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Abstract: 

Objective: The long-term goal of these studies is to develop novel tissue engineering 

strategies to enhance craniofacial bone regeneration by combining human umbilical cord-

derived mesenchymal stem cells (UC-MSCs) and other potential MSC with either 

systemically or locally delivered metformin. Metformin is a first line, well-tolerated 

antidiabetic drug with potential osteogenic actions most likely mediated by the activation 

of the AMP-activated protein kinase (AMPK) signaling pathway. As a highly hydrophilic 

cationic drug, metformin requires active intracellular uptake via polyspecific cell 

membrane organic cation transporters (OCTs) encoded by the SLC22A gene family. 

Despite their critical involvement in hepatic and renal cellular transport, the role played 

by OCTs in metformin-induced AMPK pathway activation and osteogenic differentiation 

in UC-MSCs, remains largely unexplored. Here, we hypothesize that to effectively 

induce AMPK activation and osteogenic differentiation, metformin must gain 

intracellular access into functional OCT-expressing UC-MSCs. 

 Methods: Immunoblotting was used to assess OCT expression in human-derived UC-

MSCs. UC-MSCs were treated in vitro with metformin to determine its intracellular 



uptake, AMPK pathway activation, mineralized nodule formation, and induction of 

osteogenic markers.    

 

Results: Immunoblotting and cellular uptake assays demonstrate that one or more of the 

OCT isoforms are highly expressed in UC-MSCs and mediate responses to metformin. 

Treatment of UC-MSCs with clinically relevant doses of metformin (10 µM) resulted in 

activation of the AMPK signaling pathway. Use of chemical inhibitors targeting OCT 

function (10 µM quinidine) or AMPK activation (10 µM compound C) markedly 

inhibited these responses. Metformin significantly enhanced UC-MSC mineralized 

nodule formation and increased expression and nuclear localization of the osteogenic 

transcription factor RUNX2. Collectively, these findings indicate that both OCTs and the 

AMPK signaling pathway play an important role in mediating metformin-induced UC-

MSC osteogenic differentiation.  

 

Conclusions: By gaining a mechanistic insight into the role played by OCTs on 

metformin-induced MSC osteogenic differentiation mediated by AMPK/RUNX2 

signaling, our work may lead to future tissue engineering platforms where metformin 

together with functional, OCT-expressing UC-MSCs may be used as a novel autogenous 

therapeutic option to enhance bone regeneration. In particular, these treatment strategies 

might benefit pediatric patients affected with congenital malformations that compromise 

orofacial skeletal tissues. 
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CHAPTER I: Introduction 

Effects of the Anti-Diabetic Drug Metformin on Bone Physiology and 

Regeneration 

 
 
Diabetes Mellitus and the Skeleton 

Diabetes mellitus (DM) is a chronic endocrine disease characterized by elevated glucose 

levels in blood. Currently, more than 347 million people are diagnosed with DM 

worldwide [1]. DM is caused when the human body is unable to produce insulin, or to 

use insulin effectively in glucose breakdown and uptake into the cells. The World Health 

Organization classified DM into 3 main categories; Type I DM, Type II DM, and 

gestational diabetes. Type I DM develops when the pancreas is unable to produce insulin, 

which results in the body’s inability to breakdown glucose. In type I DM, the standard 

treatment is to administer insulin based on the body’s needs. Type II diabetes accounts 

for approximately 90% of all DM around the world and occurs when cells are unable to 

use insulin effectively to breakdown and transport glucose into the cells. Treatment of 

type II diabetes includes life style management, oral medications, as well as insulin 

administration in more advanced cases.  Gestational diabetes manifests during pregnancy 

and may resolve after delivery. Overtime, uncontrolled DM with sustained high blood 

glucose levels, or hyperglycemia, may lead to significant systemic complications 

affecting the heart, blood vessels, eyes, kidneys, nervous system, wound healing and the 

skeleton [1]. 
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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 differentiated from hematopoietic 

progenitor cells [2-4]. Osteocytes are widely available in the bone matrix and balances 

between osteoblast and osteoclast cell activity [5-7]. Bone mineral density (BMD) 

represents the bone mass and is usually used to evaluate bone quantity. Bone quality, on 

the other hand, is more difficult to be evaluated but can be analyzed through various 

imaging techniques, mechanical property testing, and compositional measurements [8] . 

Osteoporosis is a significant disease caused by bone loss, and has a high morbidity rate 

due to its serious skeletal complications. Osteoporosis develops over a long period of 

time and manifests when the rate of bone removal is higher than the rate of bone 

formation. One of the main skeletal complications of osteoporosis is osteoporotic bone 

fractures [1]. Studies have shown that osteoporotic fractures are more common in DM 

patients compared to non-DM patients due to weakened bone strength [9-12]. Studies 

comparing the fracture risk and BMD between type I and type II DM show that both 

types have a higher skeletal fracture risk compared to non-DM patients [8, 10-14]. 

Interestingly, BMD was significantly low in type I DM while type II DM had normal 

values. Apparently, BMD is lower in type I DM due to low bone formation during 

skeletal development [12-15]. Conversely, type II DM patients had higher fracture risk, 

even with normal BMD values, since bone quality was mostly affected rather than bone 

mass, which is in fact represented by BMD measurements [12-15]. Noteworthy, patients 

with advanced diabetes tend to develop neuropathies and impaired vision, which also 
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increases the risk for accidents and falls. This may also explain the increased incidence of 

osteoporotic fractures in DM patients [16-20]. 

The mechanism of bone loss in diabetic patients is still not fully understood. Because of 

the distinct reduction of BMD in type I diabetic patients shortly after the onset of the 

disease, it has been hypothesized that insulin has an anabolic effect on bone [1]. This has 

been confirmed by different animal studies and clinical data [13, 14, 21]. Other studies 

have shown that pancreatic beta cells not only produce insulin, but also other osteo-

anabolic factors like amylin and preptin. Therefore, DM-associated pancreatic damage 

may lead to negative outcomes in the skeleton [13]. Moreover, hyperglycemia can also 

negatively affect bone metabolism by inhibiting mesenchymal stem cell differentiation 

into osteoblasts and favoring adipogenic cell differentiation [22]. In addition, 

hyperglycemia increases the levels of advanced glycation end products (AGE) such as 

pentosidine, which is associated with impaired bone quality without reduction in BMD 

values [23]. It has been reported that pentosidine causes reduction in bone turnover due to 

compromised osteoblast function [24]. 

 

Metformin and Bone Physiology 

Elucidating how common drugs that were initially developed and marketed for specific 

chronic diseases but provide benefit for other unrelated conditions remain an area of 

active investigation. This appears to be the case with the first-line, anti-diabetic drug 

metformin. As a member of the biguanide family, metformin was approved by the United 

States Food and Drug Administration (FDA) in 1995 for treating type II DM, and is 

currently the most widely used oral anti-diabetic drug worldwide [25, 26]. Recent studies 
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have focused their attention on potential positive effects of metformin in skeletal 

homeostasis. A study conducted by Molinuevo et al evaluated the effects of in vivo and 

in vitro treatment with metformin on bone marrow progenitor cells (BMPCs), a type of 

mesenchymal stem cell population (MSCs). They concluded that metformin acts as a 

potential osteogenic drug by promoting BMPC-based bone repair in diabetic and non-

diabetic rats. This study also found that the osteogenic action of metformin on BMPCs 

appears to be associated with an increased expression of the osteoblast-specific 

transcription factor Runx2/Cbfa1 together with phosphorylation of AMPK, a marker of 

AMPK activation [27]. Moreover, Cortizo et al investigated the effect of metformin on 

growth, differentiation and mineralization of osteoblasts. They used two osteoblast-like 

cell lines, MC3T3E1 and UMR106 (osteosarcoma cells) [28]. They found that metformin 

was able to induce osteoblastic differentiation by utilizing two markers: alkaline 

phosphatase and type I collagen production. Although they did not observe any net effect 

of alkaline phosphatase activity on UMR106 in response to metformin, which is 

explained by the fact that UMR106 may greatly overexpress alkaline phosphatase activity 

in their basal state, this study reported that type I collagen production was observed in 

both cell lines when exposed to metformin. A marked increase in the formation of 

mineralized nodules was also found in long-term cultures of metformin-treated 

MC3T3E1. Overall, it was suggested that secreted cytokines and/or growth factors into 

the conditioned media might serve as stimuli for the observed osteogenic effects triggered 

by metformin.  
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The osteoblastic differentiation of rat marrow mesenchymal stem cells in response to 

metformin has also been studied [29]. It was shown that metformin promotes osteoblastic 

differentiation; however, the authors suggested further studies to evaluate the effects on 

BMD and relative risk fractures in type 2 diabetics. In a study performed by using rat 

primary osteoblasts (POBs) isolated from the calvaria of 1- to 2-day-old neonatal rats 

metformin triggered a direct osteogenic effect on osteoblasts in cultures with different 

glucose concentration and that these actions were promoted by Runx2 and other specific 

genes. The authors suggested that metformin appears more relevant to be used in the 

clinical setting, and that might be beneficial not only for type II DM patients, but also for 

non-diabetics in need of bone regeneration [30]. 

