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ABSTRACT 

 

Cardiovascular disease is the leading cause of mortality and morbidity 

in developed countries. The main contributing factor to vascular disease is the 

formation of atherosclerotic plaques. The vascular endothelium is an 

important barrier against atherosclerosis. Endothelial dysfunction or 

endothelium loss promotes atherosclerosis progression and stenosis. 

Furthermore, endothelium loss permits restenosis to occur following 

interventional procedure.  The human body’s stem cells serve as an 

endogenous repair mechanism for damaged endothelium. However, this 

repair system is not entirely effective, and vascular disease is still a major 

health problem. Over the past decade, stem cell therapy for treatment of 

cardiovascular disease has opened new perspectives on cardiac tissue repair 

with bone marrow-derived mesenchymal stem cells (BM-MSCs) being the 

most frequently used source.  

Adipose-derived mesenchymal stem cells (ADMSC) are promising 

candidates for endothelium regeneration because of their superior 

proliferative capacity compared to bone-marrow-derived MSCs. However, 

most of the in vitro studies using mesenchymal stem cells (MSCs) report low 

rates of endothelial cell differentiation and low survival rates. The goal of this 
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study was to examine the effects of vitamin D treatment of MSCs on their 

differentiation and therapeutic potential.  

The central hypothesis is that 1,25-Dihydroxyvitamin D [1,25-

(OH)2D3] (calcitriol) and VEGF enhance the differentiation of ADMSCs into 

endothelial cells (ECs) by dampening the Wnt pathway, and these 

differentiated cells are able to re-endothelialize injured coronary arteries. 

In this study, the effect of calcitriol stimulation on the expression of 

vitamin D receptor (VDR) and vitamin D metabolizing enzymes, which 

include CYP24A1 and CYP27B1, was examined in MSCs isolated from 

porcine subcutaneous adipose tissue. Further, the in vitro biosynthesis was 

also measured following stimulation with calcidiol, (25(OH)D3). Next, 

ADMSCs were stimulated and differentiated into ECs with endothelial growth 

media and vascular endothelial growth factor (EGM and VEGF) and EGM 

media containing calcitriol (EGM and VEGF w/calcitriol) for 10 days.  The 

expression of EC markers, platelet endothelial cell adhesion molecule 

(PECAM-1) and vascular endothelial cadherin (VE-cadherin), along with 

proteins in the Wnt pathway was examined after 10 days of differentiation 

using PCR. Also, EC function was examined using angiogenesis and 

acetylated low density lipoprotein (LDL) uptake assays after 10 days of 

differentiation.   β-catenin and Kremen1 are two main mediators in the Wnt 
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pathway. The effects of silencing β-catenin and Kremen1 on ADMSC 

differentiation, EC marker expression and EC function were assessed.  

Finally, the ability of differentiated ADMSCs to adhere on the luminal surface 

of a denuded coronary artery was examined ex vivo using a bioreactor system.   

ADMSC express VDR and vitamin D metabolizing enzymes and 

possess the capability of converting inactive vitamin D to the active form of 

vitamin D. Treatment of ADMSCs with calcitriol significantly increased 

mRNA and protein levels of VDR and CYP24A1 while CYP27B1 was 

significantly decreased compared to control. Calcidiol treatment significantly 

increased the amount of calcitriol in the ADMSC and the use of CYP inhibitor, 

Ketoconazol, significantly reduced the amount of calcitriol that was produced. 

Calcitriol enhanced EGM and VEGF-induced differentiation of ADMSCs 

into ECs, as revealed by an increase in mRNA and protein expression of EC 

markers.  Assessment of endothelial functionality showed significant 

increases in capillary tube sprouting, and LDL uptake by differentiated cells 

in response to EGM and VEGF with calcitriol. Findings from Wnt Pathway 

array revealed a decrease in β-catenin and an increase in Kremen1 protein in 

the cells treated with EGM and VEGF with calcitriol. Silencing of β-catenin 

resulted in a significant increase in the expression of EC markers, formation 

of capillary tubes, and LDL uptake. Silencing of Kremen1 had the opposite 
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effect. The ex vivo study demonstrated that ADMSCs differentiated with 

VEGF and calcitriol or VEGF alone had the ability to adhere to an 

endothelium-denuded vascular graft and restore endothelium-dependent 

relaxation following a 24-hour incubation period in a bioreactor system. These 

data suggest that calcitriol works synergistically with VEGF through the Wnt 

pathway to significantly increase the differentiation of ADMSC into ECs. 

