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Chapter 1
INTRODUCTION

Regeneration of large oral and craniofacial bone defects: a major clinical challenge in
oral and maxillofacial surgery
Bone loss in the oral and maxillofacial region is a common occurrence, and a major
challenge to many dental practitioners on a regular basis. Bone defects may be associated
with trauma, infection, neoplasia, or congenital conditions [1]. The regeneration of large
craniofacial bone structures or the alveolar bone ridge to restore patient’s esthetics and
function remains a critical problem in dentistry, and in particular, oral and maxillofacial
surgery [2, 3].
Bone quality and quantity are the main determinants of bone strength. Three cell types
regulate skeletal homeostasis: osteoblasts, osteoclasts, and osteocytes. Osteoblasts are
responsible for bone formation and are differentiated from mesenchymal progenitor cells.
Osteoclasts are responsible for bone resorption and derive from hematopoietic progenitor
cells [4-6]. Osteocytes are widely available in the bone matrix and balance between
osteoblast and osteoclast cell activity [7-9]. Ultimately, the success of bone regeneration
depends on the osteogenic and angiogenic ability of the cells in the site of the defect or
the surrounding tissue [10].
Over the years research has shown that “stem cell therapy is an engineering strategy that
promotes formation of both soft and hard tissue” [11, 12]. In particular, mesenchymal
stem cells (MSCs) can differentiate into multiple cell lines. For example, bone marrow
stem cells (BMSCs) can differentiate into bone, cartilage, adipose and fibrous tissue [13].
1

Recent studies show that BMSCs can also differentiate into myocardial cells [14],
hepatocytes [15], and neurons [16]. Other stem cells with potential use in cell therapy
may derive from other sources including adipose tissue [17], dental pulp [18], and
umbilical cord [19].
The role of osteogenic/angiogenic coupling in bone regeneration
An important step in bone regeneration and fracture healing is having sufficient vascular
supply [20]. Angiogenesis is the branching of new vascular sprouts out of pre-existing
parental blood vessels [21]. Blood vessels provide nutrients and eliminate metabolic
products; therefore, allowing for growth and remodeling of bone [22]. Indeed, MSCs can
induce tissue repair by secreting growth factors, cytokines, and angiogenic factors [23].
Angiogenic factors support and balance the vascularization process by stimulating
endothelial cells proliferation, migration, capillary tube formation, and maturation [24].
One of the most common and potent angiogenic factors is Vascular Endothelial Growth
Factor (VEGF) [25]. There is strong evidence that VEGF not only supports angiogenesis
but also osteogenesis by promoting osteoblastic differentiation, increasing bone
formation, and inhibiting osteoblast apoptosis [26].
Studies show that endothelial cells have a more direct role in bone formation by
regulating BMSC osteogenic differentiation [27-30], affecting the rate of bone matrix
mineralization [31], and producing a variety of osteogenic factors [32]. To this end, cotransplantation of endothelial cells with BMSCs has been shown to increase the bone
forming capacity of BMSCs in an ectopic site [28]. It has also been proposed that
endothelial cells/BMSCs co-transplantation allows cells to be in close contact; therefore,
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transplanted endothelial cells interact with BMSCs much earlier than migrating
endothelial progenitor cells which need time to reach the transplanted scaffold [31].
Metformin: The potential use of an antidiabetic drug in bone regeneration
A recurrent theme in biomedical research is to elucidate how common drugs that were
originally developed for specific chronic diseases are also beneficial for other unrelated
conditions. This might be the case with metformin, a first-line medication for Type-2
diabetes. Metformin was first synthesized as N, N-dimethylbiguanide in the 1920s. It was
first used as an anti-hyperglycemic agent in diabetic patients in Europe in the 1950s. In
the USA, the Food and Drug Administration (FDA) approved it in 1995. With more than
65 years of clinical use, this inexpensive, non-toxic and well-tolerated drug is currently
used by more than 120 million people worldwide. The anti-hyperglycemic effects of
metformin include reducing hepatic gluconeogenesis and improving glucose uptake
utilization in muscle. Recent evidence shows that metformin reduces the risk of bone
fracture in type-2 diabetic patients. It also favors bone formation by inducing BMSCs
osteoblastic differentiation in part by activating the AMP-activated protein kinase
(AMPK) signaling pathway [33, 34].
Metformin is a very hydrophilic, membrane-impermeable cationic compound. It depends
on membrane-bound, organic cation transporters (OCTs) belonging to the SLC22A gene
family to gain intracellular access [35, 36]. OCT subtypes include OCT-1, OCT-2, and
OCT-3. OCT-1 (SLC22A1) is mainly restricted to liver, OCT-2 (SLC22A2) is mainly
found in the kidney, while OCT-3 (SLC22A3) has a much broader tissue distribution and
is found in the liver, skeletal muscle, heart, brain and placenta [36]. Metformin can only
enter functional OCT-expressing cells. It is most likely that metformin will not be able to
3