Interestingly, a case control clinical study investigating the correlation between skeletal 

fractures and diabetes mellitus concluded that type I and type II DM were associated with 

increased risk of bone fractures, but metformin in part mitigated this risk [31]. To this 

end, Gao et al [32]  evaluated the action of metformin on bone density in ovariectomized 

rats. From their findings, they indicated that metformin might have a direct inhibitory 

effect on bone loss observed in the ovariectomized rats.  

It is worth mentioning that although most of the studies have focused on the role of 

metformin on osteoblastic differentiation, others have also reported a potential effect of 

metformin on osteoclasts. For instance, Mai et al [33] studied the impact exerted by 

metformin on osteoblast and osteoclast activity and concluded that osteoclastic 

differentiation is inhibited by affecting the expression of osteoprotegrin (OPG) and 

receptor activator of nuclear factor κB ligand (RANKL), which are predominantly 

expressed and secreted by osteoblasts. These cytokines plays a critical role in the 
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differentiation and function of osteoclasts. From their in vivo and vitro studies, Mai et al 

suggested that metformin reduces RANKL and stimulates OPG expression in osteoblasts, 

which in turn, inhibits osteoclast differentiation and prevents bone loss in an 

ovariectomized rat model. 

 

Mechanisms of Cellular Signaling in Metformin-induced Osteoblastic 

Differentiation  

Role of AMP-activated Protein Kinase 
 
The AMP-activated protein kinase (AMPK) pathway is a key sensing mechanism 

underlying the regulation of cellular energy homeostasis. AMPK is a heterotrimeric 

serine/threonine kinase consisting of three subunits, a catalytic α subunit together with 

the regulatory β and γ subunits. Activation of AMPK occurs when cellular AMP, as a 

consequence of an elevated AMP/ATP ratio, binds to AMPK γ subunit causing a 

conformational change that makes it a better substrate for phosphorylation by its 

upstream serine/threonine kinase LKB1 [34]. The AMPK pathway is a crucial mediator 

of the central and peripheral effects of many hormones on the metabolism of appetite, fat 

and glucose [35]. AMPK has been recognized as a key molecule in the control of 

metabolic diseases such as type II DM. In fact, it is well known that some anti-diabetic 

drugs including metformin activates AMPK pathway [36]. 

The AMPK pathway could be involved as an intracellular signaling mechanism in the 

skeleton to sense the bioenergetic status and, when appropriate, initiate osteogenesis [35].  

AMPK could also serve as an indicator for the skeleton to promote bone-remodeling 

responses by the action of energy-producing mechanisms or decreased energy-costing 
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processes [35]. The potential role of AMPK in the regulation of bone homeostasis, as 

shown in Figure 1.1, depicts the balance between osteoblastic bone formation and 

osteoclastic bone resorption. It is likely that activation of the AMPK pathway ultimately 

stimulates osteoblast differentiation and bone formation through the osteoblastic-specific 

transcription factor (Runx2). Moreover, activated AMPK inhibits osteoclast formation 

and bone resorption via suppression of nuclear factor of activated T-cell c1 (NFATc1) 

protein [35]. It has been proposed that the AMPK pathway promotes osteoblast 

differentiation from mesenchymal progenitor cells possibly by regulating the expressions 

of Runx2 [35]. 

Role of Organic Cation Transporters 

Polyspecific drug transporters may play an essential role in the distribution of metformin 

in a variety of tissues and cells. More specifically, metformin, a highly hydrophilic 

cationic drug, relies on tissue specific mechanisms for its intracellular transport by a 

group of cell membrane transporters belonging to the solute carrier 22A (SLC22A) gene 

family including organic cation transporter-1, or OCT-1 (SLC22A1), OCT-2 (SLC22A2), 

and OCT-3 (SLC22A3) [37-39]. OCT-1 is predominately expressed in the liver, OCT-2 is 

expressed in the kidney and OCT-3 is localized in various tissues such as skeletal muscle, 

heart, brain and placenta. Besides OCT-1 and OCT-2, recent evidence confirmed that 

OCT-3 is also associated with the pharmacological effects of metformin [40-42]. Despite 

these interesting findings, limited evidence exists supporting a correlation between OCTs 

and metformin in osteoblast differentiation and bone regeneration. The literature search 

has found only one study where high OCT-1 gene and protein expression were 

characterized in osteoblasts derived from rat mandible. Ma et al [43] showed that OCT-1-
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expressing osteoblasts derived from the mandible of 3-month-old Sprague–Dawley (SD) 

rats were responsive to metformin. Overall, determining the contribution of OCTs to the 

potential osteogenic effects of metformin may yield new information to maximize 

metformin action in skeletal regeneration, including oral and craniofacial bone defects. In 

fact, they suggested that local administration of metformin around dental implants in 

diabetic patients could be achieved due to the presence of rOCT1 in osteoblasts derived 

from the mandible of Sprague-Dawley rats.  

 

 

 

 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1. Potential role of AMPK in the regulation of bone homeostasis. Mechanism 
of bone homeostasis underscoring the balance between osteoblastic bone formation and 
bone resorption relative to AMPK activation. (Modified from Jeyabalan 2012 et al. [35]) 
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Cell-based therapies in bone regeneration 

Advances in the understanding of the cellular and molecular mechanisms underlying 

bone formation and remodeling have recently afforded the development and 

implementation of skeletal regenerative approaches in the oral and craniofacial region. In 

general, this has been plausible through the use of biomolecular, biomaterial and cellular 

therapeutics [44-48].  

Relative to bone regeneration, most cell-based therapies utilize multipotent mesenchymal 

stem cells (MSCs). They are defined as plastic-adherent, fibroblast-like cells expressing a 

mesenchymal, non-hematopoietic phenotype with the potential to differentiate into 

osteogenic [5], chondrogenic (cartilage) and adipogenic (adipose) lineages [49, 50]. 

Many types of human-derived MSCs with proven osteogenic capacity have been 

identified and isolated from a variety of sources including bone marrow, adipose tissue, 

muscle, umbilical cord blood, umbilical cord Wharton’s jelly, periosteum, dental pulp, 

periodontal ligament, and exfoliated deciduous teeth [50-57]. However, MSC types differ 

between each other based on morphology, phenotype, proliferation and differentiation 

potential [50, 55, 58-60].  Moreover, unlike other bone regenerative approaches, cell-

based therapy offers major advantages that include accelerated healing by transplanted 

osteoprogenitor cells, which often leads to an enhanced structural and functional 

restoration of the damaged site. However, there are also some pitfalls that remain in place 

when dealing with cell-based therapies. Among them are the differential effects of 

biodegradable scaffolds or bone allografts seeded along MSCs. In some instances this 

may cause uneven distribution and poor MSC adhesion, potential osteonecrosis, limiting 

integration between graft and host tissue as well as host inflammatory responses. 
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However, many groups are attempting to improve their protocols for cell-based bone 

regeneration by implementing tissue-engineering strategies including alternative 

osteoprogenitor populations, gene delivery modifications, growth factors or 

pharmacological compounds that could enhance MSC osteogenic potential. [50, 58, 61-

63] 

The utilization of pharmacologic targeting of MSC with different types of drugs or 

compounds has sparked a special interest in the field of regenerative medicine. 

Unfortunately, few drugs have shown effective responses relative to the MSC population 

in vivo. The concept of a drug/MSC combination therapy could not be achieved unless 

these drugs show minimal toxicities [64]. As it has been described above, compelling 

evidence shows that metformin, a FDA-approved and relatively inexpensive biguanide 

commonly used by type II diabetics, has a promising effect on MSCs by potentially 

inducing osteoblastic differentiation and bone regeneration [27, 65]. Based on this 

evidence, the long-term goal of the present study is to combine autologous MSCs with 

bio-scaffolds able to locally deliver metformin. In particular, this novel approach may 

offer an alternative tissue engineering approach to enhance regeneration of critical-sized 

craniofacial bone defects. Though therapeutically attractive, there are still pending 

questions with significant clinical implications that must be addressed. As a highly 

hydrophilic cationic compound, metformin relies on OCTs to facilitate its intracellular 

uptake and action. Thus, to induce osteoblastic differentiation and bone regeneration, 

metformin must gain access into MSCs expressing functional OCTs. Yet, the role played 

by OCTs on the osteogenic action of metformin remains largely unexplored. By 

identifying mechanisms that facilitate metformin action in MSCs, we may not only gain 
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insight into key cellular factors controlling the osteogenic capacity of metformin, but also 

provide a significant step forward in the area of MSC research and bone regeneration.  

