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ABSTRACT 

Mesenchymal stem cells (MSCs) have a great potential as a source of 

cells for cell-based therapy because of their ability for self-renewal and 

differentiation into functional cells. Cell-based therapy that can rejuvenate the 

endothelium with stimulated adipose-derived MSCs (AMSCs) is a promising 

therapeutic strategy for re-endothelialization at the site of intravascular 

stenting to prevent restenosis. Matrix metalloproteinases (MMPs) have 

critical role in the differentiation of MSCs to different lineages. Identifying 

the molecular factors and mechanisms that regulate AMSCs differentiation to 

endothelial cells (ECs) is important in the promotion of a greater 

understanding of these highly useful cells. The goal of this study was to 

examine the regulatory roles of MMPs, and the underlying signaling pathways 

that promote the differentiation of AMSCs to ECs in vitro. 

AMSCs were isolated from porcine abdominal adipose tissue, and 

characterized by immunostaining, flow cytometry and multi-lineage 

differentiation. The mRNA transcripts of different MMPs and TIMPs, enzyme 

activity and protein expression were analyzed by gelatin zymography, ELISA, 

and Western blot. Flow cytometry was performed to examine the expression 
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of EC markers. Angiogenesis assay and acetylated-LDL uptake were 

performed to examine EC functionality of differentiated AMSCs. 

Isolated AMSCs were characterized by positive staining for MSC 

markers, CD29, CD44 and CD90, and negative staining for CD11b and CD45. 

The plasticity of AMSCs was detected by multi-lineage differentiation. After 

10 days of stimulation for EC differentiation, the morphology of AMSCs 

changed to a round-shaped morphology similar to that of ECs. The mRNA 

transcripts and protein expression of MMP-2 and MMP-14 were significantly 

increased during the differentiation of AMSCs into ECs. Interestingly, siRNA 

silencing of MMP-2 and MMP-14 showed significant increase in the 

expression of endothelial cell markers, formation of capillary tubes, 

acetylated-LDL uptake and significant decrease in the number of migrated 

cells. To investigate the underlying mechanism of this effect, immunostaining 

of VEGFR2 was performed with and without MMP-2 and MMP-14 siRNAs. 

Findings revealed that MMP-2 and MMP-14 knockdown decreased the 

cleavage of VEGFR2, and inhibition of VEGFR2 significantly decreased the 

expression of EC markers. However, siRNA knockdown of ATR2 neither 

affected the expression of EC markers nor the number of migrated cells. 

Silencing of MMP-2 and MMP-14 significantly increased p-ERK, and 

decreased p-JNK with no apparent change in p-p38. Moreover, inhibition of 
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ERK resulted in significant decrease in the expression of EC markers. The 

VEGFR2 kinase inhibitor induced a dose-dependent inhibition of ERK during 

EC differentiation of AMSCs.  

The findings of this study, for the first time, demonstrate that up-

regulation of MMP-2 and MMP-14 has an inhibitory effect on the 

differentiation of AMSCs to ECs, and silencing these MMPs inhibits the 

cleavage of VEGFR2 and induces the differentiation process. Further, the 

results revealed that ERK signaling pathway is critical for VEGF-A/VEGFR-

2-induced differentiation of AMSCs into ECs. These findings provide 

underlying mechanism for the key role of MMP-2 and MMP-14 in regulating 

the differentiation of AMSCs into ECs, and new insights into in-vitro 

generation of transplantable AMSCs for potential clinical application. Thus, 

inhibition of MMP-2 and MMP-14, and activation of intracellular cascades of 

ERK signaling are required for successful differentiation of AMSC into ECs. 
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1.1 Atherosclerosis 

1.1.1 Definition 

Atherosclerosis is a disease of medium and large-sized arteries that is 

characterized by the thickening and hardening of arterial wall due to sub-

endothelial accumulations of lipids, connective tissue matrix proteins, smooth 

muscle cells and foam cells [1,2]. Atherosclerosis is initiated by inflammatory 

conditions as a result of endothelial dysfunction, and considered as the 

precursor of most common cardiovascular diseases (CVD) [1,3–5]. The 

accumulation of lipids and fibrous elements in an artery leads to plaque 

formation, which can grow to block blood flow or result in occlusive thrombus 

[1]. 

1.1.2 Mortality and Risk Factors 

CVD has surpassed other diseases in developed countries to become 

the leading cause of mortality all over the world. In 2013, CVD accounted for 

17.3 million deaths or 31.5% of all worldwide deaths [6].  This number is 

expected to increase to 25 million deaths by 2030, of which 80% of CVD 

deaths occur in middle and low income countries [7]. In the United States, 92 

million adults have one or more CVD, and 43.9% of American adults are 
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projected to have CVD by 2030 [6]. In 2014, CVD death rate in the United 

States was 220.8 per 100,000 [6].  

High blood level of low density lipoprotein (LDL) that accumulate in 

the sub-endothelium matrix is the most prevalent factor for Atherosclerosis. 

The presence of individual risk factors can contribute to the initiation and 

progression of atherosclerosis. Risk factors that can facilitate the occurrence 

of atherosclerosis include gender, age, genetic factors, diabetes mellitus, 

insufficient physical activities, tobacco smoking and high blood pressure [8]. 

Non-modifiable risk factors associated with CVD are age, genetic makeup and 

diabetes mellitus, whereas obesity, tobacco smoking, physical inactivity and 

diet are modifiable risk factors that can be altered by changing the lifestyle of 

patients [9].The relative risk of CVD was 40.6% for high blood pressure, 

13.7% for tobacco smoking, 11.9% for insufficient physical activities and 

8.8% for diabetes mellitus [6]. Molecular risk factors are also crucial 

contributors to CVD. Molecular determinants that have key roles in the 

pathogenesis of atherosclerosis include inflammatory cytokines, growth 

factors, apoptosis signals and cell adhesion molecules [10]. 

1.1.3 Initiation and Progression of Atherosclerosis 

It is well known now that atherosclerosis is not a degenerative disease 

that is an unavoidable consequence of aging, but a chronic inflammation that 
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can lead to pathological conditions. Atherosclerotic process is an 

inflammatory response to injury in the lumen of an artery, and endothelial 

dysfunction plays a central role in the initiation of atherosclerosis [1,11]. 

Spasm and fluid shear stress are among the physical forces that can disrupt 

the endothelial layer and lead to endothelial dysfunction [1,2,5,12]. 

Endothelial dysfunction triggers a series of inflammatory reactions that 

involves T cells, smooth muscle cells, monocytes and macrophages. When the 

laminar flow is disrupted and endothelial layer become inflamed, endothelial 

cells (ECs) begin to express vascular cell adhesion molecules-1 (VCAM-1) 

that bind to ligands on monocytes and T lymphocyte [8,13–15]. The inflamed 

endothelial layer will also become more permeabilized for macromolecules 

such as LDL [1]. High LDL level, including cholesterol, in the blood is 

strongly associated with the progression of atherosclerosis [16]. Information 

gained from genetic studies also showed that LDL accumulations plays an 

essential role in foam cell and atherosclerotic lesion formations [8]. When 

LDL is accumulated in the intima, it undergoes modification, including 

oxidation, lipolysis, aggregation and proteolysis, and induces the expression 

of adhesion molecules, chemokines and pro-inflammatory mediators in 

vascular cells and macrophages [1,13]. Oxidized LDL can then induces the 
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recruitment of monocytes, which will differentiate into macrophages in the 

intima and, following uptake of oxidized LDL, become foam cells [1,13].  

The buildup of atherosclerotic plaque is a slow process in which foam 

cells and cellular debris accumulate in the neointimal layer and contribute to 

the formation of fibrous lesion [17]. Recruited T lymphocytes, foam cells and 

macrophages secrete cytokines and growth factors that mediate smooth 

muscle cell proliferation, migration and production of extracellular matrix 

proteins [1,17]. This will stabilize the plaque and form fibrous cap which 

promotes the formation of necrotic core [16,18]. Necrotic core develops as a 

result of necrosis and apoptosis of smooth muscle cells and foam cells within 

the plaque [8]. This process contributes to the formation of thrombus and 

blocks the artery in later stages of atherosclerosis [8]. Plaque rupture, which 

leads to thrombosis, occurs when the plaque destabilized by the activity of 

matrix metalloproteinases (MMPs) [17,19]. Thrombosis can also result in 

myocardial infarction, stroke and obstructive diseases [19]. 

1.1.4 Prevention and Treatment of Atherosclerosis 

Physicians usually recommend patients at high risk of atherosclerosis 

to change their lifestyle to a heart-healthy lifestyle. These changes include 

healthy diet, quit smoking and physical activity. However, healthy lifestyle 
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alone may not prevent the progression of atherosclerotic plaque or reduce 

cholesterol level in some cases. Therefore, therapeutic interventions with 

effective medicines that lower cholesterol and blood pressure is crucial. The 

massive amount of applied research that focus on understanding the molecular 

pathogenesis of atherosclerosis has led to the development of pharmacologic 

interventions for the prevention of atherosclerotic plaque progression. Statins, 

in particular, are widely used to lower cholesterol level and decrease the 

chance of developing clinical events from atherosclerosis [1,20]. Statins 

inhibit a liver enzyme that is responsible for converting acetoacetyl-CoA to 

mevalonate, and block cholesterol biosynthesis pathway [20,21]. Antiplatelet 

medications, such as aspirin, are also prescribed to patients at high risk of 

CVD to inhibit platelet aggregation and reduce the potential of thrombosis 

[22].  Moreover, physicians prescribe Antihypertensive drugs, such as beta-

blocker, to lower blood pressure and reduce atherosclerosis progression [23]. 

 Patients with angina and heart attack who are not responding to healthy 

lifestyle changes and medications require a more aggressive treatment to treat 

severe atherosclerosis and blocked arteries [24]. Percutaneous transluminal 

coronary angioplasty (PTCA) is a procedure that is used to widen narrowed 

or blocked arteries and restore normal blood flow. In this procedure, a balloon 

catheter is inserted into a blood vessel until it reaches the occlusion where it 
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is inflated to compress the atherosclerotic plaque and open the artery. 

However, restenosis is the major limitation of this procedure. The mechanical 

forces of balloon angioplasty damage the endothelial layer in the 

atherosclerotic plaque resulting in intimal hyperplasia and restenosis [24,25]. 

Restenosis can develop within 4 to 6 months from first PTCA in 30 to 60% of 

cases [24,26].  

Intracoronary stenting, a small expandable mesh tube, can reduce re-

occlusion and restenosis rates after balloon angioplasty [24,27]. However, in-

stent restenosis is still a challenge. The placement of metal stent results in 

inflammatory response that derive inflammatory cells and smooth muscle 

cells to transform to rigid scar tissue at the stent site and lead to restenosis 

[28,29]. The high proliferation activity of vascular smooth muscle cells is a 

result of acute injury located around stent struts. Moreover, drug-eluting 

stents, which are coated with anti-inflammation and anti-proliferation drugs 

such as paclitaxel and sirolimus, reduce the severe proliferation of smooth 

muscle cells in neointima and the rate of in-stent restenosis [29].  

In some cases, particularly when a patient has multiple blocked arteries, 

coronary artery bypass graft (CABG) is needed. A healthy section of 

autologous saphenous vein, internal mammary artery, or radial artery from the 

patient is attached above and below the blocked artery to bypass the plaques 
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and restore normal blood flow [30–32]. However, patients who undergo 

CABG surgery are also at high risk for restenosis [33,34]. The occurrence of 

restenosis after CABG is due to different factors including size of the blocked 

vessel, structural variations between the graft and the blocked vessel and 

endothelial layer disruption as a result of mechanical forces [34,35].  

Although improvements in pharmacotherapy and medical care have 

significantly reduced the mortality of atherosclerosis, there is still an urgent 

need for a more effective new therapeutic strategy for the treatment of patients 

with vascular injuries. Therefore, regenerative medicine, using mesenchymal 

stem cells (MSCs) for the re-endothelialization of denuded arteries arises as a 

promising cell-based therapy for cardiovascular injuries. 

 

1.2 Mesenchymal Stem Cells 

MSCs are multipotent stem cells that are capable of self-renewing and 

differentiating into functional cell types. The ease of isolation, the high 

migratory capacity, the relatively high expansion rates, and the ability to avoid 

the allogeneic responses after transplantation [36–40] make them attractive 

candidates in regenerative medicine. Over the last few years, MSCs have been 

isolated from various tissues and organs including adipose tissue, bone 

marrow, placental tissue, umbilical cord blood, the testes, the liver, the 
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pancreas, the spleen, amniotic fluid, menstrual blood, dental pulp, the dermis 

and the lung [41–49]. They are characterized by their spindle shaped 

morphology and their ability to differentiate in vitro into adipocytes, 

chondrocytes and osteocytes. Previous reports suggest that there is no single 

specific marker to distinguish MSCs from other cells that exhibit similar 

fibroblastic characteristics. Hence, these cells are immunophenotypically 

characterized by positive and negative expression of multiple surface 

antigens. MSCs express surface antigens such as CD44, CD73, CD29, CD90 

and CD105 and lack hematopoietic and macrophage markers such as CD11b, 

CD14, CD31, CD34 and CD45 [50–52]. In vitro, MSCs usually grow as a 

monolayer culture in a medium containing 10% fetal bovine serum and L-

glutamine.  

The multi-lineage differentiation of MSCs has been extensively studied 

in vitro and in vivo since their first discovery. These studies have 

demonstrated that MSCs have the potential to differentiate into several 

mesoderm-type lineages, including myogenic, adipogenic, osteogenic and 

chondrogenic lineages (Figure 1). 
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Figure 1: Differentiation of mesenchymal stem cells to different lineages. 

Mesenchymal stem cells differentiate into osteoblast, chondrocyte, myoblast, 

fibroblast and adipocyte, depending on the stimuli in the differentiation-

induction media (in vitro). 

 

MSCs derived from adipose tissue have superior proliferative capacity 

compared to BM-MSCs [53]. Adult bone marrow-derived MSCs (BM-MSCs) 

have been successfully engrafted into ischemic hearts, differentiating into the 

phenotype of smooth muscle cell, endothelial cell, and cardiomyocytes [40]. 



11 

 

However, BM-MSCs contain only 0.001% of cell population in bone marrow, 

which makes their availability low in acute clinical conditions [54,55]. 

Adipose-derived MSCs (AMSCs) are promising alternative for regeneration 

therapy, since adipose tissue is abundant in most individuals and can be 

harvested easily with less invasive procedure, and less discomfort and donor-

site damage. Moreover, adipose tissue has a significantly higher stem cell 

density than bone marrow, suggesting that a small amount of adipose tissue 

can yield sufficient stem cells with proliferation and differentiation potential 

for autologous cell transplantation [55–57]. Indeed, human AMSCs can 

differentiate into vascular cells, including ECs, cardiomyocytes and smooth 

muscle cells, in vitro, suggesting that adipose-derived MSCs have the 

potential to regenerate the mono-endothelial layer of denuded arteries or form 

new capillaries [58–60]. 

 

1.3 Matrix Metalloproteinases 

The extracellular matrix (ECM) plays many critical roles including 

supplying information and signals to the surrounding cells, and providing 

structural support [61]. There are some molecules that are secreted by cells 

into the ECM to control different biological activities at the tissue or cellular 

level. MMPs are among the key molecules that regulate different molecular 
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and biological events in ECM. MMPs are a family of zinc-dependent 

proteolytic enzymes involved in the degradation of ECM components. MMPs 

were firstly named based on their substrates, till it became clear that each 

MMP has multiple substrates. Therefore, MMPs were classified into different 

groups based on their domain structure, and the nomenclature was changed to 

numerical system [62]. MMPs are classified into several subgroups based on 

their substrate preference or domain structure. Collagenases (MMP-1, MMP-

8, MMP-13, and MMP-18) cleave fibrillar collagens I, II, and III, and they 

can cleave other ECM proteins. Gelatinases (MMP-2, MMP-9) have high 

activity against gelatin, and degrade other ECM molecules including 

collagens, laminin, and aggrecan. Stromelysins (MMP-3, MMP-10 and 

MMP-11) digest a number of non-collagen ECM molecules, and their domain 

arrangement is similar to that of collagenases. Membrane type matrix 

metalloproteinases (MT-MMPs), MMP-14, MMP-15, MMP-16, MMP-17, 

MMP-24, and MMP-25, are intracellularly-activated transmembrane 

molecules, and their active forms are expressed on the cell surface [63]. MT-

MMPs contain a furin-like enzyme recognition motif between the pro-domain 

and catalytic domain which is the target of intracellular proprotein convertases 

in the trans-Golgi network [64]. All other MMPs lack a furin-like enzyme 

recognition motif, and are extracellularly activated following their secretion 
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by serine proteases including MMP-14 or by plasmin at the cell surface via 

the cleavage of MMP pro-domain [64]. There are other less characterized 

members including MMP-7, MMP-12, MMP-19, MMP-20, MMP-22, and 

MMP-23 [63]. Most of the MMPs contain the single peptide, prodomain, 

catalytic domain, hinge domain, and hemopexin domain. The MT-MMPs 

have an extra domain called transmembrane domain or GPI-anchored domain, 

which are integrated in the plasma membrane [62]. 

MMPs are important in a wide variety of developmental processes 

including mediation of cell-cell adhesion, tissue remodeling, cell migration, 

invasion, proliferation, and apoptosis [63]. They can cleave growth factor 

binding proteins or latent growth factors which may regulate their synthesis 

and release from inside the cell [65,66]. They are regulated by several MMP-

specific inhibitors called tissue-specific inhibitors of metalloproteinases 

(TIMPs) [65,66]. MMPs and TIMPs have critical roles in matrix remodeling 

during the regeneration of any tissue [65,66]. The activity and function of 

MMPs suggest their involvement in different cellular processes during cell 

development. This fact opens the door to investigate the involvement of these 

enzymes in the migration, proliferation, and differentiation of MSCs. 

It has been demonstrated that MMPs have critical role in the 

differentiation of MSCs to adipocytes, osteocytes, and chondrocytes [65]. 
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MSCs also interact with exogenous MMPs at their surface and activate 

proMMP-2 and pro-MMP-13, regulating the pericellular localization of MMP 

activities [67]. They have the capability to regulate exogenous MMP-2 and 

MMP-9 by the expression of TIMP-2 and TIMP-1, protecting the perivascular 

niche from their high levels [68]. 

There is an increasing interest in using MSCs as therapeutic tools to 

recover different diseases because of their ease of isolation, immune-

capability, expansion, proliferative and differentiation potency [69].  