enter cells when OCTs are not expressed, functionally impaired or inhibited through
chemical or genetic approaches.
Although several studies have shown a potential role for metformin to induce BMSCbased osteogenesis, there is still a clear lack of understanding on whether metformin
plays

a

role

in

mediating

mechanisms

underlying

the

process

of

osteogenesis/angiogenesis coupling. In this regard, it remains largely unexplored whether
metformin impacts BMSC-induced angiogenesis and whether metformin acts directly on
endothelial cells to induce angiogenesis and support MSC-based bone regeneration.
The purpose of the current study is to determine whether metformin stimulates
endothelial cell angiogenesis with the ultimate goal of supporting MSC-based oral and
craniofacial bone regeneration.

CENTRAL HYPOTHESIS
Clinically relevant doses of metformin induce angiogenesis to support bone marrow
mesenchymal stem cell (BMSC)-based bone regeneration.

SPECIFIC AIMS
Specific Aim 1. To determine whether endothelial cells express OCTs and respond to
clinically relevant doses of metformin.
Specific Aim 2. To elucidate whether clinically relevant doses of metformin trigger an
angiogenic response. This will be addressed through two sub-aims:
(2a) To determine whether metformin promotes angiogenesis in an indirect

4

…….

fashion by stimulating the secretion of BMSC-derived angiogenic factors
(i.e., VEGF).
(2b) To examine whether metformin directly affects endothelial cell angiogenesis.
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Chapter 2
MATERIALS AND METHODS

2.1 Cell culture
Human-derived BMSCs were obtained commercially from PromoCell (Heidelberg,
Germany). The tissue used by PromoCell for the isolation of human cell cultures is
derived from donors who have signed an informed consent form, which outlines in detail
the purpose of the donation and the procedure for processing the tissue
(www.promocell.com/ethics). BMSCs used in this study were derived from the femoral
head of 2 different Caucasian donors. These BMSCs have been named by the Schneider
laboratory as BMSC-1 (lot number 1080202.3) and BMSC-2 (lot number 30882201).
BMSCs were cultured in low glucose Dulbecco's modified Eagle's media (DMEM,
Gibco, Grand Island, NY) supplemented with 10% fetal bovine serum (HyClone, Logan,
UT), 100 U/mL penicillin and 100 g/mL streptomycin (Gibco). Telomerase
immortalized human-derived umbilical vein endothelial cells (HUVEC) were a gift from
Dr. Silvia Montaner (University of Maryland, Baltimore). HUVECs were cultured in high
glucose Dulbecco's modified Eagle's media (DMEM, Gibco, Grand Island, NY)
supplemented with 10% fetal bovine serum (HyClone, Logan, UT), 100 U/mL penicillin
and 100 g/mL streptomycin (Gibco).

2.2 OCT protein expression in BMSCs and HUVECs
Protein expression levels of OCT1, OCT2 and OCT3, encoded by the SLC22A gene
family were examined in both BMSC and HUVEC via western blot analysis as
previously demonstrated [37]. Briefly, after isolation of whole cell lysates, equal amounts
6

of protein were separated by SDS-PAGE, electrophoretically transferred onto
polyvinylidene difluoride membranes. Membranes were incubated overnight at 4 oC with
rabbit anti-human OCT1, OCT2 and OCT3 primary antibodies (Sigma, St. Louis, MO),
respectively. Blots were stripped and re-probed with an anti-glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) antibody (Sigma).