 

 
Central Hypothesis 

Metformin via OCTs and AMPK signaling enhances MSC osteogenic differentiation. 

  

Specific Aims 

 

Specific Aim 1:  To determine expression of OCT-1, OCT-2 and OCT-3 in MSCs 

derived from different tissue sources, and whether the AMPK pathway is activated in 

response to clinically relevant doses of metformin.  

Hypothesis: Expression of functional OCTs in MSCs derived from different tissue 

sources is a major mechanism by which metformin may affect MSC osteoblastic 

differentiation. 

 

Specific Aim 2: To determine the impact of OCTs and AMPK signaling in human 

umbilical cord mesenchymal stem cell (UC-MSC) osteogenic differentiation in response 

to metformin.  

Hypothesis: OCT/AMPK signaling enhances the osteodifferentiating potential of UC-

MSCs in response to metformin.  
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Osteogenic 
differentiation 

 
 
 
Figure 1.2. Overall working model.  Functional OCTs are required to facilitate 
metformin intracellular uptake and activity to effectively activate AMPK pathway in 
MSCs derived from different tissue sources (Specific Aim 1), and enhance osteoblastic 
differentiation in UC-MSCs (Specific Aim 2).  
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CHAPTER II 

Differential Expression of Organic Cation Transporters in 

Mesenchymal Stem Cells Derived from Various Tissue Sources 

 
 
I. Introduction 

The long-term goal of these studies is to develop novel tissue engineering strategies to 

enhance craniofacial bone regeneration by combining human MSCs, with either 

systemically or locally delivered metformin. First, we decided to determine the status in 

the protein expression of OCT-1, OCT-2 and OCT-3 in various MSC types, and test the 

ability of clinically relevant doses of metformin (i.e., 10 µM) on activating the AMPK 

pathway. We hypothesized that functional OCTs are critical cellular determinants for 

metformin-induced AMPK signaling induction and osteoblastic differentiation of MSCs 

derived from different tissue sources. MSCs are considered one of the best cellular 

sources where osteoprogenitor cells have been identified to promote bone regeneration 

[49-57]. To this end, we have focused our work by using human-derived MSCs from 

bone marrow (BMSCs), umbilical cord Wharton’s jelly (UC-MSCs), inducible 

pluripotent stem cells (iPSC-MSCs) and exfoliated deciduous teeth (SHED).  

BMSCs are widely known to be one of the main cell populations extensively used in 

bone regenerative therapy [66-68]. Several studies have indicated that BMSCs provide 

the best outcomes in MSC-based bone regeneration, and it is considered the gold standard 

[67, 69-71]. However, their limited proliferation potential, morbidity associated with its 

harvesting and potential effects of chronic conditions and aging has shifted the interest 
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initially placed on them to other sources of MSCs that would be as reliable as a source for 

bone regeneration [67, 72].  

Recently, UC-MSCs have shown to be a potential alternative to BMSCs as an osteogenic 

cell source for bone regeneration [47, 48, 73, 74] They have gained much attention in the 

field due to the non-invasive approach for obtaining them, their ease of culturing, 

expansion and storage without losing their viability and differentiating potential [74]. 

UC-MSCs derived from a special embryonic tissue, the umbilical cord Wharton’s jelly, 

which lies between the covering amniotic epithelium and the umbilical vessels. These 

cells had been shown to be multipotent and similar to other adult stem cells [73, 74]. 

Furthermore, UC-MSCs fulfill the MSC criteria provided by the International Society for 

Cellular Therapy [75].   

Another unique type of mesenchymal stem cell population is the one derived from human 

exfoliated deciduous teeth referred to as stem cells from human exfoliated deciduous 

teeth (SHED) [54]. SHED are highly proliferative, capable of differentiating into a 

variety of cell types including neural cells, adipocytes, and odontoblasts. SHEDs may be 

considered a distinctive source for stem cell-based therapies in the orofacial regions as 

these cells originated from the pulp tissue of exfoliated deciduous teeth [76]. 

Interestingly, these newly discovered multipotent stem cells showed again another 

valuable alternative source for osteogenesis to establish a biocompatible bone tissue-

engineered platform [54]. 

Another interesting type of stem cells that has been reported as an auspicious and 

alternative cell source for bone regeneration is induced pluripotent stem cells (iPSCs). 

[77, 78]. To compare with BMSCs, iPSCs-MSCs has a higher proliferative rate [78] in 
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which researchers gained a special interest in utilizing these cells to achieve periodontal 

and bone tissue regeneration [79, 80]. However, due to unpredicted differentiation of 

these cells into tumorigenic potency [81], efficient in vitro differentiation of iPSCs into 

MSCs phenotype is crucial.   

Experiments conducted as part of this chapter were aimed at determining the expression 

of OCTs in the previously described MSCs. We propose that the presence of functional 

OCTs must be a requisite for the positive effects of metformin in enhancing osteoblastic 

differentiation and ultimately bone regeneration [38, 42, 82-85]. Moreover, we used 

AMPK activation as a surrogate marker of metformin action since it has been shown that 

metformin has an essential role in promoting AMPK phosphorylation and AMPK 

pathway activation [36]. In addition, the AMPK pathway seems to contribute to the 

underlying mechanisms controlling metformin-induced osteogenesis [36, 85-87]. 

 

II. Materials and Methods: 

Reagents and Cells 

Dulbecco's modified Eagle's medium (DMEM), trypsin-EDTA and fetal bovine serum 

(FBS) were obtained from Gibco (Grand Island, NY). Primary rabbit polyclonal 

antibodies against phospho-AMPKα1 Thr172 (1:1,000) and AMPKα1 (1:1,000) were 

purchased from Cell Signaling Technologies (Danvers, MA);, OCT-1 (1:400), OCT-2 

(1:400) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 1:10,000) from Sigma 

(St. Louis, MO). Rabbit monoclonal antibody against OCT-3 (1:10,000) was obtained 

from Epitomics (Burlingame, CA). Metformin was obtained from Calbiochem 

(Gibbstown, NJ) and quinidine hydrochloride monohydrate from Sigma-Aldrich (St. 
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Louis, MO). Human-derived BMSCs were purchased from Promo Cell (Heidelberg, 

Germany). Human-derived Wharton’s jelly umbilical cord-MSCs UC1, UC2 and UC5 

were purchased from PromoCell, whereas UC3 and UC4 were obtained from ScienCell 

(Carlsbad, CA). Murine osteoblastic cell line MC3T3-E1 cells were a kind gift from Dr. 

M. Chellaiah (University of Maryland, Baltimore). Likewise, iPSC-MSCs were kindly 

provided by Dr. H.H.K. Xu (University of Maryland, Baltimore) and SHEDs were 

graciously shared by Dr. J. E. Nor (University of Michigan). 

Cell Culture  

UC1, UC2, UC3, UC4, UC5, MC3T3-E1, BMSCs, iPSC-MSCs and SHEDs were all 

grown in complete growth medium consisting of low-glucose (LG) DMEM containing 

10% FBS, 1% antibiotic/antimycotic solution (AA; Gibco) at 37°C and 5% CO2 

atmosphere. Cells were seeded on 75-cm2 flasks, and sub-cultured following 

trypsinization. All cells were plated at passages 4th to 6th. 

Western blot analysis 

Following plating cells overnight in 6-well plates at a density of 0.3 x 105 per well in 

complete growth medium, cells were either left untreated to analyze OCT expression, or 

treated with vehicle or metformin to evaluate AMPK activation. At the end of different 

culture periods, cells were lysed in SDS buffer. Whole cell lysates were sonicated and 

western blot analyses were performed as previously demonstrated [42]. Briefly, after 

isolation of whole cell lysates, equal amounts of protein were separated by SDS-PAGE, 

electrophoretically transferred onto polyvinylidene difluoride membranes. After washing 
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with PBS and blocking with 5% non-fat milk, membranes were incubated overnight at 

4oC with indicated antibodies. Blots were stripped and re-probed with an anti-GAPDH 

antibody used as sample loading control. 

 

III. Results 

OCT protein expression in MSCs from different tissue sources 

(A) UC-MSCs: 

To identify which of the OCT isoforms were expressed in UC-MSCs western blot 

analyses were performed as shown in Figures 2.1A and 2.1B. To this end, OCT-1 was 

expressed in UC1, UC2, UC3, UC4 and UC5 cells. Cells expressing OCT-2 included 

UC1, UC2, UC3, and UC5 while only OCT-3 expression was detected in UC1 cells. 

Regardless of OCT isoform, we found that this type of MSCs largely express OCTs.  