Recently, the focus of many MSC studies has been on the connection between 

cells and matrix signals. However, the mechanisms that regulate the 

proliferation, migration, self-renewal, and differentiation of MSCs are still not 

fully understood [70]. Identifying the molecules that regulate the fate of MSCs 

is an important approach to understand how these cells can be controlled, and 

used as therapeutic tools. 

 

1.4 Role of MMPs on the Differentiation of MSCs 

1.4.1 Adipogenic differentiation 

MMPs have been implicated in regulating adipogenic differentiation of 

MSCs.  MMPs and TIMPs have a crucial role, either negative or positive, in 

the differentiation of adipoblasts, which are derived from MSCs. Formation 
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of adipose tissue involves triggering of MSCs to differentiate toward pre-

adipocyte lineage and finally to adipocyte. This differentiation involves an 

increase in the production and secretion of some MMPs [70].  

It was hypothesized that the formation of basement membrane and 

remodeling of pericellular basement membrane are required for the 

differentiation of MSCs to adipocytes. Sillat and colleagues [71] studied the 

expression of basement membrane collagen type IV during the adipogenic 

differentiation of MSCs. These investigators found an increase in the 

expression of collagen type IV by MSCs during adipogenesis, and the 

expression of MMP-9 and TIMP-2 were significantly induced during the 

differentiation. MMP-2 expression was localized in the cytoplasm and close 

to nucleus in the differentiated and undifferentiated MSCs [71]. There was no 

significant upregulation of MMP14 expression. These data suggested that 

MSCs express collagen type IV, and secret type IV collagenase (MMP-9) to 

remodel it during adipogenic differentiation [71]. Although TIMPs have been 

known to inhibit MMPs, the interaction of proMMP-2 with TIMP-2 is 

required for the activation of proMMP-2. TIMP-2 binds the catalytic domain 

of MT1-MMP on the cell surface, and the C terminal region of TIMP-2 

recruits the endogenous proMMP-2 to cell surface and binds to it, forming 

proMMP-2/TIMP-2/MT1-MMP complex. Once this complex is formed, an 
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active MT1-MMP closely located to the complex cleaves the prodomain and 

activates proMMP-2 [62]. However, mouse embryonic cells over-express 

MMP-2, and down-regulate the expression of MMP-11 during adipogenic 

differentiation in adipogenic differentiation medium. Additionally, MMP-11-

defecient mouse embryonic fibroblasts showed increased expression of 

adipocyte markers compared to the wild type, indicating the inhibitory effect 

of MMP-11  on the adipogenic differentiation [72]. 

In a recent study, murine embryonic fibroblasts derived from MMP-2 

deficient mice showed impaired adipogenic differentiation as compared to 

control murine embryonic fibroblasts derived from wild type mice. The 

MMP-2 deficient murine embryonic fibroblasts showed significant decreases 

in intracellular lipid content and expression of adipogenic markers [73]. 

Moreover, the study also showed that selective knockdown of MMP-2 in pre-

adipocytes resulted in impaired adipogenic differentiation, while the 

overexpression of MMP-2 resulted in significantly enhanced adipogenic 

differentiation [73]. A similar study investigated the role of MMP-9 in 

adipogenic differentiation of preadipocytes. The results showed that the 

silencing of MMP-9 did not affect the intracellular lipid content or expression 

of adipocyte specific markers indicating that MMP-9 has no effect on the 

differentiation of pre-adipocytes to adipocytes [74]. However, several studies 
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that examined the role of MMP-9 in the adipogenic differentiation suggested 

the positive regulatory role of MMP-9 in this process.  

It is worth mentioning that studies with MMP inhibitors lack specificity 

to a single MMP, and can inhibit MMP-2, MMP-9, and other proteases. In 

contrast, this study was performed using MMP-9 shRNA silencing, which did 

not show significant inhibitory effect on the expression or activity level of 

MMP-2. Moreover, broad spectrum inhibitors can also inhibit a disintegrin 

and metalloproteinases (ADAMs), affecting different physiological 

processes. The expression of MMP-9 in this study was upregulated in the first 

two days of stimulation for adipogenic differentiation, followed by a rapid 

decrease until the end of differentiation, suggesting that the upregulation of 

MMP-9 does not necessarily have a key role in this process [74]. In another 

study, treating preadipocytes with a selective inhibitor for MMP-13 or 

silencing MMP-13 by siRNA resulted in reduced adipogenic differentiation 

suggesting the important role of MMP-13 in adipogenesis [75].  

Several MMPs and TIMPs have been shown to have positive or 

negative regulatory effect on the adipogenic differentiation indicating their 

distinct roles during the commitment of differentiated cells. MMP-2 and 

MMP-9 were found to be up-regulated during the differentiation of 

preadipocytes to adipocytes, and the inhibition of MMPs resulted in the 
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suppression of adipogenic differentiation [76]. Another study reported that 

MMP-13 was significantly up-regulated during adipogenic differentiation, 

while there was a significant down-regulation in the expression of TIMP-1, 

TIMP2, and TIMP-3. The findings from this study suggested an adjustment 

in the expression of MMPs and TIMPs in the early stage of differentiation to 

trigger the process toward a specific lineage [77]. It has been also reported 

that MMP-9 regulates the adipogenic differentiation by controlling the 

expression of adipogenic cytokines [78]. Furthermore, the expression of 

MMP-2 and MMP-9 was up-regulated during the adipogenic differentiation 

of preadipocytes with a decrease in the expression of TIMP-1 [79]. The effect 

of high temperature requirement proteases A1 (HTRA1) was found to have a 

regulatory effect on MSCs undergoing adipogenic differentiation through its 

impact on the expression of MMPs. The treatment of MSCs with HTRA1 

during adipogenic differentiation showed significant increase in mRNA 

expression of MMP-1, MMP-2, MMP-3, MMP-9, and MMP-13. At the 

protein level, the expression of MMP-3, and MMP-13 were significantly 

increased during adipogenic differentiation of MSCs with HTRA1. Moreover, 

MMP inhibitors (NNGH and CL-82198) for MMP-3 and MMP-13 during 

adipogenic differentiation increased the level of collagen type IV in HTRA1-

treated MSCs, suggesting the important role of HTRA1 in inducing the 
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expression of MMP-3 and MMP-13, and in adipogenic differentiation of 

MSCs [80]. Fibronectin was found, in vitro, to be produced first among all 

ECM components during adipogenesis. Different types of collagen were 

secreted by differentiated cells and degraded during different stages of the 

adipogenic differentiation. This suggests that there are different MMPs and 

TIMPs that are expressed during the adipogenic differentiation to participate 

in the progress of this process by either remodeling and/or degrading the ECM 

components [81].  

The involvement of MMPs and TIMPs in regulating adipogenic 

differentiation, which have been studied so far, reveal a crucial role of these 

enzymes in the differentiation of MSCs to adipocytes. 

1.4.2 Chondrogenic differentiation 

The ECM remodeling is a crucial process during skeletal formation, 

which is required for chondrocyte progenitor cells to undergo differentiation 

[70]. Although the role of MMPs in vivo during chondrogenic differentiation 

is still not clear, in vitro studies have shown their crucial role during this 

process. Chondrogenic differentiation of human MSCs increases with the 

increase in collagen concentration, yielding increased matrix production [82]. 

This may indicate a direct or indirect role of MMPs during the differentiation 
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process, since they are important candidate molecules for communicating 

signals and promoting the turnover of ECM molecules.  

Jin and colleagues investigated the role of MMP-2 in chondrogenic 

differentiation of MSCs [83]. Their data showed that the silencing of MMP-2 

by siRNA impaired the chondrogenic differentiation, and increased the 

protein level of fibronectin and β1 integrin. The treatment with a MMP-2 

activator resulted in the activation of chondrogenesis. The results also 

indicated that the downregulation of P38 MAPK resulted in the inhibition of 

MMP-2 expression [83]. Moreover, MMP-2 is involved in the chondrogenic 

differentiation of MSCs via down-regulation of focal adhesion kinase (FAK)-

integrinβ1 interaction, which leads to phosphorylation of FAK [83]. In 

another study, a group of scientists investigated the role of the degradation of 

MMPs on the chondrogenesis of MSCs. The study investigated the 

chondrogenic differentiation in MMP-sensitive hydrolytically hydrogel 

scaffold in comparison with MMP-insensitive hydrogels [84]. They found that 

the MSCs in the MMP-sensitive hydrogels had more morphological changes 

and chondrogenic markers compared to MSCs in the MMP-insensitive 

hydrogel group which remained in round shape [84]. A similar study was done 

using degradable or non-degradable polyethylene glycol gels. The human 

MSCs were evaluated for their proliferation, morphology, and chondrogenic 
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differentiation in the two different gels. MSCs in the degradable gel showed 

more morphological changes and chondrogenic differentiation compared to 

MSCs in non-degradable gel after 21 days [85]. These studies revealed that 

the degradation of MMPs enhances the chondrogenic differentiation of MSCs 

by allowing the morphological changes and increasing the contents of 

glycosaminoglycans (GAG) and expression of chondrogenic markers. A 

chondrogenic cell line (ATDC5) was examined for chondrogenic 

differentiation, and it was found that the expression of MMP-2, MMP-9, and 

MMP-14 were up-regulated during the early stages of chondrogenic 

differentiation with a down-regulation in the expression of reversion-inducing 

cysteine-rich protein with Kazal motifs (RECK) [86]. However, RECK was 

shown to be up-regulated in the later phase of differentiation. The knockdown 

of RECK revealed a suppression in the later ECM accumulation in the 

cartilaginous nodules. The data suggested that RECK and MMPs have an 

important effect in the chondrogenic differentiation through regulating tissue 

morphogenesis [86]. 

Previous studies showed that the up-regulation of MMP-13 occurs 

during chondrogenic differentiation, and it has been found to be up-regulated 

in patient with osteoarthritis, suggesting the pathological role of MMP-13 in 

the disease process. Salinas and her group monitored the expression of MMP-
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13 during chondrogenic differentiation of MSCs, and they found an increased 

expression of MMP-13 followed by an increase in GAG content by day 9 until 

day 14 in vitro. The results indicate that the increase in production of MMP-

13 drive the MSC differentiation to chondrocytes by degrading the cleavable 

components of ECM, and regulating integrin-binding peptides [87].  

Although there is no direct connection between secreted proteins and 

MMP activity, it is clear that MMPs play important regulatory role during 

differentiation of MSCs to chondrocytes.  The role of MMP-13 during skeletal 

repair and development is very crucial. The absence of MMP-13 affects the 

removal of hypertrophic cartilage during non-stabilized fracture healing by 

MSCs. MMP-13 produced by chondrocytes seems to be important in the 

initiation of cartilage degradation and recruitment of blood vessels [88]. 

MSCs can also trigger cartilage matrix remodeling by up-regulating the 

expression of certain MMPs. MMP-13 was found to have an important role at 

the later stages of chondrogenic differentiation of MSCs by degrading the 

main components of the cartilaginous matrix, aggrecan and type II collagen 

[89]. Another study investigated the effect of ascorbic acid 2 phosphate and 

type 1 atelocollagen on the increase in type II collagen accumulation in 

scaffold-free cartilage-like cell sheets prepared using human bone marrow-

derived MSCs. The study indicated that the synthesis of type II collagen 
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increased after ascorbic acid 2 phosphate and type 1 atelocollagen 

supplementation to chondrogenic differentiation media [90]. Moreover, the 

gene expression of MMP-13 was reduced compared to control suggesting a 

role for MMP-13 in the degradation of type II collagen during chondrogenic 

differentiation [90]. Stimulation of mesenchymal stem cells in chondrogenic 

media with IL-1ß resulted in increased expression of MMP-2, MMP-3, and 

MMP-13 while IL-6 downregulated the expression of MMP-3 and MMP-13 

compared to control without stimulation [91]. The knockdown of discoidin 

domain receptor 1 in adipose derived-MSCs resulted in increased expression 

of chondrocyte specific markers, and impaired expression of runt-related 

transcription factor 2 and MMP-13 during chondrogenic differentiation [92].  

1.4.3 Osteogenic Differentiation 

The osteogenic differentiation and bone regeneration are characterized 

by ECM remodeling and hormonal and growth factor interactions. MSCs are 

very important cells for bone regeneration because of their capability to 

migrate into site of injury and differentiate into osteocytes. Bone undergoes 

different physiological processes, including bone modeling and remodeling. 

Bone modeling leads to change in bone shape in response to biomechanical 

forces. However, bone remodeling maintains bone strength through the 

resorption of old bones and formation of new bones by dependent actions of 
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osteoclasts and osteoblasts [93]. The differentiation of osteoblasts and bone 

formation are controlled by bone morphogenetic protein (BMP) and wingless 

(Wnt) signaling pathways, leading to the synthesis of type I collagen, whereas 

osteoclasts differentiation is controlled by receptor activator of nuclear factor 

κ b (RANK) signaling pathway through macrophage colony stimulating factor 

(MCSF) [94].  

The role of MMPs on osteogenic differentiation has been fairly well 

studied, and their effect in osteoclastic resorption has been supported by 

studies indicating that MMP inhibition may block the osteoclastogenesis. 

Specific inhibition of several MMPs showed an important role for MMP-13 

in MSC differentiation to osteocytes. The inhibition of MMPs by a broad 

spectrum inhibitor revealed a significant alteration in osteogenic 

differentiation of MSCs [95]. These findings suggest that MSC differentiation 

is correlated with MMP and TIMP activity and balance between the two 

molecules [95]. In another study, a broad spectrum inhibitor for MMPs was 

used to determine the need for ECM remodeling during osteogenic 

differentiation of pre-osteoblasts, and the data revealed that MMP activity is 

necessary for the transition to  osteoblasts [96]. The absence of MMP-13 

affects the remodeling process during osteogenesis and after bone marrow 

transplantation suggesting its key role in the osteogenic differentiation. This 
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indicates that MMP-13 is involved in skeletal repair, and it act in the early 

stages of ECM degradation prior to invasion of osteoclasts and blood vessels 

[88]. Manduca and her colleagues [97]  have investigated the role of MMPs 

in the osteogenic differentiation. In this study, the plating of pre-osteoblasts 

on MMP-inducing substrata resulted in the formation of β1 integrin 

complexed with MT1-MMP. MT1-MMP senses the surrounding 

microenvironment through the binding of β1 integrin and ECM. Moreover, 

over-expressing MT1-MMP during osteogenic differentiation was found to 

up-regulate alkaline phosphatase (ALP) which is involved in crystal 

deposition on the scaffold of collagen type I fibers in ECM of osteoblasts. The 

data suggest that MT1-MMP expression is crucial in the formation of nodules 

and mineral deposition during osteogenic differentiation. The expression of 

MT1-MMP during osteogenesis allows ECM remodeling, and initiates the 

expression of ALP and proMMP-2 [97].  

MSCs have the ability to adjust the phenotypic expression of MMPs 

and TIMPs to modify and maintain ECM into a structural state optimal for 

differentiation into a specific lineage. When human MSCs were stimulated for 

osteogenic differentiation, the expression of MMPs and TIMPs was adjusted 

to promote the structural conformation and ECM remodeling optimal to 

osteogenic differentiation [98]. There was a decrease in the expression of 



26 

 

MMP-1 and MMP-8 with an increase in the expression of TIMP-2 and TIMP-

4 [98]. The results indicate that TIMPs and MMPs are up- or down-regulated 

in differentiation-specific manners [98].  MSCs, in culture, express some 

MMPs including MMP-1, MMP-2, MMP-13, MT1-MMP, and MT3-MMP. 

However, MMP expression can be modulated by the composition of culture. 

During stimulation of MSCs for osteogenic differentiation, silencing each one 

of MMPs that were mentioned earlier showed that MT1-MMP is the only 

MMP that is responsible for MSC-mediated type I collagenolysis [99]. In 3D 

culture, MSCs express ALP activity with inhibition of TIMP-2 activity [99]. 

Silencing MT1-MMP resulted in impaired morphological change of MSCs 

and ALP expression, and the cells failed to undergo osteogenic differentiation. 

The inability of MSCs to undergo osteogenic differentiation was rescued by 

adding mouse MT1-MMP [99]. In 2D culture, MT1-MMP silencing did not 

affect the osteogenic differentiation of MSCs [99]. To study the role of 

extracellular signal-related kinase (ERK) in collagen-induced osteogenic 

differentiation of MSCs, a mitogen-activated protein kinase (MEK) inhibitor 

was used in 2D and 3D cultures. The data indicated that osteogenic 

differentiation is ERK-mediated differentiation [100]. Moreover, the 

osteoblastic differentiation of MSCs was increased after x-ray irradiation with 

a decrease in the expression of collagen I and II, which was due to significant 
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increase in the expression of MMP-3 and MMP-13 [101]. However, another 

study examining the expression profile of mice bone marrow derived-MSCs 

showed that the expression of MMP-13, MMP-3, and MMP-2 were 

downregulated during osteogenic differentiation [102]. To study the role of 

sox9 on the osteogenic differentiation of adipose derived-MSCs, sox9 was 

knocked-down by shRNA which resulted in increased expression of 

osteocalcin, vascular endothelial growth factor-α  (VEGF-α), and MMP-13 in 

early stages of differentiation [103]. 

1.4.4 Endothelial differentiation 

MSC therapy can be used for regeneration of the injured endothelial 

layer. The endothelial differentiation of MSCs derived from different sources 

has been reported [53,104–109]. Even though MMPs were initially reported 

to have an ability to degrade the extracellular matrix, MMPs are now known 

to regulate many biological processes beyond degradative substrate  

proteolysis involving physiological events and also pathological processes 

[110].  

MMPs and their inhibitors have important roles in mediating cell-cell 

adhesion, cell migration and invasion, cell proliferation, apoptosis, and tissue 

remodeling [61]. MMPs promote the release of ECM-bound or cell surface-

bound cytokines, which then regulate the differentiation of stem cells 
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[41,111]. It has been suggested that ECM signaling regulates endothelial cell 

morphogenesis and induction of angiogenesis. It can therefore be coincident 

with degradation of the ECM and exposure of ECs to type I collagen [61]. The 

ECM remodeling by MMPs has a key role in angiogenesis, migration, and 

morphogenic differentiation of ECs [112]. Moreover, it was demonstrated that 

the recruitment of stem and endothelial progenitor cells from a quiescent niche 

in bone marrow is dependent on MMP-9, which enhances cell mobility and 

rapid differentiation [113]. Therefore, MMP expression might be transiently 

manipulated to induce differentiation of MSCs into ECs. The role of MMPs 

in the differentiation of MSCs to different lineages has been reported 

previously. To date, there is no published data that show the relationship 

between MMPs and endothelial cell differentiation of AMSCs. 