2.3 Cell viability assays
The effect of metformin on cell viability was evaluated through a colorimetric assay by
using the CellTiter 96® AQueous One Solution (MTS) reagent following the
manufacturer’s protocol (Promega, Madison, WI) as previously reported [37]. Either
BMSCs or HUVECs were plated in 96-well plates at a density of 5,000 cells/cm2. The
following day, cells were exposed to either 1% FBS DMEM alone (control) or 1% FBS
DMEM containing 10 μM metformin (n = 5 wells/condition). Media were changed every
two days. In the case of BMSCs, MTS reagent was added directly to each culture well
after 7 days, incubated at 37oC for 1 hour and absorbance at 490 nm was measured in a
microplate reader. A similar procedure was conducted in HUVECs but MTS reagent and
absorbance reading were performed after 3 days following metformin treatment.

2.4 VEGF protein expression in BMSCs
VEGF protein expression in whole cell lysates of BMSCs was examined through western
blotting as described above after treating cells with different doses of metformin (0, 10,
50, 100 μM) for 24, 48, and 72 hours. Following transfer, membranes were incubated
overnight at 4oC with polyclonal rabbit anti-human VEGF primary antibody (Santa Cruz
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Biotechnology, Santa Cruz, CA), respectively. Blots were stripped and reprobed with
mouse anti-human monoclonal anti--actin antibody (Sigma).

2.5 VEGF enzyme-linked immunosorbent assay (ELISA) in metformin-treated BMSC
conditioned media.
VEGF ELISA was performed in conditioned media of metformin-treated BMSCs
collected after treatment with different concentrations of metformin (0, 10, 50 μM).
Briefly, BMSCs were plated in p60 dishes at 300,000 cells/dish. The next day, 600 μl of
1% FBS DMEM media with or without metformin was added to each dish (n= 3
dishes/condition) and collected after 24 hours. The collected media was further
concentrated to 5- fold concentration using the Amicon® Ultra-0.5 Centrifugal filter
devices, and then analyzed by using a commercially available VEGF ELISA kit (DuoSet
human VEGF, R&D Systems, Wiesbaden, Germany) according to the manufacturer's
instructions.

2.6 Capillary tube formation assay
To determine whether metformin can either directly or indirectly affect endothelial cell
angiogenesis, the BD BioCoat™ Angiogenesis System was used (BD-Biosciences).
HUVECs were induced to differentiate and form capillary tube-like structures when
cultured under different conditions on Matrigel™ matrix as previously described [38].
The following seven treatment conditions were included: (1) control group (medium
only); (2) 10 μM metformin treatment; (3) 50 μM metformin treatment; (4) BMSC8

derived conditioned medium (untreated); (5) BMSC-derived conditioned medium
collected following a 24-hour treatment with 10 μM metformin; (6) BMSC-derived
conditioned medium collected following a 24-hour treatment with 50 μM metformin, and
(7) BMSC-derived conditioned medium collected following a 24-hour treatment with
7.5% FBS (positive control). Quantification of the extent of capillary tube formation was
performed after 18 hours by digitizing fluorescent tube images followed by measuring
tube length using ImageJ Software.

2.7 Statistics
When indicated, the data were analyzed using Student’s t test or two way ANOVA test
with the Prism 6.0 biostatistics program (GraphPad Software). Data are presented as
mean ± S.E.M.
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Chapter 3
RESULTS

OCTs are differentially expressed in HUVECs and BMSCs
To determine OCT-1, OCT-2 and OCT-3 protein expression in HUVECs as well as in
BMSC-1 and BMSC-2 cells, western blot analyses were performed. As shown in Figure
1, while very low expression levels of OCT-1 and OCT-3 were found in HUVECs, OCT2 was highly expressed in these cells. Interestingly, BMSC-1 cells also expressed high
levels of OCT-2 with no expression of OCT-1 and OCT-3, whereas BMSC-2 cells solely
expressed OCT-1 (Figure 2).
Clinically relevant doses of metformin increase HUVEC viability
In order to evaluate whether clinical doses of metformin (10 µM) have any effect on
HUVEC viability, a cell viability assay was performed after treating HUVECs for 72
hours as described in Chapter 2 “Materials and Methods”. When compared to control,
metformin-treated HUVECs showed an approximately 2-fold increase in cell viability,
which may be a reflection of increased cell number. These results were statistically
significant with p value <0.05 (Figure 3). Similar assays were performed in BMSCs.
However, in the case of BMSCs cell viability was assessed after 7 days of treatment with
vehicle control or metformin.