 

(B) BMSCs: 

Following western blot analysis in adult BMSCs, it was found that only OCT-2 was 

highly expressed in these particular cells, while OCT-1 and OCT-3 were not detected 

(Figure 2.2). 
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Figure 2.1. OCT protein expression in UC-MSCs. Western blot analyses of OCT-1, 
OCT-2 and OCT-3 in whole cell lysates obtained from commercially available, human-
derived UC-MSCs each obtained from different donors: UC1, UC2, UC3, UC4 (A) and 
UC5 (B) MC3 refers to MC3T3E1 cells used as a known positive control for OCT-1. .  
 

 
 
 
 
 
 

 
 
 
 
 
Figure 2.2. OCT protein expression in BMSCs. Western blots analysis of OCT-1, OCT-
2 and OCT-3 in whole cell lysates obtained from commercially available adult BMSCs, 
which demonstrates the sole expression of OCT-2 in these MSCs. 
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(C) SHEDs: 

Western blot analysis performed with SHEDs, whole cell lysates detected expression of 

OCT-1 and OCT-2, but not OCT-3 (Figure 2.3). It was found that only OCT-1 and OCT-

2 was highly expressed in these particular cells, OCT-3 was not detected.  

 

Metformin activates AMPK signaling pathway in MSCs 
 
Recent studies indicate that the AMPK pathway might play a crucial role in mediating 

and enhancing bone regeneration [36]. Thus, we next performed western blot analyses in 

the different types of OCT-expressing MSCs to determine whether metformin was 

capable of inducing AMPK activation.  

(A) Metformin-induced AMPK activation in UC-MSCs:  

Figure 2.4 depicts the effects of metformin (10 µM) on AMPK pathway activation in 

OCT1-expressing UC4 cells. Cells were lysed at different time points following the 

stimulation with metformin. Our results show that activation of AMPK, as evidenced by 

its increased phosphorylated status, was markedly upregulated in response to metformin 

treatment in particular at the 24-hour treatment time point.  
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Figure 2.3. OCT protein expression in SHEDs. Western blot analysis of OCT-1 (A), 
OCT-2 (B) and OCT-3 (C) in SHED whole cell lysates.  

 

 

 

 

 

 

 

  

 
 
 
 
 

Figure 2.4. Metformin activates AMPK signaling pathway in UC-MSCs. Western blot 
analysis showing a marked time-dependent upregulation in the expression of AMPK 
phosphorylation in OCT1-expressing UC4 cells.   
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(B) BMSCs: 

The effect of clinically relevant doses of metformin treatment on the phosphorylated 

(activated) status of AMPK in BMSCs was also studied. Following a 24-hour treatment 

with metformin at 10 µM and 20 µM, the immunoblot analysis showed a marked dose-

dependent increase in AMPK phosphorylation (Figure 2.5).  

 

(C) SHEDs: 

Likewise, metformin at 10 µM and 20 µM was also capable of activating AMPK in 

SHEDs as evidenced by increased pAMPK following a 24-hour treatment (Figure 2.6).  

 

(D) iPSC-MSCs: 

Previous unpublished work from the Schneider laboratory has found that iPSC-MSCs 

express only OCT-1 (Wang, P et al. “Metformin Induces Osteoblastic Differentiation of 

Human Induced Pluripotent Stem Cell-derived Mesenchymal Stem Cells”; personal 

communication). Here, we show that metformin, in a dose-dependent manner, markedly 

stimulated the activation of AMPK in iPSC-MSCs (Figure 2.7).  
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Figure 2.5. Metformin activates AMPK signaling 
pathway in BMSCs. Western blot analysis 
showing phosphorylated AMPK expression levels 
in BMSCs treated for 24 hours with different doses 
of metformin.  
 

 
 
 
 
 
 
 
 
 
 

 

Figure 2.6. Metformin activates AMPK signaling 
pathway in SHEDs. Western blot analysis 
obtained from SHED whole cell lysates after 
treating cells with increasing doses of metformin 
for 24 hours.  
 

 

 

 

 

Figure 2.7. Metformin activates AMPK signaling 
pathway in iPSC-MSCs. Western blot analysis 
demonstrates AMPK activation in iPSC-MSCs 
following treatment with metformin for 24 hours.  
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IV. Discussion 

Based on recent studies there is an emerging interest on the effects of the antidiabetic 

drug metformin on bone physiology; in particular, how it may affect the osteoblastic 

differentiation of preosteoblastic cells and MSCs [29, 65, 88]. Several reports have 

utilized cellular models that include MC3T3E1 preosteoblastic cells [28, 86, 87], BMSCs 

[88] and mouse adipose-derived stem cells (MuASCs) [65]. The potential use of 

metformin to positively regulate bone homeostasis and eventually enhance bone 

regeneration is very attractive considering its affordability and safety record after long-

term use in diabetic patients. However, metformin as a highly hydrophilic cationic 

compound relies on cell membrane OCTs of the SLC22A gene family to facilitate its 

intracellular uptake and action [38, 89]. This implies that to act as a predictable 

osteogenic agent, metformin must get access into functional OCT-expressing cells. 

Relative to MSCs, studies focusing on expression and activity of OCTs are lacking. This 

gap in knowledge holds significant translational relevance should metformin will be 

eventually used to enhance bone regeneration either systemically or in a locally-delivered 

fashion.  

Here, we provide initial evidence that OCTs are differentially expressed in MSCs derived 

from different tissue sources including bone marrow (BMSCs), umbilical cord Wharton’s 

jelly (UC-MSCs), exfoliated deciduous teeth (SHED) and inducible pluripotent stem cells 

(iPSC-MSCs). While aging, chronic conditions and environmental factors may affect the 

differentiation capacity of adult BMSCs, the gold standard source of autogenous skeletal 

progenitors, MSCs derived from the other alternative sources clearly offer a therapeutic 

advantage since these limiting conditions do not play a critical role in their function.  
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Proposed mechanisms for the antidiabetic effects of metformin have mainly focused on 

the role of the AMP-activated protein kinase (AMPK) pathway, a conserved signaling 

cascade that acts as master sensor of cellular energetics [35]. As a mild and reversible 

inhibitor of mitochondrial oxidative phosphorylation at complex I of the electron 

transport chain, metformin decreases the intracellular energy status and increases the 

AMP/ATP ratio in hepatocytes [36, 90]. Cellular AMP binds to the serine/threonine 

kinase AMPK, making it a better substrate for activation through phosphorylation by its 

upstream tumor suppressor serine/threonine kinase LKB1 [34]. In BMSCs and MC3T3E1 

cells, metformin also appears to promote osteoblastic differentiation by activating AMPK 

signaling in doses ranging from 0.5-500 µM. These effects include a positive dose-

dependent impact on cell proliferation together with increases in extracellular mineral 

nodule formation and well-known osteoblastic markers such as type I collagen, 

osteocalcin, alkaline phosphatase and RUNX2 transcriptional activity (reviewed in 

Jeyabalan, 2012 [35]). Compound C, an AMPK chemical inhibitor, dose-dependently 

inhibits metformin-induced AMPK phosphorylation and bone nodule formation in rat 

calvaria-derived primary osteoblasts [91]. Interestingly, recent studies not related to bone 

physiology have suggested that there is an ultimate positive correlation between OCTs 

and AMPK [42, 82-84].  

To this end, we found that following treatment with clinically relevant doses of 

metformin (10 µM and 20 µM), AMPK activation as evidenced by its phosphorylated 

status was markedly induced in response to metformin in all MSC types analyzed in our 

experiments. Because of high OCT expression and functional activity, our findings may 

yield new information to ultimately position alternative MSCs (i.e., UC-MSCs, iPSC-
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MSCs and SHED) as ideal target cells to maximize metformin action in bone 

regeneration, more specifically in oral and craniofacial skeletal regeneration. Future 

preclinical studies are warranted to determine whether the expression and function of 

OCTs is a critical cellular determinant of the potential osteogenic action of metformin in 

vivo. Ultimately, these studies may lead to therapeutic applications in patients affected by 

oral and craniofacial bone defects associated with trauma, infection, neoplasia and 

congenital malformations, including the repair of cleft palates with UC-MSCs when 

diagnosed by prenatal ultrasound or at birth. If successful, novel tissue engineering 

strategies combining MSCs with scaffolds capable of locally releasing metformin, or 

eventually other AMPK activators, may be developed in the future as an alternative 

approach to limit the morbidity associated with currently used autogenous bone grafting.  
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CHAPTER III 

Role of Organic Cation Transporters and AMPK Signaling in Umbilical 

Cord Mesenchymal Stem Cell Osteoblastic Differentiation 

In Response to Metformin 

 
 
I. Introduction  

 
The regeneration of large, critical-sized craniofacial bone defects remains a major clinical 

challenge in oral and maxillofacial surgery, especially in defects developed as a result of 

trauma, infection, neoplasia or congenital malformations. A considerable number of 

reports have recently demonstrated promising results with the delivery of MSCs within 

scaffolds for bone regeneration [92]. In this regard, human BMSCs are regarded as the 

“gold standard” for autogenous MSC-based tissue engineering; however, the procedure for 

harvesting BMSCs is invasive and may lead to increase morbidity. Moreover, aging and 

underlying chronic conditions, including diabetes mellitus, may also affect BMSC 

proliferative and differentiating multipotent capacity [93-96]. Therefore, other MSCs may 

serve as alternative sources to more predictably regenerate tissues without the concerns 

associated with the use of BMSCs. To this end, studies have pointed to the human 

Wharton’s jelly of the umbilical cord as an attractive extra-embryonic, inexpensive and 

inexhaustible source of perinatal fibroblast-like MSCs (UC-MSCs) for regenerative 

medicine, with neither donor site morbidity nor ethical issues associated with their 

harvesting and use [57, 97, 98]. The bone-forming capacity of UC-MSCs has been 
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demonstrated both in vitro and in experimental preclinical models when seeded in three-

dimensional scaffolds [99-104].  