 

1.5 Vascular Endothelial Growth Factor Receptor-2 

  Vascular endothelial growth factor (VEGF) is an important endothelial 

cell-specific factor that binds VEGF receptor-1 (VEGFR1), VEGFR2 and 

VEGFR3 and induces different downstream signaling pathways including 

mitogen-activated protein kinase (MAPK) and phosphatidylinositol 3-kinase 

(PI3K)/Akt in ECs [114]. This suggests the crucial role of VEGFs in the 

development and survival of vascular ECs [115]. VEGF-A knockdown in 
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mice resulted in severe vascular abnormalities and death [116]. VEGF-A, 

VEGF-B, VEGF-C, VEGF-D and placenta growth factor (PLGF) are the five 

members of VEGF family [115,117]. Alternative splicing of VEGF-A results 

in six isoforms: VEGF-A121, VEGF-A145, VEGF-A165, VEGF-A183, VEGF-

A189 and VEGF-A206 [115]. Among the six isoforms, VEGF-A165 is the most 

abundant and biologically active form in mammals [115]. 

 VEGFR1, VEGFR2 and VEGFR3 are structurally related, and have 

similar extracellular ligand-binding domain, transmembrane domain and C-

terminal domain [118]. The extracellular ligand-binding domain consists of 

seven immunoglobulin-like domains which are involved in the binding to 

VEGF [118]. The C-terminal contains a tyrosine kinase domain. VEGFR1 is 

expressed on hematopoietic stem cells, monocytes, macrophages and vascular 

ECs, and binds to VEGF-A and exclusively to VEGF-B [115,117]. Vascular 

and lymphatic ECs express VEGFR2, which binds effectively to VEGF-A. 

VEGFR3 is expressed on lymphatic ECs. VEGFR2 can also bind to VEGF-C 

and VEGF-D [115,118]. 

 VEGFR2 is the essential receptor for transmitting signals from VEGF 

in vascular endothelial cells [115]. The binding of VEGF-A to VEGFR2 

induces receptor dimerization, which auto-phosphorylates and activate 

different signaling transduction pathways that are essential for endothelial cell 
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proliferation, survival and migration [119]. This binding occurs at the second 

and third immunoglobulin-like domains which induces a second monomer 

VEGFR2 to bind to the VEGF/VEGFR2 and crosslink [115]. 

VEGF is a key player in the differentiation of MSCs to ECs. VEGF was 

reported to induce the endothelial cell differentiation of rat BM-MSCs [120]. 

VEGF treatment significantly induced the expression of endothelial cell 

specific markers; platelet-endothelial cell adhesion molecule-1 (PECAM-1) 

VE-Cadherin and von Willebrand factor (vWF) [121]. Moreover, endothelial 

progenitor cells, which express VEGFR2, were shown to differentiate to ECs 

when treated with VEGF-A, and VEGFR2 has a key role in this process [122]. 

 

1.6 MAPK signaling pathways 

Among the intracellular signaling pathways that can be mediated by 

VEGFR-2, MAPK signaling pathways appear to be the primary candidate 

[123]. Extracellular signal-regulated kinase (ERK1/2), c-Jun NH2-terminal 

kinase (JNK) and stress activated protein kinase-2 (p38) are the members of 

the classical MAPK cascades [124].  

MAPK/p38 signaling pathway is crucial for different biological 

processes including apoptosis, proliferation, inflammation and cell 

differentiation [125,126]. There are four identified isoforms of p38; p38α, 
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p38β, p38γ and p38ẟ, and p38α is the most abundant form [125,127]. The 

activity of p38 is required for interferon signaling, Cdc42-induced cell cycle 

arrest and transforming growth factor-β (TGF-β) signal transduction [125]. 

Moreover, recent studies have reported the involvement of p38 in adipogenic, 

chondrogenic, cardiomyogenic and neurogenic differentiation [125]. 

Inhibition of p38, but not ERK, restrained the differentiation of BM-MSCs to 

osteoblasts [128]. The osteogenic differentiation of mesenchymal progenitor 

cells requires the activity of p38, and ERK inhibition activates BMP9-indcued 

osteogenic differentiation [129]. Further, p38 MAPK signaling pathway was 

reported to induce the expression of muscle-specific genes, and regulates 

skeletal muscle differentiation and neural differentiation [130]. It was also 

shown that p38 pathway is crucial for the differentiation of pluripotent stem 

cells to smooth muscle cells and ECs [131]. 

JNK is a family of three major members JNK; JNKα, JNKβ and JNKγ, 

and they alternatively spliced to create 12 isoforms [125]. JNK is also known 

as stress-activated MAP kinase (SAPK), which binds NH2-terminal domain 

and phosphorylates c-Jun [132].  MKK4 and MKK7 are known to their role 

in the phosphorylation and activation of JNK kinases [132]. JNK signaling 

pathway was indicated to have regulatory effect in apoptosis, differentiation, 

cell survival and morphogenetic activities of epithelial sheet movement 
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[125,132]. Inhibition of JNK signaling pathway was found to initiate the 

differentiation of epidermal keratinocytes [133], whereas it was required for 

osteogenic differentiation [134]. Moreover, the differentiation of bone 

marrow stromal cells to osteocytes is mediated through JNK signaling 

pathway [135].   JNK phosphorylation was also found to promote target gene 

expression during stem cell differentiation to neuronal cells [136]. Moreover, 

JNK inhibition was found to prevent the neuronal differentiation of mouse 

embryonic stem cells [137]. The activities of JNK and p38 are required for 

the differentiation of MSCs to osteocytes [138]. 

ERK is the best characterized MAPK pathway, which is triggered by 

signals from tyrosine kinase receptors (RTKs) [125]. MEK1 and MEK2 

phosphorylate ERK1 and ERK2, also known as p42 and p44, which trans-

activate transcription factors and promote different biological processes [125]. 

ERK signaling pathway has key regulatory roles in cell survival, proliferation, 

growth and differentiation [139,140]. Smooth muscle cell differentiation of 

human embryonic stem cells was impaired by the inhibition of ERK 

phosphorylation [131]. It was also reported that differentiation of adult 

progenitor cells and dendritic cells to endothelial cells is stimulated by VEGF 

through ERK signaling pathway [139,141]. Moreover, the binding of VEGF-

A to VEGFR2 phosphorylates PLC-γ, and activates MAPK/ERK and p38 
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MAPK signaling pathways [123,142]. The differentiation of BM-MSCs to 

ECs was found to be mediated by VEGF, which induces the phosphorylation 

of p42 MAPK/ERK [143]. The inhibition of ERK phosphorylation blocked 

the expression of EC markers and BM-MSCs differentiation to ECs [143]. 

Further, stimulation of stem cells from exfoliated deciduous teeth with EC 

differentiation media induces the activation of ERK, and the inhibition of 

ERK blocked the differentiation to ECs [144].  

Altogether, the critical roles of MAPK signaling pathways in the 

differentiation of stem cells to different cell lineages suggested its potential 

involvement in regulating AMSCs differentiation to ECs. 
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1.7 Hypothesis and Specific Aims 

Central Hypothesis 

MMP-2 and MMP-14 silencing inhibits VEGFR-2 cleavage and enhances 

endothelial cell differentiation of AMSCs through MAPK/ERK signaling 

pathway. 

Aim 1: 

To examine whether porcine AMSCs can differentiate into ECs under 

stimulation of VEGF, and examine the expression of MMPs at different time 

points during this process. 

Aim 2: 

To examine if the upregulation of MMP-2 and MMP-14 expressions have a 

regulatory role on the in vitro differentiation of AMSCs to ECs and EC 

functionality. 

Aim 3: 

To examine whether silencing MMP-2 and MMP-14 inhibits VEGFR-2 

cleavage, and stimulates the differentiation of AMSCs to ECs through 

MAPK/ERK signaling pathway. 
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Chapter 2 

General Methods  
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2.1 Isolation and Processing of AMSCs 

 Porcine adipose tissue were collected from the abdominal wall of pigs 

from a local slaughterhouse, and transferred to the laboratory in sterile 

conditions in Dulbecco’s modified Eagle medium (DMEM) with antibiotics 

100 mg/ml penicillin, 100 mg/ml streptomycin and 2 mM Glutamax. The 

transferred abdominal adipose tissue was washed with phosphate-buffered 

saline (PBS), and minced into small pieces with sterile scissors. The small 

minced pieces were then digested with 15 mL 0.2% type-1 collagenase for 2 

hours at 37°C. DMEM containing 10% fetal bovine serum (FBS) was added 

to stop the collagenase activity, followed by centrifugation at 400g for 10 

minutes to separate the floating cells from the vascular stromal fraction. The 

pellets were then re-suspended in serum-complete medium, and filtered 

through a 100 μm nylon mesh strainer to remove any undigested tissue. The 

filtered cells were carefully added in 50 ml tubes in the top of a 1.077 g/mL 

histopaque for density gradient centrifugation at 400 g for 30 minutes. The 

enriched cells were then collected from the interphase, and washed twice with 

serum-free medium. The pellets were finally re-suspended in DMEM 

containing 10% FBS, 100 mg/mL penicillin / streptomycin and 2 mM 

Glutamax, and cultured in a 25-cm2 flask at 37◦C with 5% CO2/ 95% air, and 

90% relative humidity (Figure 2).  
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Figure 2: Isolation Method of AMSCs. The tissue was transported in DMEM 

and minced into 2-4 mm pieces with sterile scissors and digested with 15 mL 

0.02% type-1 collagenase for 2h at 37 °C. Adding serum-containing media to 

stop the collagenase activity. The floating cells were separated from the 

vascular stromal fraction by centrifugation at 400g for 10 min. The pellet was 

then filtered through a 100 μm nylon mesh to remove any undigested tissue. 
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The cells were then centrifuged in histopaque density gradient at 400g for 30 

min. The enriched cells were collected from the interphase (buffy coat), 

washed twice with serum-free medium and resuspended in DMEM containing 

10% FBS. The cells were then cultured in a 25-cm2 flask. 

 

2.2 AMSC markers 

 MSCs are immunophenotypically characterized by positive and 

negative expression of multiple surface antigens. AMSCs express surface 

antigens such as CD44, CD73, CD29, CD90 and CD105, and lack of 

macrophage markers CD11b, CD14 and hematopoietic markers CD31, CD34 

and CD45 [50–52,55,57,145–150] (Table 1). 
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Table 1: Expression of Surface Markers of AMSCs. Positive and negative 

protein expression of surface markers in AMSCs. 

 

2.3 Purity of Isolated AMSCs 

 The purity of isolated AMSCs was determined by flow cytometric 

analysis of positive and negative expression of surface AMSC markers. The 

preliminary results showed high expression of MSC classical markers. The 

high percentage of isolated cells that expressed CD29, CD44 and CD90 (96%, 

99% and 97%, respectively) indicated that the cultured cells originate from a 
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mesenchymal lineage, and suggested the high purity of the AMSC culture. 

Contamination with other cells was ruled out by negative immunoreactivity 

to CD11b and CD14 (macrophage markers) and CD45 (hematopoietic stem 

cell marker).  The daily change of medium after seeding the isolated cells was 

effective in eliminating the CD11b+, CD14+ and CD45+ cell populations and 

other non-adherent cells in AMSC culture (Figure 3). 

 

Figure 3: Immunophenotyping of isolated AMSCs. The purity of isolated 

AMSCs is determined by the high percentage of isolated AMSC that express 

MSC markers: CD29, CD44 and CD90 (>95% positivity), and lack of 

macrophage markers CD11b, CD14 and hematopoietic marker CD45 (<2% 

positivity). 
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2.4 Research Protocols 

 Each aim was designed in a sequence of experiments to answer the 

research questions that guide the entire study. The experimental 

design of each aim is broken down into four objectives, and each objective 

depends on the results of previous experiments (Figures 4, 5 and 6). 

 

Figure 4: Experimental Design of Aim 1. The first aim is broken down into 

four objectives: 1- Isolation of MSCs from abdominal adipose tissue. 2- 

Characterization of AMSC including immunofluorescence (IF) and flow 
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cytometric analysis for MSC markers, and capacity of the isolated AMSCs for 

multi-lineage differentiation (adipogenesis, osteogenesis and 

chondrogenesis). 3- Capacity of isolated AMSCs to differentiate into ECs. 4- 

Examine the mRNA expression of a panel of MMPs and TIMPs at three time 

points (3, 6 and 10 days) during the differentiation of AMSCs to ECs.  

 

Figure 5: Experimental Design of Aim 2. The mRNA expression of MMP-2 

and MMP-14 is up-regulated during AMSC differentiation into ECs. The 

second aim is broken down into four objectives: 1- Examine the protein 
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expression of MMP-2 and MMP-14 at three time points (3, 6 and 10 days) 

during EC differentiation of AMSCs. 2- siRNA transfection for MMP-2 and 

MMP-14. 3- Examine the protein expression of EC markers during AMSC 

differentiation to EC in four different groups (EBM, EGM, EGM + MMP-2 

siRNA and EGM + MMP-14 siRNA). 4- Examine the EC functionality in the 

four groups by angiogenesis assay and acetylated-LDL uptake assay. 

 

Figure 6: Experimental Design of Aim 3. Silencing MMP-2 and MMP-14 

induces the expression of EC markers after 10 days of AMSC differentiation 
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to ECs. The third aim is broken down into four objectives: 1- Examine the 

effect of MMP-2 and MMP-14 silencing on VEGFR2 activity by performing 

Immunofluorescence for the extracellular domain of VEGFR2 in four groups 

(EBM, EGM, EGM + MMP-2 siRNA and EGM + MMP-14 siRNA). 2- Inhibit 

the activity of VEGFR2 by VEGFR2 kinase inhibitor, and examine the 

expression of EC markers in the four groups with or without VEGFR2 kinase 

inhibitor. 3- Examine the phosphorylation level of the classical MAPK 

signaling pathways (JNK, ERK and p38) in four groups (EBM, EGM, EGM 

+ MMP-2 siRNA and EGM + MMP-14 siRNA), and inhibit ERK signaling 

pathway after 10 days of AMSC differentiation to ECs followed by flow 

cytometric analysis for EC markers in four groups (EBM, EGM, EGM + 

MMP-2 siRNA and EGM + MMP-14 siRNA) with or without ERK inhibitor. 

4- Examine the effect of VEGFR2 activity on the phosphorylation level of ERK 

by performing a dose-dependent inhibition of ERK by VEGFR2 kinase 

inhibitor.   
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Chapter 3 

Role of MMP-2, MMP-14 and VEGFR2 in the Differentiation of Porcine 

Adipose-Derived Mesenchymal Stem Cells to Endothelial Cells 
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3.1 Abstract 

The molecular mechanisms that control the ability of adipose-derived 

mesenchymal stem cells (AMSCs) to remodel 3-dimensional extracellular 

matrix (ECM) barriers during differentiation are not clearly understood. 

Herein, we studied the expression of matrix metalloproteinases (MMPs) 

during the differentiation of AMSCs to endothelial cells (ECs) in vitro. MSCs 

were isolated from porcine abdominal adipose tissue, and characterized by 

immunopositivity to CD44, CD90, CD105, and immunonegativity to CD14 

and CD45. Plasticity of AMSCs was confirmed by multi-lineage 

differentiation. The mRNA transcripts for MMPs and TIMPs, and protein 

expression of EC markers were analyzed. The enzyme activity and protein 

expression were analyzed by gelatin zymography, ELISA, and Western blot. 

The differentiation of AMSCs to ECs was confirmed by mRNA and protein 

expressions of the endothelial markers. The mRNA transcripts for MMP-2 

and MMP-14 were significantly increased during the differentiation of MSCs 

into ECs. Findings revealed an elevated MMP-14 and MMP-2 expression, and 

MMP2 enzyme activity. Silencing of MMP-2 and MMP-14 significantly 

increased the expression of EC markers, formation of capillary tubes, and 

acetylated-LDL uptake, and decreased the cleavage of VEGFR2. Inhibition of 

VEGFR2 significantly decreased the expression of EC markers. These novel 
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findings demonstrate that the up-regulation of MMP2 and MT1-MMP has an 

inhibitory effect on the differentiation of AMSCs to ECs, and silencing these 

MMPs inhibit the cleavage of VEGFR2 and stimulate the differentiation of 

AMSCs to ECs. These findings provide a potential mechanism for the 

regulatory role of MMP-2 and MMP-14 in the re-endothelialization of 

coronary arteries following intervention. 
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3.2 Introduction 

MSCs were first identified as the population of bone marrow cells. 

They are characterized by their ability to differentiate into a wide range of 

mesodermal cell types such as adipocytes, chondrocytes, osteoblasts [106]. 

The past decade has witnessed increasing development of cell-based 

therapeutics for vascular injuries with lead candidates being autologous whole 

bone marrow and bone marrow derived mesenchymal stem cells (BM-MSCs) 

[43,46,47]. MSCs are particularly suitable for cell therapy because of easy 

isolation, high expansion potential giving unlimited pool of transplantable 

cells, low immunogenicity, amenability to ex vivo genetic modification, and 

mulipotency [40,48,151].  

Recent in vitro studies have shown that MSCs derived from adipose 

tissue have superior proliferative capacity compared to BM-MSCs [152]. 

Adult BM-MSCs have been successfully engrafted into ischemic hearts, 

differentiating into the phenotype of smooth muscle cell, endothelial cell 

(EC), and cardiomyocytes [40]. However, the BM-MSCs contain only 0.001 

-0.01% of cell population, which makes their availability low in acute clinical 

conditions [54]. AMSCs are promising alternative for regeneration therapy, 

since adipose tissue is abundant in most individuals and can be harvested 

easily with less invasive procedure, and least discomfort and donor-site 
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damage. Moreover, adipose tissue has a significantly higher stem cell density 

than bone marrow, suggesting that a small amount of adipose tissue can yield 

sufficient stem cells with proliferation and differentiation potential for 

autologous cell transplantation. Indeed, human AMSCs can differentiate into 

vascular cells, including endothelial cells, cardiomyocytes and smooth muscle 

cells, in vitro, suggesting that adipose-derived MSCs have the potential to 

regenerate the mono-endothelial layer of denuded arteries or form new 

capillaries [58–60].  