Thus, priming MSCs with VEGF and calcitriol or downregulating β-catenin 

can significantly contribute to the differentiation of ADMSCs. This 

translational study will give us an opportunity to explore inexpensive, new, 

and safe therapeutic applications of vitamin D-primed MSCs in the treatment 

of cardiovascular disease, which could provide enhanced cell survival 

efficiency, endothelial function and inhibition of restenosis, compared to 

MSC therapy alone.  
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1.1 Epidemiology of Atherosclerosis 

 

1.1.1 Defining Atherosclerosis 

 

Atherosclerosis is a disease of the arteries that is caused by the buildup 

of plaque that is predominantly made up of cholesterol, calcium, fibrin, fatty 

substances, and cellular waste (1). The buildup  in the artery prevents blood 

flow to and from the heart due to the thickening of the wall and loss of 

elasticity, which is why a general term for this silent disease is “hardening of 

the arteries” (2). This buildup leads to thickening of the wall and loss of 

elasticity and prevents blood flow to and from the heart. 

 

1.1.2 Prevalence, Morbidity, and Mortality            

 

Cardiovascular disease (CVD) remains the leading killer in the Western 

World. For every 100,000 Americans 222.9 deaths are due to CVD, which 

affects all genders, ethnicities, and races. Even though reports show that 

CVD declined from 2003 to 2013, the death rate due to CVD is still around 

30.8% in the United States (3). Cardiovascular disease is a general term that 
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encompasses all disease that involves blood vessels and the heart. Most 

commonly CVD includes coronary artery disease such as myocardial 

infarction and angina (4). However, CVD is a wide array of disease that 

affects the blood flow such as venous thrombosis, cardiomyopathy, stroke, 

rheumatic heart disease, carditis, peripheral artery disease, aortic aneurysms, 

congenital heart disease, hypertensive heart disease, heart arrhythmia, and 

valvular heart disease (5,6). Many of these heart diseases are due to 

atherosclerosis. 

Atherosclerosis alone is responsible for the death of 1 in every 7 in 

people living in the United States (3). In the most recent data published 

370,313 people died in the United States of atherosclerosis and every year 

around 660,000 individuals suffer from the first attack related to 

atherosclerosis and bout 305,000 suffer a second attack (3). Current 

treatment for atherosclerosis in the United States is focused on acute care 

management.  

The annual direct and indirect cost of CVD is about 500 billion dollars in 

the United States, which would average 4,000 dollars per household (3).  

Risk factors that induce atherosclerosis fall into two categories; genetics 

and lifestyle. The first is less controllable, such as family history, and 
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genetic abnormalities (7–9). Most of the family history or genetic 

abnormalities alone are not a predisposition for developing atherosclerosis, 

most of the development occurs when it is multifactorial with diabetes and 

hypertension. The second category relates to lifestyles, such as eating fatty 

foods that increase the serum cholesterol of low-density lipoprotein 

cholesterol followed with the lack of exercise and obesity. Smoking and 

drinking alcohol will also increase the risk of developing atherosclerosis 

(10–12).   

 

1.2 Pathophysiology and Development of Atherosclerosis 

 

1.2.1 Classification of Atherosclerosis 

 

Atherosclerosis is classified by four hypotheses, the first that it is due to 

intimal cellular proliferation (13). Another is that it is due to repetitive 

formation and organization of thrombi (14). The response-to-injury 

hypothesis (15), incorporates the first two hypotheses together. The most 

current idea believes that atherosclerosis is due to chronic inflammation that 

begins with the healing response to injured endothelium (16). This model 



5 

 

 

claims that the lesion worsens once the arterial wall interacts with 

lipoproteins, T lymphocytes, and monocyte-derived macrophages (17). 