Interestingly, when studying whether UC-MSC bone regenerating efficacy was 

comparable to BMSCs when implanted in 8-mm critical-sized cranial defects in athymic 

rats, a recent study by Chen et al found a similar amount of new bone formation and 

blood vessel density increasing overtime from 4 to 24 weeks [105]. Moreover, 

mineralization nodule formation, and the expression of four osteogenic differentiation 

genes (ALP, Ocn, collagen type I and Runx2) in UC-MSCs had a comparable trend and 

peak values to those of BMSCs [105]. 

As shown in Chapter II, UC-MSCs highly express OCTs and respond to clinically 

relevant doses of metformin by activating AMPK. To the best of our knowledge, we 

provide the first evidence supporting a potential osteogenic action of metformin on 

perinatal MSCs. Since the intracellular uptake and activity of metformin relies on the 

expression of functional OCTs [38, 42, 82-84], the purpose of this study was to determine 

whether OCTs and AMPK signaling are critical determinants underlying the potential 

enhancing action of metformin on UC-MSC osteoblastic differentiation. By gaining a 

better understanding of the role played by the OCTs on metformin-induced UC-MSC 

osteogenic differentiation, this work may lead to future tissue engineering platforms 

where ex vivo pre-conditioning with metformin, or local delivery systems incorporating 

metformin together with functional, OCT-expressing UC-MSCs may be used as novel 

autogenous therapeutic options to enhance bone regeneration in patients with congenital 

malformations compromising orofacial skeletal tissues.  
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II. Materials and Methods: 

Reagents  

Cell growth complete medium consisted of low glucose Dulbecco's modified Eagle's 

media (DMEM, Gibco, Grand Island, NY) or αMEM (Gibco) supplemented with 10% 

fetal bovine serum (Gibco), and 100 U/mL penicillin and 100 µg/mL streptomycin 

(Gibco). Osteogenic differentiation medium consisted of 100 µM dexamethasone, 10 mM 

β-glycero-phosphate, 50 mg/ml ascorbic acid and 10 nM 1,25-dihydroxyvitamin D3 

(Sigma; St. Louis, MO) added to complete growth medium. Primary rabbit polyclonal 

antibodies against phospho-AMPKα1 Thr172 (1:1,000), AMPKα1 (1:1,000), phosphor-

ACC ser79 (1:1000) and ACC (1:1000) were purchased from Cell Signaling 

Technologies (Danvers, MA); OCT-1 (1:400), OCT-2 (1:400) and glyceraldehyde 3-

phosphate dehydrogenase (GAPDH; 1:10,000) from Sigma; OPN (1:500) from Rockland 

Immunochemicals (Limerick, PA). Rabbit monoclonal antibody against OCT-3 

(1:10,000) was obtained from Epitomics (Burlingame, CA) and Runx2 (1:1,000) from 

Cell Signaling Technologies. Metformin and the AMPK inhibitor Compound C 

Insolution™ were obtained from Calbiochem (Gibbstown, NJ). 1-methyl-4-

phenylpyridinium (MPP+) and quinidine hydrochloride monohydrate from Sigma-

Aldrich. Alizarin Red S was purchased from Lifeline Cell Technology (Walkersville, 

MD). Cell Titer 96® Aqueous One Solution (MTS) was obtained from Promega 

(Madison, WI). All other chemicals and reagents were purchased from commercial 

sources and were of analytical grade. Cell lysates obtained from commercially available, 

human umbilical cord-MSCs derived from wartons jelly of humans’ placenta from 

different donors (UC1, UC2 and UC5 from PromoCell; UC3 and UC4 from ScienCell) 
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and murine osteoblastic cell line derived from the calvaria of a mouse MC3T3-E1 (MC3; 

gift from Dr. M Chellaiah, University of Maryland, Baltimore).  

Cell Culture  

Human-derived Wharton’s jelly umbilical cord-MSCs UC1, UC2 and UC5 were 

purchased from PromoCell (Heidelberg, Germany), whereas UC3 and UC4 were 

obtained from ScienCell (Carlsbad, CA). Murine osteoblastic cell line MC3T3-E1 cells 

were a kind gift from Dr. M. Chellaiah (University of Maryland, Baltimore). UC-MSCs 

and MC3T3E1 cells were grown in complete growth medium at 37 °C and 5% CO2 

atmosphere. Cells were seeded on 75-cm2 flasks; subcultured using trypsin-EDTA and 

PBS solution.  

Western blot analysis 

Following plating UC-MSCs overnight ranging in density from 0.09 x105 - 0.3 x 105 per 

well in complete growth medium, the next day cells were either cultured in complete 

growth medium or osteogenic medium in the absence or presence of metformin for the 

indicated times. At the end of different culture periods, cells were lysed in SDS buffer. 

Whole cell lysates were sonicated and western blot analyses were performed as 

previously demonstrated [42]. Briefly, after isolation of whole cell lysates, equal amounts 

of protein were separated by SDS-PAGE, electrophoretically transferred onto 

polyvinylidene difluoride membranes. After washing with PBS and blocking with 5% 

non-fat milk, membranes were incubated overnight at 4oC with indicated antibodies. 

Blots were stripped and re-probed with an anti-GAPDH antibody used as loading sample 
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control. 

UC-MSC viability assay 

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 as previously reported [42]. The MTS assay measures 

mitochondrial succinate dehydrogenase activity to assess cell viability [106]. UC-MSCs 

were plated in triplicate overnight in complete growth medium at a density of 15,000-

20,000 cells/cm2 in a 96-well plate. The following day, cells were treated with vehicle 

control or metformin at different concentrations ranging from 0-20 µM in DMEM 

containing 0.5% FBS plus 1% antibiotic/antimycotic solution. Treatment was repeated at 

days 3 and 5. After 7 days, MTS reagent was added for 1-2 hours and absorbance at 490 

nm was measured in a microplate reader.  

Mineralization nodule assay 

UC1 and UC2 were plated in complete DMEM growth medium in triplicate in a 24-well 

plates at a density of 30,000 cells/cm2. Likewise, MC3T3E1 cells (50,000 cell/cm2) were 

plated in complete αMEM medium. The following day, cells were 100% confluent and 

were treated with osteogenic medium or osteogenic medium containing metformin. 

Media was changed every three days. After 21 days, cells were fixed in 10% buffered 

formalin and stained with 2% Alizarin Red Stain. Red stain was eluted with 10% 

cetylpyridinium chloride solution and 100 µL from each well was transferred to a 96-well 

plate. Optical density was read at 550 nM in a microplate reader. In another similar 

experiment, mineralized nodule formation was analyzed in UC4 cells treated with 



 

31 

complete DMEM growth medium or osteogenic medium in the absence or presence of 

metformin.  

Alkaline Phosphatase Activity  

The UC5-MSCs were plated in triplicates using 24-well plate at a density of 0.015x106 

cells/cm2 and incubated for cell attachment for overnight in low-glucose (LG) DMEM 

containing 10% FBS, 1% antibiotic/antimycotic (A/A) solution. Then, UC5-MSCs were 

treated in the presence and absence of metformin (10µM), quinidine (10 µM) and 

osteogenic medium (100µM Dexamethasone+10mM ß-glycero-phosphate + 50mg/ml 

Ascorbic Acid + 10nM 1,25-dihydroxyvitamin D3). Medium was changed every other 

day. After 7 days, ALP activity was detected using (SigmaFastTM BCIP-NBT; Sigma 

Aldrich) in which is the form of 5-Bromo-4-chloro-3-indolyl phosphate/Nitro blue 

tetrazolium. Briefly, substrate solution was prepared by dissolving one BCIP/NBT tablet 

in 10 ml distilled water. And washing buffer was prepared by adding 0.05% Tween 20 to 

Dulbecco’s PBS, w/o Ca++/ Mg++. The medium was carefully aspirated from the treated 

cells and washed with PBS without disrupting the monolayer. Then, cells were fixed with 

buffered formalin (10%) to cover the cellular monolayer. After 60 seconds, the cells were 

washed with washing buffer and BCIP/NBT substrate solution was added to cover the 

cellular monolayer. After incubation at room temperature in the dark for 30 minutes, the 

stains were analyzed under the microscope.  