The differentiation programs of MSCs can be affected by many factors 

such as ECM composition, ligand density, and mechanical rigidity [99]. Even 

though MMPs initially reported to have an ability to degrade the ECM, MMPs 

are now known to regulate many biological processes via their involvement 

in physiological events and pathological processes [153]. MMPs and their 

inhibitors have important role in mediating cell-cell adhesion, cell migration 

and invasion, cell proliferation, apoptosis, and tissue remodeling [61]. MMPs 

promote the release of ECM bound or cell-surface-bound cytokines which 

then regulate the differentiation of adipose-derived MSCs to endothelial cells 

[41,111]. It has been suggested that ECM signaling regulates endothelial cell 

morphogenesis, and induction of angiogenesis, therefore, can be coincident 

with the ECM degradation and exposure of endothelial cells to type I collagen 
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[61]. Previous studies demonstrated that MMP-2 and TIMP-2 have an 

essential effect on the differentiation of human MSCs, and demonstrated the 

role of MMP-14 in the differentiation of human mesenchymal stem cells to 

osteoblasts [99,154]. However, the regulatory role of MMPs in dictating the 

commitment of AMSCs to endothelial cells has not been clearly studied as 

yet. In this article, we have examined porcine AMSCs for mRNA expression 

of different MMPs during the endothelial cell differentiation.  Herein, we 

demonstrate that MMPs have a direct or indirect regulatory role on the 

differentiation of AMSCs to endothelial cells. 

 

3.3 Materials and Methods 

3.3.1 Isolation and culture of porcine AMSCs 

 MSCs were harvested from porcine abdominal fat with slight 

differences in the isolation procedure from previous published studies 

[55,152,155–157]. The adipose tissue from the abdominal fat was collected 

from the slaughterhouse and transferred to the laboratory in sterile conditions 

in Dulbecco’s modified Eagle medium (DMEM) (Invitrogen, Grand Island, 

NY, USA) with antibiotics 100 mg/ml penicillin (Sigma–Aldrich, St. Louis, 

MO, USA), and 100 mg/ml streptomycin (Sigma–Aldrich, St. Louis, MO, 

USA). The transferred adipose tissue was washed extensively with excess 



51 

 

amount of phosphate-buffered saline (PBS), and minced into 4-8 mm pieces 

with sterile scissors. Thereafter, the adipose tissue was digested with 0.2% 

collagenase type 1 (Sigma–Aldrich, St. Louis, MO, USA) for 90 min at 37°C. 

Enzyme activity was terminated by dilution with (DMEM) containing 10% 

fetal bovine serum (FBS) (Gibco, USA). The floating cells were separated 

from the mesenchymal cell fraction by centrifugation at 400x g for 10 min. 

The pellets were re-suspended in normal culture medium (DMEM, 10% FBS, 

and 5% penicillin/ streptomycin), and filtered through a 100 µm nylon mesh 

to remove undigested tissue. The cells were then centrifuged in a 1.077 g/ml 

histopaque (Sigma–Aldrich, St. Louis, MO, USA) density gradient at 400g 

for 30 min. The cells in the interface layer were then collected, washed with 

DMEM, and re-suspended in DMEM containing 10% MSC-specific fetal 

bovine serum (MSC-FBS, Gibco, USA), 100 mg/ml penicillin (Sigma–

Aldrich, St. Louis, MO, USA), 100 mg/ml streptomycin (Sigma–Aldrich, St. 

Louis, MO, USA), and 2mM Glutamax (Invitrogen, Carlsbad, CA, USA). The 

primary cells were cultured in 25-cm2 flask at 37◦C with 5% CO2/ 95% air, 

and 90% relative humidity. The medium was changed after 24 h, and then 

every 3-4 days until the cells reached confluency in about 8-10 days. The cells 

were then passaged and used in subsequent experiments between passage 3 
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and 6. Human umbilical vein endothelial cells (HUVECs, Lonza) were 

cultured in endothelial growth medium (EGM-2, Lonza).  

3.3.2 Characterization of AMSCs 

3.3.2.1 Immunostaining 

Immunofluorescence staining for CD14, CD45, CD44, CD90, and 

CD105 was performed and examined under fluorescence microscopy to 

observe the AMSC surface markers. Immunofluorescence staining for 

VEGFR2 and phospho-VEGFR2 was also performed. AMSCs were seeded in 

four chamber slides, and left in at 37◦C till they reached 60-70% confluency. 

The cells were then fixed with 3.7% formaldehyde in PBS for 10 min, rinsed 

with PBS three times, and permeabilized by incubating with 0.1% Triton-X 

100 in PBS for 10 min. Thereafter, the cells on the slides were incubated with 

blocking solution containing 0.1 % BSA in PBS for 1 hour, and further 

incubated with CD14, CD45, CD44, CD90, and CD105 antibodies (1:100 

dilution) for 1h at room temp. This step was followed by PBS washing, and 

the cells on the slides were further incubated with fluorescent tagged-

secondary antibody for 30 min. The cells on the slides were then washed with 

PBS, and mounted in Vectashield with DAPI (Vector Laboratories, USA). 
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The stained cells were examined and photographed using an upright 

fluorescent microscope.  

3.3.2.2 Immunophenotyping 

Flow cytometric analysis was done to identify the MSC markers CD44, 

and CD90, macrophage marker CD14, and hematopoietic stem cell marker 

CD45. MSCs at passage 3-6 were washed with phosphate-buffered saline 

(PBS), and detached from the monolayer with 0.25% trypsin–EDTA (Sigma–

Aldrich, St. Louis, MO, USA). The dissociated cells were centrifuged and 

washed with PBS supplemented with 4% FBS, and incubated for 1 h at 4◦C 

in the dark with conjugated antigen-specific antibodies that were diluted to 

the appropriate concentrations. Direct conjugated antigen-specific antibodies 

were used against CD14, CD45, CD44, and CD90 (eBioscience, CA, USA). 

The cells were then washed three times in PBS, and re-suspended in 500 µl 

PBS. Flow cytometry was performed on a FACS Aria Flow Cytometry 

System (BD Biosciences, San Jose, CA, USA). 

3.3.2.3 Multi-lineage differentiation of AMSCs 

Adipogenic, chondrogenic, and osteogenic differentiation assays 

Adipogenic differentiation was done using STEMPRO adipogenesis 

differentiation kit (Gibco). The cells were seeded in four chamber slide, and 
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incubated with DMEM containing 10% MSC-specific fetal bovine serum 

(MSC-FBS, Gibco, USA), 100 mg/ml penicillin (Sigma–Aldrich, St. Louis, 

MO, USA), 100 mg/ml streptomycin (Sigma–Aldrich, St. Louis, MO, USA), 

and 2mM Glutamax (Invitrogen, Carlsbad, CA, USA). The incubation with 

adipogenesis differentiation medium was started at 80-90% confluency. The 

medium was replaced every three days, and the cells were maintained in a 

CO2 incubator at 37°C and 5% CO2. The cells were analyzed for adipogenic 

differentiation by oil red O staining after 20 days of stimulation, and observed 

under a bright field microscope. 

AMSCs were also stimulated for chondrogenic differentiation by 

STEMPRO chondrogenesis differentiation kit (Gibco). Cells were seeded, 

and incubated for 20 days. Differentiation analysis was then done using 

Alcian Blue, and observed under a bright field microscope.  

Similarly, osteogenic differentiation was done using STEMPRO 

osteogenesis differentiation kit (Gibco). The cells were analyzed for 

osteogenic differentiation by alizarin red S staining after 15 days of 

stimulation, and observed under a bright field microscope. 

3.3.3 Endothelial cell characterization of differentiating AMSCs 

Endothelial cell differentiation 
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AMSCs at passage 3-6 were used for endothelial cell differentiation. 

The stimulation was started when the cells were 50-60% confluent. The MSCs 

were stimulated with endothelial basal medium (EBM) containing growth 

supplements and 2% FBS (EGM; EGM-2 Bullet kit, Lonza, USA), and 50 

ng/ml of VEGF (Peprotech, USA). The medium was replaced every three 

days, and the cells were maintained in a CO2 incubator at 37°C and 5% CO2. 

The endothelial cell differentiation was analyzed after 10 days of stimulation. 

3.3.4 RNA isolation and reverse transcriptase- polymerase chain 

reaction (RT-PCR) 

Total RNA was isolated from MSCs at passage 3-6 using Trizol reagent 

according to the manufacturer’s protocol (Sigma). Briefly, 1 ml of Trizol 

reagent was added to T25 flask, and 1.5 ml to T75 flask. The separation phase 

was performed by adding chloroform, and then samples were shaken for 20 

seconds and incubated for 5 min at room temperature. Samples were then 

centrifuged at 12,000 g for 15 min. RNA was precipitated by mixing the 

aqueous phase with isopropyl alcohol followed by 10 min incubation at room 

temperature. Samples were centrifuged again and the remaining RNA pellet 

was washed with 75% ethanol. The obtained samples were dissolved in water, 

and the RNA pellet was left to air dry for 10 min. The RNA quantification 

was done using Nanodrop (Thermo Scientific, USA). RT-PCR was done for 
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the identification of the endothelial cell markers, VE-cadherin (CD144), and 

PECAM-1 (CD31), and a panel of MMPs. First-strand cDNA synthesis was 

done using MgCl2, dNTP mix, RNAse inhibitor, Improm II reverse 

transcriptase, 1 µg total RNA with oligo dT 1 µg according to Improm reverse 

transcription kit (Promega, USA). Using a RT-PCR System (CFX96, 

BioRad), RT-PCR was done using 8 µl cDNA, 10 µl SYBER Green master 

Mix (BioRad Laboratories, USA), and 10 picomol/µl forward and reverse 

primers. The PCR cycling condition were 5 min at 95°C for initial 

denaturation, 40 cycles of 30 sec at 95°C, 30 sec at 52- 58°C, and 30 sec at 

72°C. Data were analyzed using BioRad CFX manager software based on 

ΔΔCq method. Expression of the genes was normalized to housekeeping gene 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Two-tailed t-test was 

performed to evaluate significant differences between groups for the statistical 

analysis of real-time quantitative PCR results. Fold-expression of mRNA 

transcripts relative to controls was determined after normalizing to GAPDH. 

3.3.5 Gelatin Zymography 

To determine MMP2 activity during endothelial differentiation, 

conditioned medium was collected at different time points (0, 3, 6, 10 days), 

and replaced with fresh serum-free medium for 24 h. The samples were then 

tested for their ability to cleave MMP2 substrate.  The collected media were 
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centrifuged at 12,000g for 5 min to remove cellular debris. Zymogram gels 

were loaded with equal protein amounts, and separated under non-reducing 

conditions. Samples were run on 8% sodium dodecyl sulfate polyacrylamide 

gel electrophoresis (SDS‐PAGE) containing gelatin (1.0 mg/mL). After 

electrophoresis, the gels were washed in Triton X‐100 and incubated for 18 h 

in 50 mmol/L Tris‐HCl buffer (pH 7.5; containing 0.2 mol/L NaCl and 10 

mmol/L CaCl2). Gels were stained with Brilliant Blue R250 and de-stained. 

MMP-2 band for each sample were identified by running a MMP-2 and MMP-

9 standard (Chemicon, USA). Band intensities were obtained by imaging the 

gel using the Image Lab. Software (Bio-Rad, USA).  

3.3.6 Enzyme-linked immunosorbent assay (ELISA) 

Protein was collected at different time points (0, 3, 6, 10 days) during 

the endothelial cell differentiation of AMSCs. Cell pellet were re-suspended 

in 100 µl of RIPA buffer (Sigma, USA) and 1 µl of protease inhibitor for T25 

flasks. The cell lysate was then vortexed, and incubated in ice for 10 min. This 

step was repeated three times. The supernatants containing extracted proteins 

were collected by centrifugation at 16,000g. Total protein lysates were 

prepared by Bradford assay, and quantified by Enspire Manager Software 

(PerkinElmer Enspire, USA). Levels of MMP-14 were analyzed by using 

commercially available Quantikine ELISA kit (R&D Systems, USA). The 
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MMP-14 ELISA kit recognizes native and recombinant MMP-14 protein. 

Total MMP-14 was analyzed according to the manufacturer's protocol.  

3.3.7 Western Blot 

Protein extraction was done at different time points (0, 3, 6, 10 days) 

during the endothelial cell differentiation of AMSCs as described above. 

Proteins were separated by 10% SDS-PAGE, transferred onto a nitrocellulose 

membrane, and blocked overnight in blocking solution (10% 10x TBS pH7.6, 

0.1% Tween-20, and 5% w/v of nonfat dry milk). The membrane was then 

incubated with primary antibodies specific for MMP-2 and MMP-14 

(ab110186, and ab38971; Abcam, USA). The loading control GAPDH 

(1:2000, Abcam8245) was probed and visualized in all the blots. The 

nitrocellulose membrane was then incubated with a HRP conjugated anti-

rabbit secondary antibody in blocking solution for 1 hour at RT (NB7160, 

Novus, USA). Proteins were detected by chemiluminescence kit (Pierce, 

USA). Imaging and densitometric analysis were done using Image Lab. 

Software (BioRad, USA). 

3.3.8 Cell transfection  

Knockdown of MMP-2 and MMP-14 in AMSCs was performed by 

siRNA transfection according to the manufacturer’s protocol. Briefly, 1 day 
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before transfection, AMSCs were plated in DMEM complete medium into 

T25 flasks, and allowed to reach 40-50% confluence after 24 hours of 

incubation. MMP-2 or MMP-14 siRNA (4313, 4323; ThermoScientific, 

USA) at a final concentration of 50 nM was combined with 10 μl 

Lipofectamine (ThermoScientific, USA) in a total volume of 4 ml, and 

incubated for 20 minutes at room temp. The transfection mixture was then 

applied to the AMSCs and incubated at 37°C in 5% CO2. Cell viability and 

the capacity for differentiation along the mesodermal lineage were not 

affected under these conditions. 

3.3.9 Immunophenotyping 

AMSCs were stimulated for endothelial cell differentiation for 10 days, 

and then harvested for Flow cytometry analysis to identify the endothelial cell 

markers CD31, and CD144. Direct conjugated antigen-specific antibodies 

were used against CD31, and CD144 (17-0319, 25-1449, eBioscience, USA).  

3.3.10 Angiogenesis assay 

After 10 days of stimulation for endothelial cell differentiation, an 

angiogenesis assay was done according to the manufacturer’s protocol 

(Millipore, USA). ECM gel matrix solution (100 µl) was added into each well 

of 24-well plate, and incubated for 1 h at 37°C and 5% CO2. The stimulated 
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cells were then seeded on EC matrices at a concentration of 1x104 cells, and 

incubated in EGM medium for 8 h at 37°C and 5% CO2. The formation of 

capillary-like structures was observed using an inverted phase-contrast 

microscope. Angiogenesis progression was analyzed by defining the visual 

patterns on a scale of 1-5, and counting the capillary tube branch points 

according to the manufacturer protocol (ECM625, Millipore, USA).  

3.3.11 Acetylated low-density lipoprotein (Ac-LDL) uptake assay 

AMSCs were stimulated for endothelial cell differentiation for 10 days, 

and then transferred to 4-well chamber slides for 24 h. The cells were then 

incubated with 10 µg/ml Acetylated LDL (Molecular Probes, USA) in serum-

free medium for 4 h at 37°C and 5% CO2. The cells were then washed three 

times with PBS, and fixed with 4% formaldehyde in PBS. The acetylated LDL 

uptake was observed using an inverted fluorescent microscope. Fluorescence 

intensity of acetylated LDL uptake in cultured AMSCs with EBM, EGM, 

EGM plus MMP-2 siRNA, and EGM plus MMP-14 siRNA were measured 

using ImageJ software.  

3.3.12 VEGFR2 inhibition  

 VEGFR2 was inhibited by VEGFR 2 Tyrosine Kinase Inhibitor 

(676499, Calbiochem, USA) to analyze its role on the differentiation of 
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AMSCs to ECs before and after MMP2 and MMP14 silencing. AMSCs were 

plated in DMEM complete medium into T25 flasks, and allowed to reach 40-

50% confluence. VEGFR2 kinase inhibitor was applied to the AMSCs in 

EGM at a final concentration of 5 µM. To examine the phosphorylation status 

of VEGFR2, differentiated AMSCs were incubated in EGM and VEGFR2 

inhibitor for 3 hours, and tested for VEGFR2 activity by immunofluorescence. 

Cell viability was not affected under these conditions.  

3.3.13 Statistical analysis 

Statistical analysis was performed using GraphPad Prism. Multiple 

group comparisons were performed by Bonferroni’s multiple comparison test 

using one-way ANOVA. Descriptive data are presented as the mean ± 

standard deviation (SD). Differences were considered significant at p values 

of < 0.05. 

 

3.4 Results 

3.4.1 Characterization of AMSCs 

Primary cultures of AMSCs were isolated from the abdominal fat of 

microswine. Adherent cells exhibited fibroblastoid (long-shaped) 

morphology typical of MSCs. In order to classify MSCs, they need to be fall 
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into three criteria. They must adhere to plastic surfaces, show a group of 

positive MSC markers and negative hematopoietic stem cell markers, and be 

able to differentiate into different lineages. In this study, we isolated and 

characterized porcine AMSCs, and demonstrated the effect of MMPs on the 

differentiation to endothelial cells in vitro. 

3.4.2 Immunostaining  

AMSCs were isolated by collagenase type 1 digestion and gradient 

centrifugation from porcine adipose tissue from slaughter house. The adherent 

cells showed fibroblastoid morphology (Figure 7.I-A) and stained negatively 

for CD14 (Figure 7.I-B) and CD45 (Figure 7.I-C), which indicate the absence 

of macrophages and hematopoietic stem cells in culture. The adherent cells 

stained positively for CD44 (Figure 7.I-D), CD90 (Figure 7.I-E), and CD105 

(Figure 7.I-F), which are a group of positive markers that are characteristics 

for MSCs.  

3.4.3 Immunophenotyping 

The immunostaining results were further confirmed with 

immunophenotyping. The negative stain of CD14 (Figure 7.II-A), and CD45 

(Figure 7.II-B) showed that the frequent change of medium after seeding was 

effective in preventing the attachment of hematopoietic stem cells and other 



63 

 

non-adherent cells. The cells expressed CD44 (Figure 7.II-C), and CD90 

(Figure 7.II-D).  

3.4.4 Multi-lineage differentiation of AMSCs 

The multi-lineage potential of the isolated cells was tested by 

stimulating AMSCs for adipogenic, chondrogenic, and osteogenic lineages. 