 

1.2.2 Pathophysiology of Atherosclerosis 

 

The mechanism that underlies the cause of all forms of atherosclerosis 

is characterized by damage to the endothelium, accumulation of lipoproteins, 

monocyte adhesion to the endothelium, platelet adhesion, factors released by 

the recruited cells, smooth muscle cell proliferation, extracellular matrix 

production, and the accumulation of lipids within the cells and 

extracellularly within the subintima (18,19). The key atherosclerosis 

initiation is an injury to the endothelium (15). Loss of the endothelium by 

mechanical denudation, immune complex deposition, hydrodynamic forces, 

chemicals, or irradiation (20) will lead to the thickening of the intima. A diet 

high in fat and a sedentary lifestyle increases the likelihood of atheroma  

(21,22). Many times the lesion will occur in places where the endothelium is 

completely intact. In this environment, the endothelium shows the 

characteristic of permeability, which enhances the leukocyte adhesion that 

alters the gene expression in the cells surrounding the lesion (23). Currently, 

the pathway of endothelium dysfunction is not well established; however, it 



6 

 

 

is believed that hyperlipidemia that can be caused by alcohol consumption, 

hypertension, smoking tobacco toxins, homocysteine, and infectious agents 

such as viruses and bacteria that trigger an immune response (24,25).  

The leading causes of endothelial dysfunction that have been heavily 

investigated are due to the hemodynamic disturbance and 

hypercholesterolemia (26–28). The hemodynamic disturbance hypothesis 

was developed due to the fact that much of the plaque is primarily built up in 

the opening of the vessel, branch points, and any other place where a 

disturbance in the blood flow tends to occur (29,30). In patients with an 

atheromatous the plaque has been characterized as being dominated by lipids 

of cholesterol and cholesterol esters (31–33). Hyperlipidemia, is believed to 

directly impair the endothelium by causing an increase of oxygen free 

radical that partakes in the acceleration of nitric decay that prevents 

vasodilation (34). Lipids are then oxidized either by the production of 

oxygen free radicals by the endothelium or by the macrophages.  

Macrophages ingest the oxidized LDL through scavenger receptors (SR-A1 

and SR-A2) (35) present on the surface of macrophages and LDL is 

accumulated inside the phagocytic cells which are then called foam cells. 

The oxidized LDL are also responsible for stimulating the release of 

cytokines, growth factors, and chemokines by the endothelial cells and 
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macrophages that recruit more monocytes to the site of injury as well as 

smooth muscle cells to the intima (36). As these cells continue to engulf 

lipids, the artery forms what is called a fatty streak.  Following the 

endothelium dysfunction, the cell permeability increases leukocyte adhesion 

molecules such as vascular adhesion molecule 1 (VCAM-1) are recruited to 

endothelium, which assist binding of binding monocytes and T- cells, which 

later are joined by migrating smooth muscle cells. Recruited T-cells release 

a series of   chronic inflammatory responses, which can add to the dynamic 

of growth factors being released that in turn promote smooth muscle 

proliferation and ECM synthesis (37). The proliferation of the smooth 

muscle that release collagen, and other ECM deposition, leads to 

extracellular lipid buildup and a mature atheroma that contributes to the 

fibrous cap, which prevents the blood flow.   

 

1.3 Therapeutic Management of Atherosclerosis 

 

1.3.1 Common Medications for Atherosclerosis  

 

The development of atherosclerosis has caused researchers to look at 

the way to lessen its progression and to prevent endothelial dysfunction. The 
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focus has been on lifestyle changes, medication, surgery, and catheter-

assisted procedures. One way to change lifestyle is by eating foods that are 

low in LDL, and eating food with high-density lipoprotein cholesterol 

(HDL), accompanied by an active lifestyle (38). In many cases, a restrictive 

diet does not entirely prevent the atheroma progression, and pharmacologic 

intervention is required. Medication can be prescribed from three classes: 

lipid-lowering (38), antihypertensive (39), and antiplatelet agents (40). 

Lipid-lowering drugs also known as a statin, have been shown to benefit 

atherosclerosis by decreasing the LDL (41,42). Antihypertensive drugs, such 

as beta-blockers and angiotensin converting enzyme (ACE), alternatively a 

physician may also prescribe angiotensin II receptor antagonists (ARBs) or 

calcium channel blockers (43–45). Antihypertensive medication is normally 

used to lower blood pressure.  The third type of medications is antiplatelet 

agents that will help in decreasing platelet aggregation and can inhibit the 

formation of thrombus. Statins are irreversible cyclooxygenase inhibitors, 

and block eicosanoid synthesis by diminishing the production of platelet 

aggregation, thromboxane A2, blood clotting, and overall vascular 

constriction (46–48). 
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1.3.2 Percutaneous Coronary Intervention 