 

 [ 14C] -metformin uptake assay 

To test metformin cellular uptake, UC-MSCs were washed once with pre-warmed KRH 

buffer (125 mM NaCl, 4.8 mM KCl, 1.2 mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 
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25 mM HEPES, 5.6 mM glucose, pH 7.4). After 20-minute incubation with 10 µM [14C]-

metformin plus 40 µM unlabeled metformin with or without OCT inhibitors 1-methyl-4-

phenylpyridinium (MPP+, 200 µM) or quinidine (Quin; 100 µM), the uptake was halted 

by removing the buffer and washing the cells with ice-cold KRH buffer 3 times. Cells 

were lysed in 300 µl 1% Triton X-100, and 250 µl cell lysates were transferred to 

scintillation tube containing 3 ml Econo-Safe™ economical biodegradable cocktail 

(Research Products International Corp, Mount Prospect, IL). Radioactivity was counted 

in a Tri-Carb 2910TR liquid scintillation analyzer (Perkin Elmer, Boston, MA) [107]. 

 

Runx2 gene expression in metformin-treated UC-MSCs  

Quantitative real-time reverse transcription polymerase chain reaction (qPCR) was used 

to measure gene expression levels of Runx2 in UC5-MSCs. Cells were plated on a 6-well 

plate and 0.03×106 were seeded per well. Then, cells were incubated with 1% FBS 

overnight and then treated with/without 10 µM metformin, 10 µM quinidine and 

osteogenic medium. Total cellular RNA was extracted with the PureLink RNA Mini Kit 

(Invitrogen, Waltham, MA) using TRizol, and then reverse-transcribed into cDNA by a 

High-Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA). 

Runx2 and GAPDH gene expression levels were quantified by qPCR using SYBR Green 

PCR Master Mix (Applied Biosystems). Commercially synthesized sequences of human 

specific primers were utilized (Sigma) as listed in Table 1. Relative expression was 

calculated using the 2-∆∆Ct methods and normalized by the Ct of the housekeeping gene 

GAPDH. The qPCR analyses were performed using Graph Pad software.   
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Runx2 immunofluorescence staining in metformin-treated UC-MSCs  

UC5-MSCs were plated at passage 5 on glass coverslips in 6-well plates at a density of 

0.10×105/well. Then, cells were treated with 1% FBS overnight. Thereafter, cells were 

treated with/without 10 µM metformin in the presence or absence of quinidine (10 µM) 

for 7 days. Medium was changed every other day. After one week, cells were fixed in 4% 

paraformaldehyde, permeabilized with 0.5% Triton X-100 and blocked with 0.5% BSA 

prior to antibody addition. Indirect immunofluorescence assay was performed by 

incubating cells, with primary rabbit anti-Runx2 antibody (Cell Signaling Technologies) 

at 1:200 overnight at 40C.  Coverslips were then incubated for 1 hour at room temperature 

with biotinylated goat anti-rabbit IgG (Vector Laboratories, Burlingame, CA) at a 

dilution of 1:250 in 0.5% BSA, followed by incubation for another hour in streptavidin 

Texas Red (Vector Laboratories) at a dilution of 1:200 in 0.5% BSA. Nuclei were stained 

with 300 nM 4’, 6-diamidino-2-phenylindole (DAPI, Thermo Fisher Scientific, Carlsbad, 

CA). Imaging was carried out using an epifluorescence microscope (Eclipse TE2000- S, 

Nikon, Melville, NY). Then Images were collected and further analyzed by merging 

techniques using image J software. 

 

	
GENE	 PRIMERS	

ALP 
   Forward: cggatcctgaccaaaaacc 
   Reverse: tcatgatgtccgtggtcaat 

RUNX2 
   Forward: gactgtggttaccgtcatggc 
   Reverse: acttggtttttcataacagcgga 

OSX 
   Forward: tctccatctgcctgactcct 
   Reverse: agcgtatggcttctttgtgc 

GAPDH 
   Forward: tcaacgaccccttcattgac 
   Reverse: atgcagggatgatgttctgg 

GENE	 PRIMERS	

ALP 
   Forward: cggatcctgaccaaaaacc 
   Reverse: tcatgatgtccgtggtcaat 

RUNX2 
   Forward: gactgtggttaccgtcatggc 
   Reverse: acttggtttttcataacagcgga 

OSX 
   Forward: tctccatctgcctgactcct 
   Reverse: agcgtatggcttctttgtgc 

GAPDH 
   Forward: tcaacgaccccttcattgac 
   Reverse: atgcagggatgatgttctgg 

	 Gene Primers 

Table 1: Commercially synthesized sequences of human specific 
primers 
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Statistical analyses 

Statistical analyses were performed using Prism 6.0 biostatistics program (GraphPad 

Software). All data were expressed as the mean value ± standard error of the mean 

(S.E.M). Statistical significance was analyzed by using student t-test or the one-way 

analyses of variance (ANOVA) with either Tukey’s or Bonferroni’s multiple comparison 

test. A confidence level of 95% (p < 0.05) was considered significant. 

 

III. Results: 

Metformin supports UC-MSC viability 
  
To investigate the effect of metformin on UC-MSC viability, MTS assay was performed 

as described in the Material and Methods section. UC4 cells were treated with metformin 

at different doses (0, 5, 10 and 20 µM). Figure 3.1. illustrates the positive effects of 

metformin on UC-MSC viability in a dose-dependent manner.   

OCT inhibition down regulates AMPK activation in UC-MSCs  

AMPK is an important signaling pathway involved in maintaining cellular energy. It has 

been shown that AMPK could be an important mediator for skeletal regeneration by 

initiating osteogenesis [36]. To show whether OCT function, as a surrogate marker for 

metformin uptake, could affect the AMPK pathway UC2 and UC4 cells were pre-treated 

with quinidine (10µM) prior to exposure to metformin. Whole cell lysates were analyzed 

by western blotting to assess effects on the AMPK pathway (Figure 3.2). Metformin 

treatment induced AMPK phosphorylation (pAMPK). In contrast, quinidine pre-

treatment markedly decreased this response. 
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Figure 3.1.  Metformin supports UC-MSC viability. UC4 cell viability in response to 
increasing doses of metformin was evaluated through a colorimetric assay (CellTiter 96® 
AQueous One Solution (MTS); Promega). Data represent mean ± S.E.M. *p<0.05, when 
compared to untreated control.   
  

(A)                           (B) 

 

 

 

 

Figure 3.2. OCT inhibition downregulates metformin-induced AMPK activation in 
UC-MSCs. Western blot analyses of whole cell lysates harvested from UC2 (A) and UC4 
(B) cells treated with metformin in the presence or absence of quinidine, an OCT 
inhibitor. Primary rabbit monoclonal antibodies used were phospho-AMPKα1 Thr172 
(1:1,000; Cell Signaling). Primary rabbit polyclonal antibodies used: AMPKα1 (1:1,000; 
Cell Signaling) and GAPDH for loading control (1:10,000; Sigma). 
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   AMPK 
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Role of OCTs in UC-MSCs 

To demonstrate the essential role of OCTs in UC-MSCs metformin uptake as described 

in chapter I, here we showed the effect of OCT inhibition on metformin uptake in UC2 

cells. As shown in Figure 3.3, metformin uptake was significantly reduced when cells 

were pre-treated with OCT substrates/inhibitors such as MPP+ and quinidine.  

 

Metformin induces Runx2 expression in an OCT-dependent manner. 

Figure 3.4 demonstrates that a 7-day treatment with metformin significantly stimulated 

Runx2 gene expression in UC5 cells. Interestingly, Runx2 expression is markedly 

reduced when OCT function was inhibited by quinidine. Our findings show that OCT has 

a key role in promoting Runx2 expression, which suggests OCT also serves as a crucial 

mediator of metformin-induced UC-MSC osteoblastic differentiation. Moreover, Runx2 

levels were significantly upregulated in UC5 cells treated with osteogenic medium when 

compared to metformin and control. Nonetheless, Runx2 maintained its expression when 

UC5-MSCs when treated with osteogenic medium under the influence of quinidine 

highlighting the specific role of OCTs in metformin uptake and activity. This observation 

suggests that osteogenic medium do not require OCT function.  
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Figure 3.3. Metformin uptake assay in UC-MSCs. A metformin uptake assay was 
performed to detect the role of OCTs in UC2 cells in the presence or absence of OCT 
substrates/inhibitors 1-methyl-4-phenylpyridinium (MPP+, 200 µM) or quinidine (Quin, 
100 µM). OCT inhibition significantly affected radiolabeled metformin uptake UC2 cells.  