The cells were cultured on chamber slides and the differentiation medium was 

added at 60-70% confluency (Figure 7.III-A). We tested the ability of isolated 

cells to differentiate into adipocytes, chondrocytes, and osteocytes using 

specific differentiation medium for each lineage. The cells were differentiated 

into chondrogenic micromass pellets. They were stained positively for Alcian 

Blue which indicates the synthesis of proteoglycans in the differentiated cells 

(Figure 7.III-B). The cells were also analyzed for osteogenesis by staining the 

cells with Alizarin Red S. Morphologically, the cells were grouped together 

forming bone nodules. They were positively stained with Alizarin Red S, 

which stains for calcific deposition by the cells (Figure 7.III-C). Successful 

differentiation into adipocytes was initially characterized morphologically by 

the formation of round lipid droplets within the cells. The cells were positively 

stained for Oil Red O, which stains the neutral triglycerides and lipids (Figure 

7.III-D). There was no differentiation observed for the untreated cells. 
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Figure 7: Characterization of AMSCs. I: (A) AMSCs showing fibroblastoid 

morphology in culture; immunostaining of MSCs showing negative staining 

for CD14 (B), CD45 (C), and positive staining for CD44 (D), CD90 (E), and 

CD105 (F). Cell nuclei were stained with DAPI. II: Immunophenotyping of 



65 

 

AMSCs. Flow cytometry data showing no expression for CD14 (A), and CD45 

(B), and high expression for the MSC markers CD44 (C), and CD90 (D). The 

blue peaks show the profile of the isotype control. Flow cytometry was done 

on a FACS Aria Flow Cytometry System (BD Biosciences). III: Multi-lineage 

differentiation of AMSCs in vitro. (A) AMSCs in culture with DMEM before 

stimulation to differentiate into any of the lineages. (B) Alcian blue staining 

of AMSCs culture after 20 days of stimulation with chondrogenic 

differentiation medium. (C) Alizarin red S staining of AMSCs culture after 15 

days of stimulation with osteogenic differentiation medium. (D) Oil red O 

staining of AMSCs culture after 20 days of stimulation with adipogenic 

differentiation medium. 

 

3.4.5 Endothelial cell characterization of AMSCs 

The isolated AMSCs were grown in EGM medium containing 50 ng/ml 

(1.75 nM) of VEGF. After 10 days of stimulation, the morphology of AMSCs 

was changed to the morphology similar to endothelial cells (Figure 8.A & B).  

3.4.6 mRNA expression of endothelial cell markers 

The mRNA expression level of VE-Cadherin was increased after the 

stimulation of AMSCs for endothelial cell differentiation for 10 days. RT-
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PCR was done to analyze the mRNA expression of PECAM and VE-

Cadherin. There was no significant increase in the expression of PECAM-1 in 

relative to the control (AMSCs incubated with DMEM). However, VE-

Cadherin expression showed a significant increase by approximately four-

folds relative to the control after incubating the cells with EGM and 50 ng/ml 

of VEGF (Figure 8.C). The expression of EC markers was normalized to the 

housekeeping gene GAPDH. 

 

Figure 8: Endothelial cell differentiation. (A) AMSCs in culture with 

DMEM. (B) Endothelial cell differentiation after 10 days of stimulation with 

EGM. Change in the morphology of cells after 10 days of stimulation to 
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endothelial cell differentiation. (C) RT-PCR graph showing a significant 

increase in mRNA expression of endothelial cell marker VE-Cadherin in 

relevance to control (AMSCs with DMEM) after 10 days of stimulation with 

EGM (*p<0.05). There was no significant increase in the expression of 

PECAM. GAPDH was used as a housekeeping gene. The specificity of primers 

was analyzed by running a melt curve. 

 

3.4.7 mRNA expression of MMPs 

We evaluated the mRNA expression of a panel of MMPs and TIMPs 

during the differentiation of AMSCs to endothelial cells at different time 

points (day3, 6, and 10). The purpose of this experiment was to check any 

significant up-regulation or down-regulation in the mRNA expression of 

MMP1, 2, 3, 7, 9, 10, 11, 14, TIMP1, and TIMP2 during the differentiation 

process. RT-PCR data showed no significant increase in the expression of 

MMP1, 3, 7, 9, 10, 11 (Figure 9.A, C, D, E & F). However, there were down-

regulations at day 3 for MMP1 and MMP7, and at day 10 for MMP3. The 

down-regulation of these three MMPs was not constant with the other time 

points in each one (Figure 9.A, C & D). Moreover, there was a constant and 

significant down-regulation for TIMP2 at day 3, 6, and 10 (Figure 9.J). More 

importantly, the mRNA expression of MMP-2, MMP-14, and TIMP1 were 
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significantly increased during the differentiation process, and the up-

regulation was indicated at the three time points (Figure 9.B, H & I). The 

quantification cycle (Cq) value reflected higher mRNA levels of MMP-2 and 

MMP-14 than the other MMPs. MMP-2 and MMP-14 were expressed at 

approximate Cq values of 15 and 18 respectively, which indicates a higher 

level of mRNA expression for these two MMPs (Figure 9.K). 
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Figure 9: RT-PCR for MMPs and TIMPs mRNA expression during 10 days 

of stimulation with EGM. The graphs showing mRNA expression of (A) 

MMP-1, (B) MMP-2, (C) MMP-3, (D) MMP-7, (E) MMP-9, (F) MMP-10, (G) 

MMP-11, (H) MMP-14 (MT1-MMP), (I) TIMP-1, and (J) TIMP-2 in 

relevance to control (AMSCs with DMEM) at three time points during 

stimulation with EGM for endothelial differentiation (*p<0.05, **p<0.01, 

and ***p<0.001). GAPDH was used as a housekeeping gene. (K) Cycle 

quantification (Cq) value showing the mRNA expression during 10 days of 

endothelial differentiation with EGM. The graph showing MMP-2 and MMP-
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14 expression were the highest (lower Cq value means higher mRNA 

expression). 

 

3.4.8 Enzymatic activity of MMP-2, and protein expression of MMP-2 

and MMP-14 

Collected media from cell culture at day 3, 6, and 10 were used to 

examine the enzymatic activity of MMP2 and MMP9 during endothelial cell 

differentiation. The latent and active forms of MMP-9 were not detected by 

gelatin zymography during the endothelial cell differentiation of AMSCs at 

day 3, 6, and 10. However, gelatin zymography showed a gradual increase in 

MMP2 activity during the differentiation process at day 3, 6, and 10 in 

comparison to control cells with DMEM (Figure 10.A).  

The protein expression of MMP-14 was evaluated by ELISA. The data 

showed a significant increase in the protein expression of MMP-14 during the 

stimulation of AMSCs for endothelial cell differentiation at day 3, 6, and 10 

in comparison to the AMSCs with DMEM (Figure 10.B). Cell lysate was also 

analyzed by Western blot for protein expression of MMP-2 and MMP-14. The 

blots showed bigger bands after stimulating the cells with EGM for 

endothelial cell differentiation, which indicate increases in MMP-2 and 

MMP-14 expression during the endothelial cell differentiation. The graphs 
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also showed significant increases in the expression of MMP-2 and MMP-14 

after 3, 6, and 10 days of endothelial cell differentiation (Figure 10.C & D). 

 

Figure 10: MMP-2 and MMP-14 expression at three time points day 3, 6, 

and 10 during endothelial cell differentiation. (A) Enzymetic activity of 

MMP-2 in condition medium during endothelial cell differentiation was 

analyzed by zymography at three time points day 3, 6, and 10 during 

endothelial cell differentiation. (B) ELISA was performed for protein 

expression of MMP-14 during endothelial cell differentiation showing 
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increased protein expression of MMP-14 at three-time points day 3, 6, and 10 

during endothelial cell differentiation. Western blot detection of MMP-2 (C), 

and MMP-14 (D) expression in AMSC lysates during the differentiation at 

three different time points  showing significant increase for both of them. 

GAPDH was used as a housekeeping gene (*p<0.05, **p<0.01, and 

***p<0.001). 

 

3.4.9 Cell transfection 

To determine the concentration of siRNA to silence MMP-2 and MMP-

14, we used three different concentrations between 10 - 50 nM according to 

the manufacturer’s protocol. All three doses, 10, 35 and 50 nM of siRNA for 

MMP2 and MMP14 reduced the protein expression of MMP2 and MMP14. 

However, 50 nM of siRNA for MMP2 and MMP14 showed the highest 

inhibition among all the three different concentrations (Figure 11. A & B). 
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Figure 11: Concentration selection for siRNA transfection. Three different 

concentrations10 nM, 35 nM, and 50 nM of MMP-2 (A) and mmp-14 (B) 

siRNAs were used according to the manufacturer’s protocol. All, 10, 35 and 

50 nM of MMP2 and MMP14 siRNAs showed clear inhibitions. However, 50 

nM of MMP2 and MMP14 siRNA showed the highest inhibition among all the 

three different concentrations. (*p<0.05, **p<0.01, and ***p<0.001). 

 

MMP-2 and MMP-14 were then silenced with 50 nM of siRNA, and 

the protein was isolated. Western blot data showed that the inhibition was 
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successfully done in comparison to the EGM and EGM with scrambled 

siRNA samples. The expression of MMP-2 and MMP-14 after siRNA 

transfections resulted in more than 50% inhibition compared to AMSCs in 

EGM and AMSCs in EGM plus scrambled siRNA (Figure 12. A & B). Cell 

viability was tested using automated hemocytometer (Countess, Invitrogen, 

USA) with trypan blue staining, and the results showed high cell viability rate 

(96- 97 %) after MMP-2 and MMP-14 siRNAs transfection. 

 

 

Figure 12: siRNA transfection and of MMP-2 and MMP-14. MMP-2 (A) 

and MMP-14 (B) silencing by siRNA transfection with EGM compared to 
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AMSCs with EGM and EGM plus scrambled siRNA (negative control),. 

GAPDH was used as a housekeeping gene (*p<0.05, **p<0.01, and 

***p<0.001). 

 

3.4.10 Immunophenotyping for endothelial cell markers 

Flow cytometric analysis was done to examine and compare the 

expression of EC markers for AMSCs with EBM, EGM, EGM plus MMP-2 

siRNA, and EGM plus MMP-14 siRNA. The AMSCs incubated with EBM 

showed no expression for both PECAM and VE-Cadherin (Figure 13.I-A & 

II-A). AMSCs stimulated with EGM for endothelial differentiation showed 

little, but significant, increases in the expression of both markers (Figure 13.I-

B, I-F, II-B & II-F). Surprisingly, siRNA silencing of MMP-2 with EGM 

resulted in significant increases in the expression of PECAM and VE-

Cadherin by about 13 to15 % in comparison to the EGM only group (Figure 

13.I-C, I-F, II-C & II-F). Likewise, MMP14 siRNA silencing with EGM 

resulted in greater increases in the expression of both markers by 28 to 31 % 

in comparison to the EGM group (Figure 13.I-E, II-E, I-F & II-F). 
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Figure 13: Immunophenotyping of differentiated AMSCs. I: Flow 

cytometric analysis of PECAM1 (CD31) in five different groups; control 

group was the undifferentiated cells with EBM (A), AMSCs with 

differentiation medium EGM (B), AMSCs with differentiation medium EGM 

and MMP-2 siRNA (C), AMSCs with differentiation medium EGM and MMP-

14 siRNA (D), and HUVECs as the positive control (E). Flow cytometry data 

were analyzed to show the significant differences between the groups (F). II: 

Flow cytometric analysis of VE-Cadherin (CD144) in five different groups; 

control group was the undifferentiated cells with EBM (A), AMSCs with 

differentiation medium EGM (B), AMSCs with differentiation medium EGM 

and MMP-2 siRNA (C), AMSCs with differentiation medium EGM and MMP-

14 siRNA (D), and HUVECs as the positive control (E). Flow cytometry data 

were analyzed to show the significant differences between the groups (F). 

(*p<0.05, **p<0.01, and ***p<0.001). 

 

3.4.11 Formation of capillary-like structures (angiogenesis) 

After 10 days of stimulation with EGM, EGM plus MMP-2 siRNA, and 

EGM plus MMP-14 siRNA, cells were seeded on ECM gel to examine the 

capability of those cells to form capillary-like structures. These data support 

the findings of immunophenotyping data. AMSCs with EBM did not show 
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any formation of capillary tubes (Figure 14.I-A). Stimulated AMSCs for 

endothelial differentiation with EGM showed some formation of capillary-

like tubes (Figure 14.I-B). More interestingly, AMSCs stimulated with EGM 

plus MMP-2 or MMP-14 siRNAs demonstrated higher formation of capillary-

like structures (Figure 14.I-C & D). Human umbilical vein endothelial cells 

(HUVECs) were also tested for angiogenesis as a positive control, and they 

showed a clear formation of capillary-like tubes (Figure 14.I-E). Moreover, 

angiogenesis progression measured for the average visual patterns 

(angiogenic index) (Figure 14.I-F) and average branch points (Figure 14.I-G) 

showed significant increases in AMSCs with EGM, EGM plus MMP-2 

siRNA, and EGM plus MMP-14 siRNA compared to AMSCs in EBM only. 

3.4.12 Ac-LDL uptake 

To further support the differentiation of AMSCs into endothelial cells, 

another endothelial cell function was evaluated for the AMSCs with EBM, 

EGM, EGM plus MMP-2 siRNA, and EGM plus MMP-14 siRNA groups. 

Similarly, AMSCs cultured with EBM showed no Ac-LDL uptake (Figure 

14.II-A), while there was a significant increase in the Ac-LDL uptake when 

the cells were cultured with EGM alone (Figure 14.II-B & E). However, 

AMSCs cultured with EGM and MMP-2 siRNA showed significantly higher 

Ac-LDL uptake in comparison to the EGM and EBM groups (Figure 14.II-C 
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& E). AMSCs cultured with EGM and MMP-14 siRNA showed an increased 

percentage of Ac-LDL uptake compared to that of EGM, EGM and EGM plus 

MMP2 siRNA groups (Figure 14.II-D & E). 
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Figure 14: Endothelial cell functionality of differentiated AMSCs. I: 

Angiogenesis assay. Formation of capillary-like structure in vitro in AMSCs 

incubated with EBM (I-A), EGM (B), EGM and MMP-2 siRNA (C), and EGM 

and MMP-14 siRNA (D). HUVECs were used as a positive control (E). 

Angiogenesis progression was analyzed to show the significant differences 

between the groups based on average visual patterns (angiogenic index) (F) 

and average branch points (branch points index) (G). II: Acetylated LDL-
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uptake assay. Ac. LDL-uptake in AMSCs incubated with EBM (A), EGM (B), 

EGM and MMP-2 siRNA (C), and EGM and MMP-14 siRNA (D). 

Fluorescence intensity was measured to show the significant differences 

between the groups using ImageJ software (E). (*p<0.05, **p<0.01, and 

***p<0.001). 

 

3.4.13 Immunostaining for VEGFR2 

 To examine the role of VEGFR2 on the differentiation of AMSCs to 

ECs, immunofluorescence staining was performed for VEGFR2 in AMSCs 

cultured with EBM, EGM, EGM plus MMP-2 siRNA and EGM plus MMP-

14 siRNA groups. After 10 days, AMSCs in EGM showed significant 

increases in the staining of VEGFR2 (Figure 15.I-B & E) in comparison to 

EBM group (Figure 15.I-A & E). Interestingly, AMSCs cultured with EGM 

and MMP-2 siRNA showed significantly higher positive staining of VEGFR2 

compared to the EGM cultured cells (Figure 15.I-C & E). AMSCs cultured 

with EGM and MMP-14 siRNA showed greater positive staining of VEGFR2 

compared to that of EGM and EGM plus MMP2 siRNA (Figure 15.I-D & E). 



82 

 

 

Figure 15: Immunostaining of VEGFR2. AMSCs in EGM showed 

significant increases in the expression of VEGFR2 (B & E) compared to EBM 

group (A & E). AMSCs cultured with EGM and MMP-2 siRNA showed 

significantly higher fluorescence intensity of VEGFR2 in comparison to the 

EGM cultured cells (C & E). AMSCs cultured with EGM and MMP-14 siRNA 

showed the greatest positive staining of VEGFR2 compared to that of EGM 

and EGM plus MMP2 siRNA (D & E). Fluorescence intensity was measured 
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to show the significant differences between the groups using ImageJ software 

(E). 

 

3.4.14 Immunophenotyping for endothelial cell markers after VEGFR2 

inhibition 

To determine the concentration of VEGFR2 kinase inhibitor, we used 

three different concentrations 0.5 µM (Figure 16.I-B & E), 1.0 µM (Figure 

16.I-C & E) and 5.0 µM (Figure 16.I-D & E). The treatment of 1.0 µM and 

5.0 µM of VEGFR2 kinase inhibitor significantly reduced the positive 

immunostaining of VEGFR2. However, 5.0 µM of VEGFR2 kinase inhibitor 

showed the highest inhibition among all the three different concentrations 

(Figure 16.I-E).  

Flow cytometric analysis was done to examine and compare the 

expression of EC markers for three groups treated with 5.0 µM of VEGFR2 

inhibitor; AMSCs with EGM, EGM plus MMP-2 siRNA and EGM plus 

MMP-14 siRNA. AMSCs cultured with EGM and VEGFR2 inhibitor showed 

significant decreases for both PECAM and VE-Cadherin (Figure 16.II-A, II-

D, III-A & III-D) compared to EGM only (Figure 13.I-B & II-B). Moreover, 

siRNA silencing of MMP-2 with EGM and VEGFR2 inhibitor resulted in 

significant decreases in the expression of PECAM and VE-Cadherin (Figure 
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16.II-B, II-D, III-B & III-D) in comparison to the EGM plus MMP-2 siRNA 

group (Figure 13.I-C & II-C). Likewise, MMP14 siRNA silencing with EGM 

and VEGFR2 inhibition resulted in significant decrease in the expression of 

both markers (Figure 16.II-C, II-D, III-C & III-D) in comparison to the EGM 

group (Figure 13.I-D & II-D). 
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Figure 16: Concentration selection for VEGFR2 kinase inhibitor and 

Immunophenotyping for endothelial cell markers after VEGFR2 inhibition. 

I: Three different concentrations 0.5, 1.0, and 5.0 µM of VEGFR2 kinase 

inhibitor were used. Immunofluorescence staining were used to detect the 

phosphorylated-VEGFR2. (B) 0.5 µM of VEGFR2 inhibitor did not show a 

significant inhibition for the activity of VEGFR2 compared to differentiated 

AMSCs in EGM only (A). Both concentrations, 1.0 µM (C) and 5.0 µM (D) of 
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VEGFR2 kinase inhibitor showed clear inhibitions. Fluorescence intensity 

was measured to show the significant differences between the groups using 

ImageJ software (E). II: Flow cytometric analysis of PECAM1 (CD31) in 

three different groups; control group was the differentiated cells with EGM 

and 5 µM of VEGFR2 inhibitor (A), AMSCs with differentiation medium 

EGM, MMP- r (B) and AMSCs with 

EGM, MMP-14 siRNA and 5 µM of VEGFR2 inhibitor (C). Flow cytometry 

data were analyzed to show the significant differences between the groups in 

comparison to the same groups without VEGFR2 inhibitor (D). III: Flow 

cytometric analysis of VE-Cadherin (CD144) in three different groups; the 

differentiated cells with EGM and 5 µM of VEGFR2 inhibitor (A), AMSCs 

with differentiation medium EGM, MMP-2 siRNA and 5 µM of VEGFR2 

inhibitor (B) and AMSCs with EGM, MMP-14 siRNA and 5 µM of VEGFR2 

inhibitor (C).Flow cytometry data were analyzed to show the significant 

differences between the groups in comparison to the same groups without 

VEGFR2 inhibitor (F). (*p<0.05, **p<0.01, and ***p<0.001). 
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3.5 Discussion  

In this study, we demonstrate an efficient method to isolate pure 

population of porcine AMSCs, and evaluated the mRNA and protein 

expression of different MMPs during the differentiation of AMSCs to ECs. 