Intriguingly, metformin was able to support BMSC

viability, but in a more marginal fashion than the response observed in metformin-treated
HUVECs (Figure 4).
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Figure 1.

OCT-1, OCT-2 and OCT-3 protein expression in HUVECs. Whole

HUVEC lysates were analyzed in duplicate by Western blotting to determine protein
expression levels of OCT-1 (lanes 1 and 2), OCT-2 (lanes 4 and 5) and OCT-3 (lanes 7
and 8). GAPDH expression is shown as sample loading control.

B

A

Figure 2. OCT-1, OCT-2 and OCT-3 protein expression in BMSCs. Western blotting
was performed by using whole cell lysates obtained from BMSC-1 (A) and BMSC-1 (B)
to determine protein expression levels of OCT-1, OCT-2 and OCT-3. GAPDH expression
was used as sample loading control.
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Figure 3.

Clinically relevant doses of

metformin increase HUVEC viability.
HUVEC viability was determined by the
MTS

assay

following

72

hours

of

incubation in either vehicle control or
metformin (10 M). Data are presented as
fold change relative to control. **P<0.05.

BMSC-1

Figure 4. Long-term treatment with
metformin supports BMSC viability.
BMSC-1 viability was determined by the
MTS

assay

following

7

days

of

incubation in either vehicle control or
metformin (10 M). Data are presented
as fold change relative to control.
**P<0.05.
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BMSCs treated with metformin triggers VEGF expression and secretion
To evaluate whether metformin treatment has any impact on the expression of a wellstudied, prototypical angiogenic factor such as VEGF, western blot analysis and ELISA
were performed by using whole cell lysates and conditioned media from BMSCs treated
with different doses of metformin at different time points, respectively. As shown in
Figure 5, metformin (10 M) induced VEGF expression at 24 and 48 hours. Likewise,
when VEGF accumulation was analyzed in the conditioned media at 24 hours, a
statistically significant increase in VEGF secretion relative to control was observed in
response to 10 M and 50 M metformin (Figure 6).
Metformin directly induces HUVEC-derived capillary tube formation
Although it was found that metformin triggered VEGF expression and secretion from
BMSCs, one of the main objectives of this study was to determine whether metformin
directly stimulates angiogenesis with the ultimate goal of supporting MSC-based bone
regeneration. To reach this goal, preliminary studies were conducted and found that
HUVECs, directly treated with 10 µM metformin, responded to this treatment by
significantly increasing capillary tube formation when compared to the control group and
HUVECs treated with 50 M metformin. HUVEC capillary tube formation assays were
also performed by utilizing conditioned media derived from metformin-treated BMSCs.
To this end, 50 µM metformin induced a significant increase in capillary tube formation
when compared to control conditioned medium or medium derived from BMSCs treated
with 10 M metformin (Figure 7).

13

Figure 5. VEGF protein expression in BMSCs. Western blotting was performed by
using whole cell lysates obtained from BMSC-2 to determine VEGF protein expression
levels. actin expression was used as sample loading control.

BMSC-2

400

VEGF (pg/mL)

*
300

*

200
100
0
0

10

50

Metformin (mM)

Figure 6. Metformin significantly enhances VEGF secretion in BMSCs. VEGF
ELISA was conducted by using conditioned medium derived from BMSC-2 left
untreated or treated with 10 μM and 50 μM metformin for 24 hours. Data are presented as
fold change relative to control. *P<0.05.
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HUVEC capillary tube formation. (A) HUVEC capillary-like tube formation was performed
with the following conditions: (1) control group (medium only); (2) 10 μM metformin; (3) 50 μM
metformin; (4) BMSC-derived conditioned medium (untreated); (5) BMSC-derived conditioned
medium (CM) collected following a 24-hour treatment with 10 μM metformin; (6) BMSCderived CM collected following a 24-hour treatment with 50 μM metformin, and (7) BMSCderived CM collected following a 24-hour treatment with 7.5% FBS (positive control). (B)
Quantification of capillary tube formation performed after 18 hours by digitizing fluorescent
images followed by measuring tube length using ImageJ software shows that compared to
untreated controls there was a significant increase in capillary-tube formation with 10 μM
metformin (MTF) and with BMSC-derived conditioned medium collected following a 24-hour
treatment with 50 μM MTF. Data are presented as fold change relative to untreated controls
(**P<0.05) and positive control (***P<0.05).
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Chapter 4
Discussion