 
 
 
 
 
 

 

 

 

 

 

 

Figure 3.4. Metformin induces Runx2 expression in an OCT-dependent manner. qPCR 
analysis of Runx2 gene expression in UC5 cells treated with or without metformin (Met; 
10 µM) or osteogenic medium (OM) in the presence or absence of quinidine (Q; 10 µM) 
for 7 days.  
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Metformin induces nuclear localization of Runx2 in an OCT-dependent manner 

Runx2 immunofluorescence staining showed a strong nuclear expression in UC-MSCs 

after treatment with 10µM metformin when compared to control (Figure 3.5). However, 

Runx2 nuclear expression was significantly reduced when OCT function is impaired with 

quinidine in the presence of metformin.  Our findings indicate that metformin stimulated 

Runx2, a key osteoblastic marker in UC-MSCs in an OCT-dependent manner. 

 

AMPK-dependent expression of osteoblastic markers in response to metformin. 

It is well-known that acetyl CoA carboxylase (ACC) is an important direct downstream 

target of AMPK [108]. Figure 3.6, shows that ACC was activated by metformin at 7, 14 

and 21 days. When compound C (10 µM), a selective AMPK inhibitor, was used together 

with metformin, AMPK activation demonstrated by a marked reduction in ACC protein 

levels. These observations were correlated with marked increased expression of 

osteoblastic markers (i.e. Runx2 and OPN) following metformin treatment, which 

showed an early expression at day 7 and increased at 14th day, while it maintained it’s 

expression level at 21 day. In contrast, compound C significantly inhibited these effects 

in all time points From these observations, our data indicate that the AMPK pathway is a 

crucial determinant pathway involved in metformin-induced osteoblastic differentiation 

of UC-MSCs.  
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Figure 3.5. Metformin induces Runx2 nuclear localization in an OCT-dependent 
manner. Immunofluorescence staining showing Runx2 nuclear expression in UC5 cells 
following a 7-day treatment without and with metformin (10µM) in the presence or 
absence of quinidine (10µM). 
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Metformin promotes in vitro osteoblastic differentiation and mineralization 

To examine the response of metformin on osteoblastic differentiation, alkaline 

phosphatase activity was evaluated in UC5-MSCs (Figure 3.7). Cells were treated in the 

presence and absence of metformin (10 µM) and osteogenic medium as described in 

Materials and Methods section. The ALP staining analysis showed a significant increase 

in ALP staining in response to metformin. Likewise, ALP showed a marked increase with 

osteogenic medium only (positive control). In contrast, there were no stains observed 

when metformin inhibited with quinidine. This observation suggested that metformin 

enhanced osteoblastic differentiation and this effect is influenced under the functional 

role of OCT. 

In addition, the ability of metformin to induce mineralizing nodules in UC-MSCs was 

evaluated by using alizarin red staining assay (Figure 3.8 A, B and C). The effect of 

metformin on different cell lines i.e. UC1 and UC2 cells (Figure 3.8 A), showed in-vitro 

mineralization effect and was compared to the pre-osteoblastic cell line MC3T3E1. These 

data suggest that metformin stimulated calcium deposition significantly in both cell lines. 

Likewise, this effect was positively observed in UC4 cells in the presence and absence of 

osteogenic medium (Figure 3.8 B and C). These findings show that metformin 

significantly stimulated calcium deposits when compared to control. Moreover, when 

metformin was added to osteogenic medium, the calcium deposits significantly increased 

in comparison to metformin alone. From these findings, it is apparent that metformin has 

the potential capacity to induce UC-MSC-based osteogenesis via osteoblastic 

differentiation. 
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Figure 3.7. Metformin promotes in vitro osteoblastic differentiation and 
mineralization. ALP activity was performed after 7 days of treatment on UC5-MSCs 
were treated in the presence or absence of metformin (10µM), quinidine (10µM) and 
MSC osteogenic medium (100µM Dexamethasone+10mM ß-glycero-phosphate + 
50mg/ml Ascorbic Acid + 10nM 1,25-dihydroxyvitamin D3). 
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(A)   

  

         

 

 

(B)               (C) 

                 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8. Metformin promotes in vitro osteoblastic differentiation and mineralization 
(A) In vitro mineralization in UC1-MSCs and UC2-MSCs with response to metformin. 
(B) and (C) In vitro mineralization in UC4-MSCs treated in the presence and absence of 
metformin (10µM) and MSC osteogenic differentiation medium (100µM 
Dexamethasone+10mM ß-glycero-phosphate + 50mg/ml Ascorbic Acid + 10nM 1,25-
dihydroxyvitamin D3) (Data represent mean ± S.E.M. *p<0.05, when compared to 
untreated control). 
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IV. Discussion: 

 
Recent evidence has focused on the potential use of metformin, a biguanide drug 

commonly used for the management of conditions associated with metabolic diseases 

such as type II diabetes mellitus in enhancing osteogenesis [109]. The first to report 

metformin pro-osteogenic effects was Cortizo et al [28]. They concluded that metformin 

(25–500µM) stimulated the production of type-I collagen in non-transformed MC3T3E1 

and UMR106 osteosarcoma cells in a dose dependent manner. Also, they found that, after 

3-week metformin treatment, mineralization nodules formed in MC3T3E1 pre-

osteoblasts. Thus, they suggested that metformin has the capability to produce calcium 

deposits and not only enables cells to differentiate into osteoblasts. 

It had been shown that the AMPK pathway is activated by the potential action of 

metformin, which may be involved in the signaling pathway to initiate osteogenesis [36]. 

Kanazawa et al [85, 87] suggested from their findings that metformin has the potential to 

enhance osteogenesis via AMPK phosphorylation. They found that metformin (50µM) 

significantly activated AMPK in a dose- and time-dependent manner and stimulated the 

expression of endothelial nitric oxide synthase (eNOS) and bone morphogenic protein 2 

(BMP-2). Moreover, they found that metformin significantly increased specific 

osteoblastic markers such as collagen-I and osteocalcin mRNA expression [12]. Jang et al 

examined metformin’s action on osteoblastic differentiation. They revealed from their 

studies that metformin significantly stimulated the expression of specific key osteogenic 

genes, such as alkaline phosphatase, osteocalcin (OC), runt-related transcription factor 

(Runx2) and bone sialoprotien (BSP). And these genes were found to be down regulated 
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by a dominant negative form of AMPK or chemically compound C, a widely used 

inhibitor of AMPK activation. They suggested that metformin might stimulate 

osteoblastic differentiation through the trans-activation of Runx2 via AMPK/USF-1/SHP 

regulatory cascade in MC3T3E1 and primary osteoblasts [86]. Wang et al observed the 

role of AMPK/Erk1/2 signaling pathway in bone marrow-derived mesenchymal stem 

cells (rBMSCs) in which they were stimulated by ionic extracts of b-CS/PDLGA 

scaffolds [110]. In addition, other studies defined the role of AMPK during osteogenic 

differentiation in different cellular models, such as human adipose tissue-derived 

mesenchymal stem cells (hAMSC) [111], human dental pulp mesenchymal stem cells 

hDP-MSC [112], rat osteosarcoma cell line ROS 17/2.8, primary osteoblastic cells 

derived from the calvaria of a rat [91], and BMScs in which is mediated by the activation 

of Runx2 [88]. 

Moreover, recent studies showed that metformin might play an essential role of 

regulating osteogenic differentiation. Gao et al showed that metformin promotes 

osteoblastic differentiation in rat-derived BMSCs and at the same time, adipogenic 

differentiation is markedly decreased [29]. In addition, metformin’s role was evaluated in 

overictomized rats. They concluded that metformin has a direct potential role in the 

inhibition of bone loss [32]. Also, other study concluded that metformin had a direct 

effect on osteoblast (POB), in which they were treated at different glucose 

concentrations. They suggested that this effect is partially mediated via Runx2 and IGF-1 

expression [30].  In addition, a study investigated the role of metformin on mouse 

adipose-derived stem cells (MuASCs) isolated from mice in which they were treated with 

metformin for 8 weeks. They investigated the proliferative potential, accumulation of 
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oxidative stress, osteogenic and adipogenic potential from (MuASCs). They concluded 

that these cells demonstrated higher osteogenic differentiation, while their adipogenic 

potential is reduced. In addition to their findings, they demonstrated that metformin 

increases bone density in vivo [65]. Other authors showed that metformin might inhibit 

the action of other drugs that can reduce bone mass such as rosiglitazone. They suggested 

that metformin not only stimulate osteogenesis in vivo and ex vivo, but it can even 

counteract the deleterious effects of thiazolidinedione on bone [89, 113]. 