Moreover, this is the first report providing evidence that the silencing of 

MMP-2 and MMP-14 (MT1-MMP) can increase the expression of endothelial 

cell markers and improve endothelial cell functionality after stimulating 

AMSCs with a specific endothelial differentiation medium in vitro.  

The importance of MSCs arises from their anti-inflammatory effect, 

ease of isolation, expansion potential, multi-lineage differentiation, and ability 

to migrate to the sites of injury [40,151,158–160]. MSCs have been isolated 

from different sources including adult human bone marrow. However, there 

is an increased interest in AMSCs because of their abundance and less 

invasive methods to harvest the tissue. Several studies have shown the ability 

to harvest MSCs from adipose tissues, and differentiate them into multiple 

cell lineages including osteocytes, chondrocytes, and adipocytes 

[55,105,107,157]. 

Kumar and his colleagues have successfully harvested AMSCs 

expressing CD44, CD90, and CD105 [156].  Further immunophenotyping of 

AMSCs revealed the expression of CD29, CD44, and CD105 [107]. The 
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isolated AMSCs were carefully identified by performing different methods to 

characterize these cells. Attachment to the plastic surface, capability to 

differentiate into different lineages, immunostaining and immunophenotyping 

for mesenchymal stem cell surface molecules were all consistent with 

mesenchymal stem cell characteristics. The characterized cells expressed 

CD44 and CD90, and they were negative for CD14 and CD45. 

MMPs have been identified as their ability to translocate from the 

membrane or cytosol to the nucleus to induce proteolytic degradation of 

transcription factors, and thus playing important role in cell development, 

morphogenesis, proliferation and differentiation [70]. Different studies have 

shown important role and functions of MMPs and TIMPs in the differentiation 

of MSCs to myocytes, chondrocytes, osteocytes, endothelial cells, and 

adipocytes [70,105,107]. We studied a group of MMPs and TIMPs to evaluate 

their role in the differentiation of AMSCs to endothelial cells. Protein and 

mRNA expression of MMP-2 and MMP-14 (MT1-MMP) were significantly 

increased during the endothelial differentiation. Ghajar and his colleagues 

demonstrated that MSCs enhance the angiogenesis in mechanically viable 

pre-vascularized tissue via the up-regulation of MMP-14, which indicates a 

particularly important role in the angiogenic response among different MMPs 

[161]. During the differentiation of AMSCs to endothelial cells, the mRNA 
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expression of TIMP-1 and TIMP-2 were significantly downregulated and 

upregulated, respectively. The up-regulation of TIMP-1 corresponded with 

the down-regulation of MMP-9, and the down-regulation of TIMP-2 

corresponded with the increase in MMP-2 and MMP-14 in which they work 

as inhibitors for those MMPs. 

Embryonic and bone marrow-derived MSCs were reported to have the 

ability to differentiate into endothelial cells [104,106]. Although endothelial 

cell differentiation of AMSCs has not been well studied, some studies have 

demonstrated the ability of AMSCs to differentiate into endothelial cells 

[104,107]. In this study, we showed that the morphology of AMSCs was 

significantly changed after 10 days of stimulation with endothelial cell 

differentiation medium. Moreover, the mRNA expression of the endothelial 

cell marker VE-Cadherin was also elevated after 10 days of stimulation. 

Protein and mRNA expression of MMP-2 and MMP-14 were up-regulated 

during the endothelial differentiation. Protein expression of MMP-2 and 

MMP-14 were shown to increase in cardiac fibroblasts in response to hypoxia 

after co-culture with MSCs [162]. Unexpectedly, siRNA-induced silencing of 

MMP-2 and MMP-14 showed an increase in the expression of endothelial cell 

markers compared to the cells stimulated with EGM only. Furthermore, the 

endothelial functions of differentiated AMSCs were greater after silencing 
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MMP-2 and MMP-14. The expression of endothelial cell marker was elevated 

from approximately 4% to 15% after MMP-2 silencing, and to approximately 

30% after MMP-14 silencing. Moreover, the formation of capillary-like 

structures and acetylated LDL-uptake was greater after silencing MMP-2 in 

comparison to EGM treatment, and much greater after silencing MMP-14. 

These results suggest an important inhibitory role for these two proteases on 

the endothelial cell differentiation, and that the role of MMP-14 has a greater 

effect on the differentiation process. 

Although TIMPs have been known to inhibit MMPs, the interaction of 

proMMP-2 with TIMP-2 is required for the activation of proMMP-2. TIMP-

2 binds the catalytic domain of MMP-14 on the cell surface, and the C-

terminal of TIMP-2 recruits the endogenous proMMP-2 to the cell surface and 

binds to it, forming proMMP-2/TIMP-2/MMP-14 complex. Once this 

complex is formed, an active MMP-14 closely located to the complex, cleaves 

the prodomain, and activates proMMP-2 [62]. The activation of proMMP-2 

requires the action of active MMP-14. This may explain why MMP-14 

silencing has a greater effect than MMP-2 silencing on the expression of EC 

markers, angiogenic activity, and acetylated LDL uptake after 10 days of 

stimulation for EC differentiation. Therefore, silencing MMP-14 would not 

only result in the inhibition of MMP-14 expression, but also in the inhibition 
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of the activation of proMMP-2 by active MMP-14. Changlian Lu and his 

colleagues reported the importance of MMP-14 (MT1-MMP) in the 

differentiation of human MSCs to osteocytes [99]. Silencing MMP-14 

resulted in inability of human MSCs to differentiate to osteocytes, suggesting 

the role of MMP-14 in modulating the cell shape and pericellular ECM 

rigidity by proteolyzing the surrounding matrix during the osteogenic 

differentiation [99]. It was also found that MMP-2 and MMP-14 silencing 

impaired human MSCs invasion, whereas silencing TIMP-1 enhanced cell 

migration [153]. In another study, the up-regulation of MMP-2 and MMP-14 

was found to play an important role in angiogenic response [161]. However, 

our data for the first time suggest an inhibitory role of MMP-2 and MMP-14 

in the differentiation of AMSCs to endothelial cells.  

The inhibitory effect of MMP-2 and MMP-14 in endothelial cell 

differentiation of AMSCs is expected to be primarily indirect, and potentially 

through VEGFR-2 signaling. VEGF induces MSCs differentiation to 

endothelial cells via the activation of VEGFR-2 [163]. The relationship 

between elevated MMPs activity and cleavage of VEGFR2 has been 

demonstrated [164,165]. The increased activity of MMP-2 was reported to 

enhance the cleavage of VEGFR-2 and VE-cadherin in aortic endothelial cells 

[166] indicating a possible negative effect of MMP-2 on endothelial cell 
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differentiation of MSCs. VEGF can bind to VEGFR2, and induces the 

activation of different signaling pathways including MAPK [167]. MMP-14, 

on the other hand, can activate proMMP-2 by degrading β1-integrin-ligated 

collagen allowing proMMP-2 to be released from its biding site [168,169]. 

This activation involves a complex formation of MMP-14, proMMP-2, and 

TIMP-2 [170], and suggests the involvement of MMP-14 with MMP-2 in the 

cleavage of VEGFR-2 and thus decreasing the differentiation of AMSCs into 

endothelial cells. Our data showed that siRNA-induced silencing of MMP-2 

and MMP-14 resulted in an increased expression of VEGFR2 compared to the 

cells stimulated with EGM only, indicating a cleavage activity associated with 

the increase in the expression and activity of MMP-2 and MMP-14 on 

VEGFR2. Moreover, the inhibition of VEGFR2 resulted in significant 

decrease in the expression of EC markers compared to same groups without 

VEGFR2 inhibitor. Therefore, the knockdown of MMP-2 and MMP-14 

inhibits the cleavage of VEGFR2 and allows more signals to be transmitted to 

stimulate the expression of endothelial cell markers (Figure 17). 
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Figure 17: Cleavage activity of MMP2 and MMP14 on VEGFR2. The 

mRNA and protein expression of MMP2 and MMP14 are up-regulated during 

AMSCs differentiation to ECs. MMP2 and MMP14 cleave the extracellular 

domains of VEGFR2 and inhibits the downstream signaling cascades that 

lead to increase in the expression of EC markers (PECAM1 & VE-cadherin) 

and EC differentiation. 

 

The increase in the expression of MMP-2 and MMP-14 during AMSCs 

differentiation to endothelial cells does not necessarily indicate a positive 

regulatory effect on this process. The endothelial cell differentiation medium 
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is comprised of various growth factors and other supplements including 

VEGF that may potentially stimulate the expression of MMP-2 and MMP-14 

via the activation of different signaling pathways. This effect is currently 

under investigation in our laboratory to define the responsible transmembrane 

signaling pathway that led to the increase in the expression of endothelial cell 

markers, angiogenesis, and acetylated LDL uptake post siRNA treatments for 

MMP-2 and MMP-14. Although several studies have emphasized the role of 

MMP-2 and MMP-14 in cell trafficking, migration, and differentiation 

through modulating the cell shape and pericellular ECM rigidity, MMP-2 and 

MMP-14 activities need not to be restricted to these roles.  

 

3.6 Conclusion 

This is the first time demonstrating significant up-regulation for MMP-

2 and MMP-14 expression during the endothelial differentiation in porcine 

ADMCs, and silencing of these two proteases inhibits the cleavage of 

VEGFR2, and results in higher expression of endothelial cell markers and 

functionality.  Hence, further in vivo studies using knock down MMP-2 and 

MMP-14 animal model would advance our knowledge on the significant role 

of MMP-2 and MMP-14 in regulating signaling pathways that control the 

transcription of certain genes in the endothelial differentiation of AMSCs. The 
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role of MMP-2 and MMP-14 in the differentiation of AMSCs to ECs that we 

outline inhere may well serve as a general paradigm for the biological activity 

of these two proteases in future experiments. 
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Chapter 4 

ERK Signaling is Required for VEGF-A/VEGFR-2-induced 

Differentiation of Porcine Adipose-Derived Mesenchymal Stem Cells into 

Endothelial Cells 
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4.1 Abstract 

Cell-based therapy that can rejuvenate the endothelium with stimulated 

adipose-derived mesenchymal stem cells (AMSCs) is a promising therapeutic 

strategy for the re-endothelialization of denuded arteries at the stenting site. 

Previously, we have shown that silencing of MMP-2 and MMP-14 inhibits 

VEGFR-2 cleavage, and induces differentiation of AMSCs towards 

endothelial cell (EC) lineage. In this study, we examined the underlying 

signaling pathways that regulate differentiation of AMSCs to ECs in vitro 

through VEGFR-2. 

AMSCs were isolated from porcine abdominal adipose tissue. The 

isolated AMSCs were characterized by positive expression of CD29, CD44, 

CD90, and negative expression of CD11b and CD45. The isolated MSCs were 

transfected with siRNA to silence MMP-2, MMP-14, and angiotensin receptor 

2 (ATR2). Cells were suspended either in endothelial basal media (EBM) or 

endothelial growth media (EGM) with various treatments. Flow cytometry 

was performed to examine the expression of EC markers, and Western blot 

was performed to examine the expression and activity of various kinases. 

Scratch assay was performed to examine the cell migration. Data were 

analyzed by ANOVA using PRISM GraphPad.   
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After 10 days of stimulation for EC differentiation, the morphology of 

AMSCs changed to the morphology like ECs. Silencing MMP-2 and MMP-

14 resulted in significant decrease in the number of migrated cells compared 

to EGM only group. ATR2 siRNA transfection did not affect the migration 

and differentiation of AMSCs to ECs. Stimulation of AMSCs for EC 

differentiation with or without MMP-2 or MMP-14 siRNA resulted in 

significant increase in p-ERK, and significant decrease in p-JNK. There was 

no significant change in p-p38 in all three groups compared to the EBM group. 

ERK inhibition resulted in significant decrease in the expression of EC 

markers in EGM, EGM + MMP-2 siRNA and EGM + MMP-14 siRNA 

groups. The VEGFR2 kinase inhibitor induced a dose-dependent inhibition of 

ERK. 

Thus, ERK signaling pathway is critical for VEGF-A/VEGFR-2-

induced differentiation of AMSCs into ECs. These findings provide new 

insights into the in-vitro generation of transplantable AMSCs for potential 

clinical application. 
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4.2 Introduction 

Atherosclerosis is the precursor of most common cardiovascular 

diseases, and it is the leading cause of mortality all over the world [4]. The 

endothelium plays an important role in the development and progression of 

atherosclerosis. Endothelial dysfunction or loss of endothelial layer is known 

as an early change in the wall of blood vessels that leads to the progression of 

the atherosclerotic plaque [3,10,171,172]. Endothelial dysfunction is also a 

crucial factor in the development and progression of restenosis, as a result of 

high proliferation activity of vascular smooth muscle cells (VSMC) from the 

tunica media to the intima [173,174]. Angioplasty and stenting techniques are 

widely used around the world for improving blood flow to the heart in 

cardiovascular diseases [175,176].  The high proliferation activity of VSMCs 

could be a result of acute injury located around stent struts [175]. The 

development of cell-based therapy for the treatment of vascular injuries has 

been increasing in the last few years using MSCs [43,46,47]. Cell-based 

therapy that can rejuvenate the endothelium with stimulated AMSCs is a 

promising therapeutic strategy for re-endothelialization at the site of 

intravascular stenting to prevent restenosis [59,177]. 

Identifying the molecular factors and mechanisms that regulate AMSCs 

differentiation is important in the promotion of a greater understanding of 
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these highly useful cells. Previously, we have reported that silencing MMP-2 

and MMP-14 induces the differentiation of porcine AMSCs to ECs [178]. 

Also, MMP-2 and MMP-14 cleave VEGFR-2, and inhibit AMSCs 

differentiation toward endothelial lineage [178]. However, the downstream 

signaling pathways that regulate the differentiation of AMSCs to ECs through 

VEGFR-2 are still undefined.  

Among the intracellular signaling pathways that can be mediated by 

VEGFR-2, the MAPK signaling pathways appear to be the primary candidate 

[123]. ERK1/2, JNK and p38 are the members of the classical MAPK 

cascades [124,179]. MAPK pathways have been well known as crucial 

signaling pathways in the differentiation of MSCs to various lineages 

[65,141,180–184]. The binding of VEGF-A to VEGFR2 phosphorylates PLC-

γ, and activates MAPK/ERK and p38 MAPK signaling pathways [123,142]. 

The differentiation of BM-MSCs to ECs was found to be mediated by VEGF, 

which induces the phosphorylation of p42 MAPK/ERK [143]. Inhibition of 

ERK phosphorylation blocked the expression of EC markers and BM-MSCs 

differentiation to ECs [143]. The stimulation of stem cells from exfoliated 

deciduous teeth with EC differentiation media induces the activation of ERK, 

and the inhibition of ERK blocked the differentiation to ECs [144]. The 

inhibition of p38, but not ERK, restrained the differentiation of BM-MSCs to 
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osteoblasts [128]. The osteogenic differentiation of mesenchymal progenitor 

cells requires the activity of p38, and ERK inhibition activates BMP9-indcued 

osteogenic differentiation [129]. JNK was also found to promote target gene 

expression during stem cell differentiation to neuronal cells [136,185]. 

Moreover, JNK inhibition was found to prevent the neuronal differentiation 

of mouse embryonic stem cells [137]. The activities of JNK and p38 are 

required for the differentiation of MSCs to osteocytes [138,186]. 

Angiotensin II in combination with VEGF was found to induce BM-

MSCs differentiation to ECs, and the blockage of angiotensin type-2 receptor 

(ATR2) attenuated this process [187]. Stimulation of ATR2 also activates 

neural differentiation, and monocyte differentiation to dendritic cells 

[188,189].  

In this study, we examined the signaling events downstream of VEGFR-2. 

Our findings show that ERK, but not p38 or JNK, induces the differentiation 

of AMSCs to ECs. The results also indicate that ATR2 activity is not required 

for EC differentiation of AMSCs. These results may provide new perspectives 

for the in-vitro generation of transplantable AMSCs for potential clinical 

applications. 
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4.3 Materials and Methods 

4.3.1 Isolation and Culture of Porcine AMSCs 

AMSCs were isolated from porcine adipose tissue as previously 

described [156,178]. Briefly, porcine adipose tissue were collected from the 

abdominal wall of pigs from a local slaughterhouse (Hormel; Fremont, NE, 

USA), and transferred to the laboratory in sterile conditions in Dulbecco’s 

modified Eagle medium (DMEM; Invitrogen, Grand Island, NY, USA) with 

antibiotics 100 mg/ml penicillin (Sigma–Aldrich, St. Louis, MO, USA), 100 

mg/ml streptomycin (Sigma–Aldrich, St. Louis, MO, USA) and 2mM 

Glutamax (Invitrogen, Carlsbad, CA, USA). The transferred abdominal 

adipose tissue was washed with phosphate-buffered saline (PBS), and minced 

into small pieces with sterile scissors. The small minced pieces were then 

digested with 15 mL 0.2% type-1 collagenase (Sigma–Aldrich, St. Louis, MO, 

USA) for 2 h at 37°C. DMEM containing 10% fetal bovine serum (FBS) 

(Gibco, USA) was added to stop the collagenase activity, followed by 

centrifugation at 400g for 10 minutes to separate the floating cells from the 

vascular stromal fraction. The pellets were then re-suspended in serum-

complete medium (DMEM, 10% FBS, 5% penicillin/streptomycin and 1% 

Glutamax), and filtered through a 100μm nylon mesh strainer to remove any 

undigested tissue. The filtered cells were carefully added in 50 ml tubes in the 
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top of a 1.077 g/mL histopaque (Sigma-Aldrich, St. Louis, MO, USA) for 

density gradient centrifugation at 400 g for 30 minutes. The enriched cells 

were then collected from the interphase, and washed twice with serum-free 

medium. The pellets were finally re-suspended in DMEM containing 10% 

FBS, 100 mg/mL penicillin/streptomycin and 2 mM Glutamax, and cultured 

in a 25-cm2 flask at 37◦C with 5% CO2/ 95% air, and 90% relative humidity. 