The success of tissue engineering in skeletal regeneration, including craniofacial bone
defects, is highly dependent on the availability of viable osteoprogenitor cells,
appropriate bioscaffolds, osteoinductive signals and sufficient vascular supply [31]. This
implies that when there is a lack of proper blood vascularization largely by limiting
diffusion of oxygen and nutrients beneficial outcomes following implantation of
osteogenic cell-containing bioscaffolds may be compromised [39]. In this regard,
techniques to engineer vitalized bone remain a critical area of active investigation [4042]. Recent studies have shown that integrating BMSCs in bioscaffolds resulted in better
vascularization and increased bone formation [43, 44]. Interestingly, it has been reported
that VEGF-containing scaffolds promoted better blood vessel growth and muchimproved outcomes when regenerating bone [39]. In fact, it has also been demonstrated
that VEGF not only acts as a strong inducer of angiogenesis but also as a promoter of
osteoblastic differentiation, inhibitor of osteoblast apoptosis and enhancer of bone
formation [26]. These promising evidence prompted the design of the current in vitro
study with the main goal of determining the impact of clinically relevant doses of the
anti-diabetic

drug

metformin

as

a

potential

pharmacologic

inducer

of

osteogenic/angiogenic coupling critically needed in bone regeneration.
Metformin is a first-line, anti-hyperglycemic drug mainly used for the treatment of type 2
diabetes.

It was originally derived from guanidine, the pharmacologically active

component of Galega officinalis that in medieval times was used in traditional herbal
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medicine to treat different maladies, including polyuria and polydipsia, two wellrecognized symptoms associated with diabetes mellitus [45]. Present day metformin or N,
N-dimethylbiguanide has been used in Europe since the 1950s, and in the United States
following its approval by the Food and Drug Administration in 1995. For more than 65
years, metformin has been the preferred oral medication to treat type 2 diabetes, and is
used by more than 120 million people worldwide [45]. Metformin does not induce insulin
production, but it reduces blood glucose levels through three main mechanisms; it
decreases gluconeogenesis in the liver [46, 47], increases muscle glucose uptake [48, 49],
and reduces hepatic lipids [50]. Interestingly, one of the recently discovered non-antidiabetic effects of metformin includes its positive effect on BMSC and preosteoblast
differentiation into osteoblasts [51]. Supportive of these effects and relevant to a potential
positive impact on osteogenesis/angiogenesis coupling, metformin also appears to
stimulate angiogenesis and accelerate wound healing [52].
Relative to the skeleton, metformin treatment has been associated with reduced risk of
bone fractures [53]. As mentioned above, in vitro studies indicate that metformin
stimulates the proliferation and differentiation of rodent BMSCs and preosteoblastic cell
lines into functional osteoblasts [54-58]. However, ambiguous results have been found in
preclinical animal studies designed to evaluate the role of metformin on bone mass and
quality following traumatic bone fracture or bone loss associated with estrogen
deficiency. Some suggest metformin significantly increases total body bone mineral
density, bone trabecular volume, osteocyte density, osteoblast number, and exerts
protective effects against bone loss [59-62]. Conversely, others report that metformin has
no effect on bone mass or fracture healing [63]. Discrepancies in experimental findings
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may reflect variability in experimental design and methodology. While responses to
metformin may differ relative to endochondral versus intramembranous bones, rodent
strain, gender, age, treatment dose and duration, or glycemic status, a major issue that
remains elusive is the role of OCTs on the intracellular uptake of metformin in MSCs and
osteoblastic cells. This gap in knowledge holds significant translational relevance. It is
well known that cells from organs including liver, kidney, heart, brain, and placenta
express different OCT isoforms [64]. However, limited research is currently available to
confirm whether human-derived BMSCs or HUVECs express OCTs, which will be
critical cellular determinants affecting metformin intracellular uptake and activity. Our
results demonstrated that human-derived BMSCs express both OCT-1, as evidenced in
BMSC-2 cells, and OCT-2 as observed in BMSC-1 cells. Likewise, HUVECs also highly
express OCT-2. Furthermore, cell viability assays confirmed that these types of cells are
responsive to metformin. We found that a clinically relevant dose of metformin (10 M)
resulted in a 2-fold increase in HUVEC viability and a slight marginal increase in the
viability of BMSCs. These findings support other studies which demonstrated that
metformin promotes cell proliferation, in many instances considered a reflection of
increased cell viability [65].
The success of angiogenesis is achieved when there is endothelial cells proliferation,
migration, capillary tube formation, and maturation [24]. VEGF is an important regulator
of angiogenesis, and BMSCs are a well-known source of VEGF along with other
angiogenic factors [66, 67]. Our results demonstrated that metformin can stimulate VEGF
expression and secretion from BMSCs suggesting in part that metformin-induced, OCTexpressing BMSCs could mediate an angiogenic response to support BMSC-based
18

