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