Non-adherent hematopoietic cells were removed by medium change every 24 

hours for three days. Thereafter, the medium was changed every three days. 

Once adherent AMSCs became confluent, they were trypsinized using 0.25% 

Trypsin–EDTA (Sigma-Aldrich, St. Louis, MO, USA), and transferred to 

fresh 25-cm2 culture flasks. All experiments were performed using MSCs at 

3-6 passages. 

4.3.2 Characterization of AMSCs 

Immunophenotyping 

AMSCs at 3-6 passages were trypsinized and flow-cytometric analysis 

was performed to examine the expression of AMSC markers, CD29, CD44 

and CD90, and negativity for the hematopoietic stem cell marker CD45 and 

macrophage marker CD11b. Cells were detached from the monolayer with 

0.25% trypsin–EDTA, and washed twice with PBS containing 4% FBS. The 

AMSCs were then incubated for 1h at 4◦C in the dark with conjugated 
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monoclonal antibodies against CD11b, CD45, CD29, CD44, and CD90 

(eBioscience, CA, USA). The dilutions of the antibodies were according to 

the specifications of the manufacturers. The cells were washed three times in 

PBS, and re-suspended in 500 µl PBS. Flow cytometry was performed on a 

FACS Aria Flow Cytometry System (BD Biosciences, San Jose, CA, USA). 

Fluorochrome-labelled IgG (eBiosciences, CA, USA) served as the isotype 

control as well as positive and negative beads (OneComp eBeads) 

(eBiosciences, CA, USA). 

AMSCs were stimulated for EC differentiation for 10 days.  The cells 

were then detached from the monolayer with 0.25% trypsin–EDTA, and 

harvested for flow cytometry analysis to identify the EC markers, CD31 and 

CD144. Direct conjugated monoclonal antibodies were used against CD31 

and CD144 (17-0319, 25-1449, eBioscience, USA). 

4.3.3 Differentiation of AMSCs to ECs 

 The differentiation process started at 50–60% confluency of AMSCs. 

AMSC culture was stimulated with endothelial growth medium (EGM) 

composed of Endothelial Basal Medium-2 (Gibco, Grand Island, NY, USA), 

growth supplements (containing hydrocortisone, human fibroblast growth 

factor (hFGF-b), R3-insulin-like growth factor-1 (R3-IGF-1), ascorbic acid, 

human epithelial growth factor (hEGF), GA-1000, heparin), 2% FBS (EGM-
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2 Bullet Kit, Lonza, Walkersville, MD, USA) and 50 ng/ml VEGF-165 

(Peprotech, Rocky Hill, NJ, USA). The cells were maintained at 37°C with 

5%CO2/95% air, and 90% relative humidity, and medium was changed every 

3 days. The cells were detached from the monolayer with 0.25% trypsin–

EDTA, and collected for analysis after 10 days of stimulation for EC 

differentiation. 

4.3.4 Migration Assay 

The in vitro scratch assay was performed to examine cell migration.  

Cells were plated into 12-well cell culture plate, and allowed to grow in 

serum-complete medium to confluence with or without MMP-2 siRNA, 

MMP-14 siRNA or ATR2 siRNA. Cells were then washed, and starved for 

24h in serum-free medium to minimize cell proliferation. A sterile pipette tip 

was used to make a 1-mm wide scratch across the cell layer. Cells were then 

washed extensively with PBS to remove cellular debris and floating cells 

before adding media with different treatments. Plates were photographed 

immediately after scratching, and after 24h at the same location of initial 

image under a bright field microscope. 
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4.3.5 Cell Transfection 

 The siRNA transfection of differentiating AMSCs were performed 

according to the manufacturer’s protocol. Briefly, AMSCs were plated in 

DMEM complete medium into T-25 flasks, and allowed to reach 50-60% 

confluency. The cells were then incubated with smartpool on-target plus 

siRNAs for MMP-2, MMP-14 or ATR2 (4313, 4323 and 24182; Dharmacon, 

USA). A final siRNA concentration of 50 nM was mixed with 10 μl 

DharmaFECTTM-1 (Dharmacon, USA), and allowed to complex by 

incubation for 10 minutes at room temperature. The transfection mixture was 

then applied to the AMSCs in a total volume of 4 ml of EGM, and incubated 

at 37°C in 5% CO2. Cell viability and the capacity for differentiation were not 

affected under these conditions. 

4.3.6 Western Blot 

After 10 days of differentiation with or without siRNA transfection, the 

total protein lysates were isolated and quantified. Briefly, cell pellet was re-

suspended in 100 µl of RIPA buffer (Sigma, USA) and 1 µl of protease and 

phosphatase inhibitor cocktail (78443, ThermoScientific, USA). The cell 

lysates were then vortexed, and incubated in ice for 10 min. This step was 

repeated three times. The supernatants were collected by centrifugation at 
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14,000g for 15 min. Total protein lysates were quantified by Enspire Manager 

Software (PerkinElmer Enspire, USA).  

The protein was separated by SDS-PAGE and transferred onto a 

nitrocellulose membrane (Bio-Rad, USA). The membrane was incubated for 

1 hour in blocking solution (1x TBS, pH 7.6, 0.1% Tween-20, and 7% BSA). 

The membrane was then incubated with a primary antibody to detect ATR2 

(ab19134, Abcam, USA), phospho-ERK (4370, Cell Signaling, USA), ERK 

(sc-94, Santa Cruz, USA), phospho-JNK (4668, Cell Signaling, USA), JNK 

(sc-571, Santa Cruz, USA), phospho-p38 (4511, Cell Signaling, USA), p38 

(9212, Cell Signaling, USA), and GAPDH (NB300-221, Novus, USA) 

overnight. After washing, the membrane was then incubated with HRP-

conjugated secondary antibody (1: 1000) in blocking solution for 1 hour at 

room temperature. HRP activity was detected by incubating the membrane in 

chemiluminescence kit (Pierce, USA). Image Lab Software (Bio-Rad, USA) 

was used for Imaging and densitometric analysis. 

4.3.7 ERK inhibition 

The phosphorylation of ERK1/2 was inhibited by ERK inhibitor U0126 

(662005, Calbiochem, USA) to analyze the role of ERK pathway in the 

differentiation of AMSCs to ECs before and after MMP-2 or MMP-14 

silencing. AMSCs were plated in DMEM complete medium into T25 flasks, 
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and allowed to reach 50-60% confluency. ERK inhibitor was applied to the 

AMSCs in EGM at a final concentration of 5 µM. To examine the 

phosphorylation status of ERK, differentiated AMSCs were incubated in 

EGM and ERK inhibitor for 3 hours, and tested for ERK activity by Western 

Blot. Cell viability was not affected under these conditions. 

4.3.8 VEGFR2 inhibition  

 VEGFR2 was inhibited by VEGFR2 Tyrosine Kinase Inhibitor 

(676499, Calbiochem, USA) to analyze its role on the differentiation of 

AMSCs to ECs before and after MMP2 and MMP14 silencing. AMSCs were 

plated in DMEM complete medium into T25 flasks, and allowed to reach 50-

60% confluence. VEGFR2 kinase inhibitor was applied to the AMSCs in 

EGM at a final concentration of 5 µM. Cell viability was not affected under 

these conditions.  

4.3.9 Statistical analysis 

Statistical analysis was performed using GraphPad Prism. Multiple 

group comparisons were performed by Bonferroni’s multiple comparison test 

using one-way ANOVA. Descriptive data are presented as the mean ± 

standard deviation (SD). Differences were considered significant at p values 

of < 0.05. 
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4.4 Results 

4.4.1 AMSC Characterization 

 Primary cultures of AMSCs were isolated from porcine abdominal fat. 

The adherent cells showed fibroblast-like morphology typical of MSCs 

(Figure 18.II-A). Flow cytometry analysis was done to examine the 

expression of MSC markers in the isolated porcine AMSCs.  The cells 

expressed CD29 (Figure 18.I-C), CD44 (Figure 18.I-D) and CD90 (Figure 

18.I-F), indicating that the cells originate from a mesenchymal lineage. 

Contamination with other cells was ruled out by negative immunoreactivity 

to CD11b (macrophage marker) (Figure 18.I-A) and CD45 (hematopoietic 

stem cell markers) (Figure 18.I-B).  The daily change of medium after seeding 

the isolated cells was effective in eliminating the CD11b+ and CD45+ cell 

populations in AMSC culture. 

4.4.2 EC Differentiation 

 The isolated AMSCs were stimulated for EC differentiation in EGM 

medium containing 50 ng/ml (1.75 nM) of VEGF with or without MMP-2, 

MMP-14 or ATR2 siRNAs. After 10 days of stimulation, the morphology of 

AMSCs in EGM (Figure 18.II-B), EGM + MMP-2 siRNA (Figure 18.II-C), 
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and EGM + MMP-14 siRNA (Figure 18.II-D) changed to the morphology 

similar to ECs. 

 

Figure 18: Immunophenotyping of AMSCs and differentiation to ECs. I: 

Immunophenotyping of AMSCs. Flow cytometry data showing no expression 

for CD11b (A), and CD45 (B), and high expression for the MSC markers 

CD29 (C), CD44 (D) and CD90 (E). The blue peaks show the profile of the 

isotype control. Flow cytometry was done on a FACS Aria Flow Cytometry 

System. II: Endothelial cell differentiation. (A) AMSCs in culture with 
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DMEM. Endothelial cell differentiation after 10 days of stimulation with EGM 

(B) EGM + MMP-2 siRNA (C) and EGM + MMP-14 siRNA (D). Change in 

the morphology of cells after 10 days of stimulation for endothelial cell 

differentiation. 

 

4.4.3 Migration Assay 

AMSCs were examined to evaluate the effect of MMP-2, MMP-14 and 

ATR2 siRNA silencing on their migratory activity during EC differentiation 

(Figure 19.A). After 24 hours, Silencing MMP-2 and MMP-14 resulted in 

significant decrease in the number of migrated cells compared to EGM only 

cells (Figure 19.B). However, ATR2 siRNA silencing did not affect the 

migration activity of AMSCs during EC differentiation (Figure 19.B). 

AMSCs also showed migration activity, but it was less than that of 

differentiated AMSCs (Figure 19.B). 
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Figure 19: Migration assay. AMSCs in EBM, EGM, EGM + MMP-2siRNA, 

EGM + MMP-14 siRNA and EGM + ATR2 siRNA showing migration activity 

after 24 hours of making the scratches (A). MMP-2 and MMP-14 siRNA 

resulted in significant decrease in the number of migrated cells per field 

compared to EGM only cells, whereas, ATR2 siRNA silencing had no effect 

on the migration activity of AMSCs during EC differentiation (B). (*p<0.05, 

**p<0.01, and ***p<0.001). 
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4.4.4 Cell Transfection 

MMP-2 and MMP-14 siRNA transfections were done as previously 

described [178]. Similarly, to determine the concentration of siRNA for ATR2 

silencing, we used three different concentrations of 10, 35 and 50 nM 

according to the manufacturer’s protocol. All three concentrations of ATR2 

siRNA reduced the protein expression of ATR2. However, statistically 

significant inhibition was found only with 50 nM of ATR2 siRNA (Figure 20. 

I-A). ATR2 was then silenced with 50 nM of siRNA for further examinations 

of EC differentiation after ATR2 silencing. Western blot data showed that the 

expression of ATR2, after siRNA transfection for 24 and 48 hours, resulted in 

more than 50% inhibition compared to AMSCs in EGM and AMSCs in EGM 

+ scrambled siRNA (Figure 20. I-B). Automated hemocytometer (Countess, 

Invitrogen, USA) with trypan blue staining was used to examine the cell 

viability after siRNA transfection. The cell viability was not affected by 

ATR2 siRNA transfection. 

4.4.5 Expression of EC markers after ATR2 siRNA 

Flow cytometric analysis was done to examine the expression of EC 

markers after 10 days of EC differentiation. AMSCs were cultured in EGM 

(Figure 20. II-A & III-A), EGM + MMP-2 siRNA (Figure 20. II-B & III-B), 

and EGM + MMP-14 siRNA (Figure 20. II-C & III-C), and with ATR2 siRNA 
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for all three groups (Figure 20. II-E, F and G) (Figure 20. III-E, F and G). 

Silencing ATR2 in the four groups showed no significant difference in the 

expression of EC markers, PECAM1 (Figure 20. II-H) and VE-Cadherin 

(Figure 20. III-H), compared to the same groups without ATR2 siRNA. 

AMSCs stimulated with EGM with or without ATR2 siRNA showed 

significant increases in the expression of both markers to about 5% in both 

groups (Figure 20. II-H & III-H). ATR2 silencing in MMP-2 siRNAs + EGM 

and MMP-14 siRNA + EGM groups showed significant increases in the 

expression of PECAM1 and VE-Cadherin similar to that of the same groups 

without ATR2 siRNA (by about 13 and 28%, respectively compared to the 

EGM only group) (Figure 20. II-H & III-H). Human umbilical vein 

endothelial cells (HUVECs) were used as a positive control (Figure 20. II-D 

& III-D).  
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Figure 20: ATR2 siRNA transfection and Immunophenotyping for EC 

markers. I: Concentration selection for siRNA transfection. Three different 

concentrations10, 35, and 50 nM of ATR2 siRNA were used according to the 

manufacturer’s protocol. Western blot analysis showing inhibition of ATR2 

by 10, 35 and 50 nM of ATR2 siRNA. However, 50 nM of ATR2 siRNA showed 

the highest inhibition among all the three different concentrations (A). ATR2 

silencing by siRNA transfection with EGM compared to AMSCs with EGM 

and EGM + scrambled siRNA (negative control) (B). GAPDH was used as a 

housekeeping gene. II: Flow cytometric analysis of PECAM1 (CD31) in four 

different groups; control group with EGM (A), AMSCs with EGM and MMP-
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2 siRNA (B), AMSCs with EGM and MMP-14 siRNA (C), and HUVECs as the 

positive control (D). Cell transfection with 5 µM of ATR2 siRNA for EGM (E), 

AMSCs with EGM and MMP-2 siRNA (F), AMSCs with EGM and MMP-14 

siRNA (G). Flow cytometry data were analyzed to show the significant 

differences between the groups (H). III: Flow cytometric analysis of VE-

Cadherin (CD144) in four different groups; control group AMSCs with EGM 

(A), AMSCs with EGM and MMP-2 siRNA (B), AMSCs with EGM and MMP-

14 siRNA (C), and HUVECs as the positive control (D). Cell transfection with 

5 µM of ATR2 siRNA for EGM (E), AMSCs with EGM and MMP-2 siRNA (F), 

AMSCs with EGM and MMP-14 siRNA (G). Flow cytometry data were 

analyzed to show the significant differences between the groups (H). 

(*p<0.05, **p<0.01, and ***p<0.001). 

 

4.4.6 ERK, JNK and p38 after 10 Days of Differentiation 

 To examine the role of ERK, JNK and p38 in the differentiation of 

AMSCs to ECs, cell lysates were analyzed by Western blot to detect p-ERK, 

p-JNK and p-p38 in AMSCs cultured with EBM, EGM, EGM + MMP-2 

siRNA and EGM + MMP-14 siRNA groups.  

After 10 days, the results showed no significant change in the 

phosphorylation of p38 in EGM, EGM + MMP-2 siRNA and EGM + MMP-
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14 siRNA groups compared to EBM group (Figure 21.A). AMSCs cultured 

with EGM, EGM + MMP-2 siRNA and EGM + MMP-14 siRNA showed 

significant decrease in the phosphorylation of JNK to less than 60% compared 

to the EBM group (Figure 21.B). AMSCs in EGM showed little increase in p-

ERK in comparison to EBM group (Figure 21.C). AMSCs cultured with EGM 

+ MMP-2 siRNA showed significantly higher phosphorylation for ERK 

compared to the EBM group (Figure 21.C). Likewise, AMSCs cultured with 

EGM + MMP-14 siRNA showed greater significant increase in p-ERK 

compared to that of EBM group (Figure 21.C). 

 

Figure 21: Phosphorylation of p38, JNK and ERK after 10 days of AMSCs 

differentiation to ECs. Western blot detection of p-p38 (A), p-JNK (B) and p-
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ERK1/2 (C) in AMSC lysates after 10 days of AMSC stimulation for EC 

differentiation with EBM (control), EGM, EGM + MMP-2 siRNA and EGM 

+ MMP-14 siRNA. The phospho-proteins were normalized to their total 

protein expressions. (*p<0.05, **p<0.01, and ***p<0.001). 

 

4.4.7 ERK Inhibition 

 ERK was inhibited during AMSCs differentiation to ECs by U0126 

(662005, Calbiochem, USA) to analyze its role in the differentiation process. 

For concentration selection of ERK inhibitor, three different concentrations 

of U0126 were chosen to determine the most effective concentration (0.5 µM, 

1.0 µM and 5.0 µM). The results showed significant decrease in the 

phosphorylation of ERK in EGM with 1.0 µM and 5.0 µM of U0126 

compared to EGM group (Figure 22. I). However, 5.0 µM of U0126 showed 

the highest inhibition among all the three different concentrations (Figure 22. 

I).  Cell viability was tested using automated hemocytometer (Countess, 

Invitrogen, USA) with trypan blue staining, and the results showed high cell 

viability rate (94- 97 %) after ERK inhibition. 
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4.4.8 Expression of EC markers after ERK Inhibition 

 Flow cytometric analysis was done to determine the role of ERK in the 

differentiation of AMSCs to ECs.  AMSCs cultured with EGM, EGM + 

MMP-2 siRNA and EGM + MMP-14 siRNA, with 5.0 µM of ERK inhibitor 

(U0126), were examined for the expression of EC specific markers PECAM1 

and VE-Cadherin. EGM group treated with ERK inhibitor showed significant 

decrease for PECAM1 (Figure 22. II-A) compared to EGM only (Figure 22. 

II-D). There was no significant change in the expression of VE-Cadherin after 

ERK inhibition (Figure 22. III-A) compared to EGM group (Figure 22. III-

D). Moreover, siRNA silencing of MMP-2 + EGM and ERK inhibitor resulted 

in significant decrease in the expression of both markers (Figure 22. II-B & 

III-B) in comparison to the same group without ERK inhibitor (Figure 22. II-

D & III-D). Similarly, EGM + MMP14 siRNA treated with ERK inhibitor 

showed significant decrease in the expression of PECAM1 and VE-Cadherin 

(Figure 22. II-C & III-C) compared to the untreated group (Figure 22. II-D & 

III-D). 



122 

 

 

 



123 

 

Figure 22: Inhibition of ERK phosphorylation and Immunophenotyping for 

EC markers. I: Concentration selection for ERK inhibitor (U0126). Three 

different concentrations 0.5 µM, 1.0 µM and 5.0 µM of U0126 were used. 