osteogenesis. Noteworthy, in pre-clinical studies investigating the effects of chronic
metformin after experimental stroke in C57BL/6N male mice, Venna et al. found that 50
mg/kg/day metformin beginning 24 hours post-stroke for 3 weeks significantly improved
post-stroke functional recovery by enhancing microvascular density in an AMPKdependent manner.

The role of angiogenesis was evaluated by counting vessel branch

points from fluorescein-conjugated lectin-perfused brain sections. The authors suggested
that metformin could mediate post-stroke recovery by enhancing angiogenesis [65]. In
the context of the present study, as it relates to the potential effects of metformin on
osteogenic/angiogenic coupling, our findings are in agreement with the Venna et al.
report. Indeed, we found that metformin was able to trigger an angiogenic response both
by affecting BMSCs and HUVECs. When HUVECs were directly treated with 10µM
metformin we observed increased capillary tube formation when compared to both the
control group and the group treated with 50 μM metformin. Similar significant effects
were seen when treating HUVECs with conditioned media derived from 50 M
metformin-treated BMSCs. Therefore, this work indicates that metformin may directly
and indirectly affect angiogenesis through effects on endothelial cells as well as BMSCs,
respectively. .In contrast to our results, Esfahanian et al found that in vitro treatment of
HUVECs with metformin produced potent anti-proliferative and anti-angiogenic effects
[68].

However, the doses of metformin (0.5-3 μM) they used in their study were

significantly higher and supraphysiological compared to the ones used in the present
investigation. Yet, in animal models investigating diseases such as heart failure and
diabetes, metformin has been associated with enhanced angiogenesis [69, 70]. Within the
limitations of this study, our promising results may lead to future in vitro and in vivo
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studies to gain more insight into the underlying mechanisms mediating the osteogenic
effects of metformin relative to its direct and indirect effects on endothelial cell
angiogenesis.
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Chapter 5
Conclusions

Treating oral and craniofacial defects through cell-based therapies is highly dependent on
the osteogenic and angiogenic properties of the cells, scaffolds and osteoinductive factors
implanted during treatment. Metformin is a first-line medication used worldwide to treat
type 2 diabetes. Surprisingly, newly discovered non-antidiabetic effects of metformin
have been recently reported that include its positive effect on BMSCs to differentiate into
osteoblasts and potentially support angiogenesis. Here, we found that clinically relevant
doses of metformin exerted both direct and indirect effects on HUVEC capillary tube
formation, a well-known assay used to analyze angiogenic effects in vitro. In addition,
metformin directly induced BMSCs to express and secrete VEGF, a prototypical, wellstudied angiogenic factor. Notably, metformin was able to induce these responses in both
BMSCs and HUVECs due to the fact that they express functional OCTs, which are
regarded as critical cellular determinants of metformin intracellular uptake and activity.
This 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. Overall, it would be valuable to
conduct studies to elucidate whether metformin also impacts osteogenic/angiogenic
responses in mesenchymal stem cells derived from less invasive sources including the
umbilical cord as well as dental tissues.
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