Up to our knowledge, this study represents the first to report the effect of metformin on 

osteoblastic differentiation in UC-MSCs. UC-MSCs had been suggested as an alternative 

source for MSCs in bone regeneration therapy [114], yet, its underlying signaling 

mechanisms remains unclear. By knowing the underlying signaling pathways of UC-

MSCs that would have the potential to differentiate into osteogenic cells and induce bone 

regeneration, will lead to know the key significance of these cells in clinical application. 

This clinical significance will include treating patients who are suffering from 

debilitating diseases that might cause bony defects. Therefore, it is essential to investigate 

the potential role of metformin in inducing osteoblastic differentiation in UC-MSCs. 

Specially that metformin is being widely used among diabetic type II patients who 

usually require bone regeneration due to the underlying metabolic effects of diabetes.  

It had been shown that metformin, a highly hydrophobic cationic drug, requires a 

functional transporter for its uptake intracellular mechanisms. This transporter is known 

as OCTs belonging to the solute carrier 22A (SLC22A) gene family [38, 89]. In addition, 

several studies showed the ultimate functional correlation between the role of OCTs and 

AMPK expression in response to metformin action [42, 82-84]. To this point, it is crucial 
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to elucidate the role of OCTs in inducing osteoblastic differentiation by stimulating 

specific osteoblastic genes via AMPK expression. Here, we found, as mentioned in 

Chapter II, that UC1-MSCs, UC2-MSCs, UC3-MSCs, UC4-MSCs and UC5-MSCs 

functionally express different OCT isoforms (i.e. OCT-1, OCT-2 and OCT-3). 

Furthermore, to determine the functional role of OCT, inhibition by specific OCT 

inhibitors such as MMP+ and quinidine significantly decreased metformin uptake in 

UC2-MSCs. Also, AMPK phosphorylation is reduced in UC2-MSCs and UC4-MSCs 

when these cells were pre-treated with quinidine. Collectively, these findings strongly 

indicate that metformin treatment indirectly leads to AMPK activation by gaining 

intracellular access via functional OCTs. Our data also showed that metformin induces 

proliferation in UC4-MSCs in a dose dependent manner, which indicates the cellular 

positive response to metformin in different doses. Also, we extended these observations 

to elucidate the osteogenic capacity and differentiation of UC-MSCs in which they 

significantly stimulated mineral nodule formation and ALP activity.  

Furthermore, we demonstrated the expression of specific osteoblastic markers such as 

Runx2 and osteopontin (OPN) with response to metformin as its expression is increased 

in a time-dependent manner up to 21 days. This observation is correlated with ACC 

expression, a downstream effector of AMPK activation, suggesting that AMPK might 

play an essential role in stimulating osteoblastic genes. In addition, using compound C, 

an AMPK selective inhibitor, markedly reduces these osteoblastic genes along with the 

essential role of AMPK. Thus, these observations are in agreement with other studies as it 

relates to AMPK involvement in metformin-induced osteoblastic differentiation [85-88, 

91, 110-112]. 
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To our knowledge, no evidence exists correlating OCTs and Runx2 expression. We 

extended our previous observations by validating Runx2 expression with metformin 

response using immunofluorescence imaging and qRT-PCR by inhibiting its expression 

using quinidine. Our data showed that metformin stimulated Runx2 localization in UC-

MSCs, while this effect was markedly reduced using quinidine. This suggests that OCTs 

play an important role in metformin uptake; hence, stimulating osteoblastic genes that 

potentially lead to osteoblastic differentiation via AMPK pathway.  

Furthermore, previous unpublished work from the Schneider laboratory has found that in 

iPSC-MSCs, metformin significantly stimulated Runx2 gene and protein expression and 

nuclear localization (Wang, P et al. “Metformin Induces Osteoblastic Differentiation of 

Human Induced Pluripotent Stem Cell-derived Mesenchymal Stem Cells”; personal 

communication). 

These observations were strongly associated with marked expression of LKB1/AMPK 

pathway in response to metformin. These responses were significantly inhibited in 

transfected cells with a catalytically inactive, kinase dead form of LKB1. This clearly 

illustrates that AMPK pathway has a potential role in osteogenic differentiation in 

metformin-induced iPSC-MSCs. Furthermore, our co-workers also demonstrated a 

marked reduction in metformin uptake in iPSC-MSCs pre-treated with cimetidine, 

another selective OCT inhibitor substrate, suggesting a critical role of OCTs in 

metformin uptake mechanisms.  

Because of high OCT expression and functional activity, our findings may yield new 

information to ultimately position autologous UC-MSCs as ideal MSCs to maximize 
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metformin action in oral and craniofacial bone regeneration. In particular, these studies 

may lead to therapeutic applications in pediatric patients affected by congenital 

craniofacial malformations, including the repair of cleft palates when diagnosed by 

prenatal ultrasound or at birth. If successful, novel tissue engineering strategies 

combining previously cryopreserved autologous UC-MSCs with scaffolds capable of 

locally releasing metformin may be developed in the future as an alternative approach to 

limit the morbidity associated with currently used autogenous bone grafting. 
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CHAPTER IV 

Conclusions 

 
 
The goal of this dissertation work was to investigate the hypothesis that metformin via 

OCTs and AMPK signaling stimulate the osteogenic differentiation of mesenchymal stem 

cells (MSCs). Gaining a better understanding of essential role of metformin in bone 

regeneration and knowing the underlying signaling mechanisms, including 

implementation of in vitro and in vivo studies, is currently the focus of many research 

groups. The in vitro studies performed in this dissertation, targeted metformin’s 

osteogenic response by utilizing various MSC cellular models that could exhibit 

osteoblastic differentiation and potentially enhanced osteogenesis. Bone remodeling is a 

well-coordinated process in which bone resorption and formation is considered as an 

integral component to preserve the structural and functional features of the skeleton. Of 

course, there are plentiful predisposing factors may affect bone homeostasis via the 

development, proliferation, differentiation and apoptosis [115]. Our supporting evidence 

through this entire thesis concludes that specific transporters presented in various 

mesenchymal stem cells contribute via activation of signaling pathways to express 

osteoblastic genes. The major contributions of this thesis (Chapter I, II and III) are 

summarized below: 
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Effects of Metformin on Bone Physiology and Regeneration 

As metformin, a common FDA-approved biguanide anti-diabetic drug, showed minimal 

toxicities and side effects, it brought a special interest as a positive effector on bone 

physiology and regeneration. Also, it showed its considerable effects on mesenchymal 

stem cells (MSCs) in inducing osteogenesis. Therefore, few studies focused on cell-based 

therapies to establish bone tissue engineering strategies to aid in repairing skeletal defects 

including conditions that are caused by trauma, neoplasm, infections, and congenital 

malformations. Moreover, understanding the signaling mechanisms between cells that are 

involved in bone regeneration and its significant interactions towards certain drugs could 

lead to a development of therapeutic approaches to accelerate the regeneration of bony 

defects. However, more in vivo/vitro studies are warranted to address the relationship 

between metformin’s action and bone health in terms of signaling mechanisms involved 

in bone regeneration. 

 

Differential Expression of Organic Cation Transporters in Mesenchymal Stem Cells 

Derived from Various Tissue Sources  

In Chapter II, our findings strongly provide the ultimate relationship between functional 

OCTs and AMPK activation in response to clinically relevant doses of metformin in UC-

MSCs, BMSCs, SHEDs and iPSC-MSCs. Overall, our data offer to the best of our 

knowledge the first evidence demonstrating that the presence of functional OCTs are 

essential for metformin-induced AMPK activation and osteoblastic differentiation in 

MSCs derived from various tissue sources, including UC-MSCs, BMSCs, iPSC-MSCs 

and SHEDs.  
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Role of Organic Cation Transporters and AMPK Signaling in Umbilical Cord 

Mesenchymal Stem Cell Osteoblastic Differentiation In Response to Metformin   

In Chapter III, we gained insight into the functional role of metformin on UC-MSCs by 

demonstrating that metformin uptake via OCTs stimulates osteoblastic gene and protein 

expression in AMPK-dependent manner. Furthermore, we showed that metformin 

induces UC-MSC cell proliferation and in vitro mineralization at doses consistent with 

plasma levels observed in metformin-treated type II diabetic patients. In contrast, our 

observations showed a significant decrease in osteoblastic differentiation, metformin 

uptake, stimulated osteoblastic-related-gene levels and AMPK pathway activation when 

OCTs were chemically inhibited. The concept of utilizing metformin to promote bone 

regeneration as a potential therapeutic option in regenerative medicine is being widely 

considered in the literature since this would potentially benefit patients in need of bone or 

periodontal tissue regeneration. Our in vitro studies support the emerging role of 

metformin in enhancing osteoblastic differentiation, in particular UC-MSCs, by 

emphasizing their underlying cellular signaling mechanisms. Yet, these observations 

require further confirmation and analysis by using preclinical models of bone 

regeneration to ensure that metformin exerts its osteo-anabolic effects in vivo.  
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