Western blot analysis showing significant inhibition of p-ERK by 1.0 µM and 

5.0 µM of U0126. However, 5.0 µM of U0126 showed the highest inhibition 

among all the three different concentrations. The phospho-ERK was 

normalized to its total protein expression. (*p<0.05, **p<0.01, and 

***p<0.001). II: Flow cytometric analysis of PECAM1 (CD31) with ERK 

inhibitor (U0126). Three different groups treated with 5.0 µM of U0126; 

AMSCs with EGM (A), AMSCs with EGM and MMP-2 siRNA (B) and AMSCs 

with EGM and MMP-14 siRNA (C). Flow cytometry data were analyzed to 

show the significant differences between the groups (D). III: Flow cytometric 

analysis of VE-Cadherin (CD144) with ERK inhibitor (U0126). Three 

different groups treated with 5.0 µM of U0126; AMSCs with EGM (A), 

AMSCs with EGM and MMP-2 siRNA (B) and AMSCs with EGM and MMP-

14 siRNA (C). Flow cytometry data were analyzed to show the significant 

differences with or without U0126 (D). (*p<0.05, **p<0.01, and 

***p<0.001). 
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4.4.9 Dose-Dependent Inhibition of ERK by VEGFR2 kinase Inhibitor 

 Our previous study demonstrated that VEGFR2 activity is required for 

the AMSCs differentiation to ECs, and inhibition of VEGFR2 resulted in 

significant decrease in the expression of EC markers (PECAM1 and VE-

Cadherin) [178]. Western Blot analysis was performed to further confirm that 

ERK activity is dependent on upstream signals received from VEGFR2. The 

phosphorylation of ERK was examined after treatment with 0.1 µM, 2.0 µM 

and 5.0 µM of VEGFR2 kinase inhibitor. AMSCs treated with 0.1 µM and 

2.0 µM of VEGFR2 kinase inhibitor resulted in no significant change at the 

level of ERK phosphorylation compared to AMSCs in EGM only (Figure 23). 

The 5.0 µM treatment of VEGFR2 kinase inhibitor showed significant 

decrease at the level of p-ERK compared to EGM only group (Figure 23). 
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Figure 23: Dose-dependent inhibition of ERK by VEGFR2 kinase inhibitor. 

Western blot detection of p-ERK with three different concentration of 

VEGFR2 kinase inhibitor (0.1 µM, 2.0 µM and 5.0 µM), showing significant 

decrease in ERK phosphorylation with 5.0 µM of VEGFR2 kinase inhibitor. 

The phospho-ERK was normalized to its total protein expression. (*p<0.05, 

**p<0.01, and ***p<0.001). 

 

4.5 Discussion  

 There are numerous challenges to fully understand the mechanisms 

underlying the differentiation of AMSCs to ECs including signaling pathways 

and cross-talk between them that induce AMSCs differentiation toward a 
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specific lineage. In this study, CD11b- / CD45- AMSCs were immuno-

positive for CD44, CD90 and CD29 which is known to be expressed in MSCs 

isolated from adipose tissue [190–192]. We demonstrate that ERK activity is 

required for the upstream signals from VEGFR2 to induce the endothelial cell 

differentiation of AMSCs (Figure 24). The inhibition of ERK resulted in 

significant decrease in the expression of CE markers, and VEGFR2 kinase 

inhibitor decreases the phosphorylation of ERK. However, silencing ATR2 

did not affect the expression of EC markers after 10 days of stimulation for 

EC differentiation. 
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Figure 24: Signaling transduction pathway of AMSCs differentiation to 

ECs and negative crosstalk between ERK and JNK. ERK receives signals 

from VEGFR2, and induces the transcription of EC markers during AMSCs 

stimulation for EC differentiation. ERK activation phosphorylates MKP-7 

and blocks JNK signaling pathway. 

 

 Cell migration requires molecular and structural changes in order for 

the cell to move from adhesive to migratory state [193]. We have recently 

shown that silencing MMP-2 and MMP-14 induces the expression of EC 

markers and endothelial functionality [178]. Herein, we examined the effect 

of MMP-2 and MMP-14 inhibition on the migration of AMSCs during EC 

differentiation. MMPs have been identified as their ability to translocate from 

the membrane or cytosol to the nucleus, playing important roles in cell 

development, morphogenesis, migration, proliferation and differentiation 

[65,154]. A broad-spectrum MMP inhibitor inhibited the migration of MSCs, 

indicating critical roles for MMPs in this process [65]. MMP-2 knockdown 

resulted in the inhibition of stromal-derived factor-1 (SDF1) / CXCR4 

signaling, and impaired MSC migration [194]. MMP-2, MMP-14 and CXCR2 

are expressed by MSCs to promote migration to injured tissues [195]. 

Valproic acid was also found to up-regulate the expression of CXCR4 and 
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MMP-2, and promote MSC migration[196]. Moreover, silencing MMP-2 

inhibits the migratory activity of MSCs through bone marrow endothelium 

[197]. Likewise, silencing MMP-2 and MMP-14 was found to impair BM-

MSCs migration [110]. The up-regulation of MMP-2 and MMP-14 by various 

inflammatory cytokines is crucial for the recruitment of MSCs, and their 

migratory activities to injured tissues [110]. Our data showed that silencing 

MMP-2 and MMP-14 decreased the migratory activities of AMSCs during 

endothelial cell differentiation in comparison to AMSCs in EGM only. These 

findings indicate the crucial effect of MMP-2 and MMP-14 in AMSC 

migration, and provide additional key role of MMP-2 and MMP-14 in the re-

endothelialization of denuded arteries following intervention. 

 Angiotensin II (ATII) induces the expression and activity of MMP2 via 

JNK pathway in macrovascular endothelial cells, indicating the importance of 

ATRs in the activation of MMP2 [198]. It has been also reported that ATII 

induces the expression of MMP2 and MMP14 [199], through MAPK pathway 

in epithelial cells [200]. Since ATR2 signals can increase the expression of 

MMP-2 and MMP-14, we examined the effect of silencing ATR2 on the 

migration of AMSCs during endothelial differentiation. Our data showed no 

significant difference in the migration of ATR2-silenced AMSCs compared 

to AMSCs with EGM only. These results indicate that ATR2 has no effect on 
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the migration of AMSCs during endothelial differentiation, and therefore, 

may have no effect on MMP-2 and MMP-14 activity or expression.  

Angiotensin II in combination with VEGF was found to induce BM-

MSCs differentiation to ECs, and the blockage of ATR2 attenuated this 

process [187]. Stimulation of ATR2 was also found to activate the neural 

differentiation, and monocyte differentiation to dendritic cells [188,189]. 

However, in this study the data showed that ATR2 silencing has no effect on 

the expression of EC markers after 10 days of stimulation for EC 

differentiation. 

To date, little is known about the mechanisms underlying MSC 

differentiation to ECs. In a recent report, our data indicated that VEGFR2 is 

required for the EC differentiation of AMSCs. The increased expression of 

EC markers after silencing MMP-2 and MMP-14 was referred to the cleavage 

activity of these proteases on the extracellular domains of VEGFR2 [178]. 

Inhibition of VEGFR2 kinase during EC differentiation resulted in significant 

decrease in the expression of EC markers indicating that EC differentiation is 

regulated through VEGFR2 activity [178]. VEGFR2 is involved in many of 

the cellular activities of vascular ECs [142,201]. MAPK signal transduction 

pathways are initiated by either integrins or growth factors [202], and are 

known to have key role in various cellular activities including proliferation 
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and differentiation [125,203–205]. VEGFR2 signals are crucial for EC 

differentiation and survival [206]. Since VEGFR2 and its growth factor 

regulate AMSCs differentiation into ECs, MAPK may play a key role in 

mediating this differentiation.  

To determine the down-stream signaling of VEGFR2 during EC 

differentiation, we examined MAPK/ERK, JNK and p38 signaling pathways. 

JNK phosphorylation significantly decreased after 10 days of stimulation for 

EC differentiation compared to non-stimulated cells (EBM), while p-p38 was 

not clearly affected under the same conditions. The phosphorylation of ERK, 

however, was significantly increased after 10 days of EC differentiation in 

EGM + MMP-2 siRNA and EGM + MMP-14 siRNA. This indicates that the 

change in ERK phosphorylation is in parallel with the increased activities of 

VEGFR2, suggesting that ERK receives signals from VEGFR2 and induces 

the transcription of EC markers during AMSC differentiation to ECs (Figure 

18). When ERK is activated, it can directly phosphorylate some transcription 

factors and induce differentiation [207]. Moreover, the results showed that the 

expression of EC markers (PECAM1 and VE-Cadherin) was significantly 

reduced with inhibition of ERK during EC differentiation compared to 

stimulated AMSCs without ERK inhibitor. To further support our data that 

demonstrates an association between VEGFR2 activity and ERK 
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phosphorylation, a dose-dependent inhibition of ERK by VEGFR2 kinase 

inhibitor was performed. The results showed significant decrease in ERK 

phosphorylation associated with the increase in the concentration of VEGFR2 

kinase inhibitor.  

Cellular stress and cytokines are the major stimuli that activate JNK 

pathway and mediate apoptosis, proliferation or cell survival [208]. The 

crosstalk inhibition between MAPK pathways is promoted by protein 

phosphatases [208]. These phosphatases control cell responsiveness to a 

stimulus that promotes physiological functions, and prevent prolonged 

stimulation from causing pathological effects [208]. Inhibition of p38 has 

been reported to increase ERK phosphorylation, whereas ERK inhibition 

induces p38 phosphorylation and promotes osteogenic differentiation of BM-

MSCs indicating a crosstalk between ERK and p38 signaling pathways [209]. 

Another study implicated the essential role of JNK and p38 activation, but not 

ERK, in erythroid differentiation of SKT6 cells (Epo-responsive mouse 

erythroleukemia) [210]. Mixed lineage kinase-3 (MLK-3) is a 

serine/threonine kinase that activate JNK signaling pathway [211]. MLK-3 

restricts ERK phosphorylation independent of rapidly accelerated 

fibrosarcoma (Raf) activation [212]. This effect can be reversed by inhibition 

of JNK suggesting a negative crosstalk between JNK and ERK signaling 
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pathways [211]. Moreover, MAPK phosphatase-7 (MKP-7), a JNK-specific 

phosphatase, anchors p-ERK and prevents ERK-mediated transcription [213]. 

Additionally, p-ERK can phosphorylate and stabilize MKP-7 indicating that 

ERK activation blocks JNK pathway [214,215]. Our study demonstrated the 

inhibitory effect of ERK activation on JNK pathway (Figure 7). The 

phosphorylation of ERK was significantly increased in EGM + MMP-2 

siRNA and EGM + MMP-14 siRNA groups, which was also associated with 

significant decreases in p-JNK. 

 

4.6 Conclusion 

In the present study, we demonstrate that VEGFR2–induced 

upregulation of EC markers is mediated by the activation of ERK signaling 

pathway, whereas p38 and JNK had no effect on this process. The activation 

of ERK pathway resulted in a negative crosstalk with JNK pathway, and 

inhibited JNK phosphorylation. Hence, further in-vivo studies would support 

the findings. ATR2 silencing showed no effect on AMSCs differentiation to 

ECs.  These findings provide new insights into the in-vitro generation of 

transplantable AMSCs for potential clinical applications. The better 

understanding of key signaling pathways that regulate AMSCs differentiation 
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to ECs would further enhance the potential use of AMSCs in regenerative 

medicine to treat cardiovascular diseases. 
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5.1 Overall Conclusion 

 Cell-based therapy using AMSCs has the potential to make a significant 

contribution toward the treatment of cardiovascular diseases. Despite the 

current progress and overall understanding of AMSCs at the cellular and 

molecular level, a number of critical questions need to be answered for a 

successful transition from clinical research to therapeutic application. This 

study aims to investigate the role of MMPs, as key regulators of cell functions 

and signaling pathways, in the potential contribution of AMSCs in re-

endothelialization of denuded arteries following stent implantation.  

In this study, AMSCs were successfully isolated from abdominal wall 

of porcine adipose tissue. The isolated cells possess the typical MSC 

characteristics including adhesion to plastic flasks, fibroblast-like 

morphology, expression of MSC markers and capability for multi-lineage 

differentiation. The mRNA expression of MMPs and TIMPs during the 

differentiation of AMSCs to ECs was evaluated. The results showed 

significant increase in mRNA expression of MMP-2 and MMP-14 during the 

differentiation process. These results were supported by the significant 

increase in the activity and protein expression of MMP-2 and MMP-14. To 

further evaluate the effect of MMP-2 and MMP-14 in EC differentiation of 

AMSCs, the expression of EC-specific markers (PECAM1 and VE-Cadherin) 
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with or without MMP-2 and MMP-14 knockdown was examined. 

Surprisingly, silencing MMP-2 and MMP-14 resulted in significantly higher 

expression of EC markers suggesting the inhibitory effect of MMP-2 and 

MMP-14 up-regulation on the differentiation of AMSCs to ECs. Formation 

of capillary-like structure and Ac-LDL uptake are functional characteristics 

of ECs. These functional characteristics were also examined in differentiated 

AMSCs in the presence or absence of MMP-2 and MMP-14 siRNAs. The 

results revealed that silencing MMP-2 and MMP-14 not only increase the 

expression of EC markers, but also enhances the functionality of differentiated 

cells. This effect suggest the crucial role of MMP-2 and MMP-14 in 

manipulating the activity of a key player molecule (VEGFR2) during AMSCs 

differentiation to ECs which led to significant decrease in EC differentiation 

and functionality.   

Since the EC differentiation of AMSCs was stimulated with 50 ng/ml 

of VEGF, which is known as a major player in this process, examining the 

effect of MMP-2 and MMP-14 silencing on the activity of VEGFR2 was a 

next logical step to identify the mechanism of effect. Immunofluorescence 

with antibody that targets the extracellular domains of VEGFR2 showed a 

significant higher staining for VEGFR2 after silencing MMP-2 and MMP-14. 

This indicated a cleavage activity of these two proteases on the extracellular 
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domain of VEGFR2, which was inhibited by MMP-2 and MMP-14 

knockdown. Moreover, the inhibition of VEGFR2 resulted in significant 

decrease in the expression of EC markers suggesting a crucial role of 

VEGFR2 in transmitting signals to stimulate EC differentiation. 

Following that, the aim was to define the downstream signaling 

pathway that regulates AMSCs differentiation to ECs through VEGFR2. 

Since the classical pathways of MAPK are among the major signaling 

pathways that can be triggered by signals from VEGFR2, ERK, JNK and p38 

were examined. The results showed a significant increase in the 

phosphorylation of ERK, relatively associated with the increase in the 

expression of EC markers and VEGFR2 activity. It is worth mentioning that 

p-JNK declined significantly during EC differentiation suggesting a negative 

cross-talk with ERK. The phosphorylation level of p38 did not clearly change 

during EC differentiation. To further support these results, the inhibition of 

ERK significantly reduced the expression of EC markers. Additionally, 

VEGFR2 as a mediator of downstream signaling cascades that promotes the 

induction of ERK pathway during EC differentiation was confirmed. Dose-

dependent inhibition of ERK by VEGFR2 kinase inhibitor resulted in a 

significant decrease in the phosphorylation of ERK associated with the 

increase in the concentration of VEGFR2 inhibitor. 
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   The findings of this study provide novel roles of MMP-2 and MMP-

14 in regulating the differentiation of AMSCs to ECs through VEGFR2. The 

results also demonstrate, for first time, that the EC differentiation of AMSCs 

is initiated via transmembrane signaling of VEGFR2 that promote the 

activation of ERK as the downstream signaling pathway in this process. The 

present study showed that silencing MMP-2 and MMP-14 increased the 

expression of EC markers after 10 days of AMSC differentiation to ECs, while 

inhibition of VEGFR2 and ERK resulted in impaired expression of EC 

markers. However, silencing ATR2 resulted in no significant change in the 

expression of EC markers after 10 days of AMSC differentiation to ECs 

(Table 2).  
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Table 2: Percentage of AMSCs that Express EC markers after 10 days of 

Differentiation to ECs. AMSCs were stimulated for EC differentiation by 

different treatments including EBM (endothelial basal media), EGM 

(endothelial growth - differentiation – media), siRNA silencing of MMP-2, 
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MMP14 and ATR2 (siMMP-2, siMMP-14 and siATR2 respectively), VEGFR2 

kinase inhibition and ERK inhibition.   

 

5.2 Limitations and Future Perspectives  

    Although MSCs are attractive candidates for the treatment of 

cardiovascular diseases, the therapeutic efficacy and mechanisms underlying 

the differentiation of MSCs still remain to be investigated. A better 

understanding of key signaling pathways that regulate AMSCs differentiation 

to ECs would further enhance the potential use of AMSCs-based therapy to 

treat cardiovascular diseases. The findings of this study provide new insights 

into the regulation of AMSCs differentiation to ECs by MMP-2 and MMP-

14, and the underlying mechanism that promotes this process. However, 

further experiments are required to address other mediators of AMSC 

differentiation to ECs that would enhance the rate of differentiated cells 

similar to that of BM-MSCs.  

In this study, all experiments were conducted in vitro. Therefore, 

further in vivo clinical studies using knock down MMP-2 and MMP-14 

animal model or specific inhibitors to these proteases would advance our 

knowledge on the key role of MMP-2 and MMP-14 in regulating the 

endothelial differentiation of AMSCs. Moreover, the current study provides 
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clear evidence of the key role of ERK signaling pathway in promoting the 

differentiation of AMSCs to ECs through VEGFR2. Such molecular insights 

provide new mechanistic strategies on how to enhance the rate of 

differentiating AMSCs to ECs. In addition, VEGFR2-specific agonists may 

provide a potential therapeutic strategy for the re-endothelialization of injured 

blood vessels. However, ERK signaling pathway play major roles in various 

cellular events, and targeting this pathway with synthetic or natural mediators 

may interfere with other cellular processes including apoptosis. Since the 

activation of JNK pathway was implicated in osteogenesis and neuronal 

differentiation, but not EC differentiation, synthetic inhibitor for JNK may 

also improve the commitment of the differentiating AMSCs specifically 

toward EC lineage and prevent unwanted differentiation to other lineages. The 

better understanding of key signaling pathways that regulate AMSCs 

differentiation to ECs would further enhance the potential use of AMSCs in 

regenerative medicine to treat cardiovascular diseases. Another limitation that 

remains to be overcome is to evolve new strategies for MSC delivery to a 

target site with high survival rate after transplantation. A large number of 

clinical trials with long-term follow up would enhance our understanding of 

the therapeutic efficiency of AMSCs in regenerative medicine.  
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