 

Catheter-assisted and other surgical procedures are now widely accepted 

as a more aggressive therapy (49). A therapy commonly used is 

percutaneous transluminal coronary angioplasty (PTCA) (50). In this 

procedure, a catheter guided wire that is threaded through the groin area, 

usually via the femoral artery, to the site of occlusion monitored by 

radiograph. The catheter has a small balloon at the end. Once the end of the 

catheter has reached the site of occlusion, the balloon is inflated with high 

pressure for a short time.  As the balloon expands it allows the atheromatous 

plaque to be compressed, which increases the volume of the volume of the 

intima.  The balloon is then deflated and withdrawn from the patient (50). 

The procedure is safe and effective for a short time. The limitation of this 

procedure is that the mechanical force that is used during the inflation of the 

balloon causes mechanical trauma to the tunica intima, causing abrasion and 

possible denudation, which leads to post-angioplasty restenosis. Restenosis 

is defined as narrowing of a vessel that has been treated, which in some 

patients  can occur as fast as six months from the first procedure (51). 
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1.3.4 Angioplasty with Stenting 

 

The problem with post-angioplasty restenosis has driven scientists to 

develop other methods of keeping the occlusion from reclosing, such as 

using a mesh-like tube made of wire at the site of occlusion, which is called 

bare-metal stent (52). The procedure is the same as with the angioplasty, the 

difference is that the stent surrounds the small balloon and when the balloon 

is inflated at the site of the occlusion the stent is expanded and once the 

balloon is deflated the stent is left at the site of occlusion to reduce that 

amount of restenosis. Nevertheless, angioplasty with stenting still allows 

restenosis to occur, which is called in-stent restenosis (53). After the stent is 

put into place, new tissue seems to grow under and through the stent struts. 

The hypothesis is that the stent causes abrasion of the endothelial layer 

causing further damage and leading to restenosis. 

 

1.3.5 Drug Eluting Stents  

 

Researchers developed a method to prevent in-stent restenosis. The 

development of drug-eluting stents were introduced (54), which are stents 

coated with a drug to prevent the abrasion and scarring of the coronary 
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artery where the occlusion is occurring and prevent or reduce the amount of 

in-stent restenosis (54). The drug-eluting stents are meant to stop the cellular 

proliferation by inhibiting the DNA synthesis and prevent the cell cycle (55). 

The drug-eluting stents also contain anti-inflammatory properties (56).  

Two main drug-eluting stent medications that are commonly used for 

the treatment of atherosclerosis are paclitaxel and sirolimus, which is also 

known as rapamycin (57). Sirolimus was originally discovered as an 

antifungal drug that is also used as an immunosuppressant (58). Sirolimus is 

a good candidate to prevent the proliferation of smooth muscle cells since it 

can diffuse through the cell membrane, and inhibit the regulatory enzyme 

called target of rapamycin (TOR), which blocks the cell from going from G1 

to S phase (59).  

Paclitaxel, which was originally used as a chemotherapy agent to treat 

breast and ovarian cancer  (60,61), is also lipophilic and can diffuse through 

the cell membrane easily and prevents mitosis by inhibiting the DNA 

synthesis by stopping the cell at G0 to G1 and G2 to M phase in the mitotic 

cell cycle due to the assembly of microtubules (62). This prevents the 

proliferation of smooth muscle cell at the site of injury. Paclitaxel and 

sirolimus, lack specificity and in addition to smooth muscle cells also inhibit 

the proliferation rate of the endothelial cell (62).  
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The inhibition rate of endothelial cells is crucial for the healing of the 

coronary artery since the inhibition causes the delay of endothelialization. 

Sirolimus directly induces apoptosis of the endothelium by inhibiting 

proliferation and migration of endothelial cells and decreasing circulating 

levels of the vascular endothelial growth factor (VEGF).  Paclitaxel also 

works very similar to sirolimus in that it delays the endothelialization at the 

site treated from the occlusion, by inhibiting endothelial cell adhesion and 

the migration of endothelial cells.  Current pharmacotherapeutic options do 

not selectively target the smooth muscle cells without adversely affecting the 

proliferation and migration of endothelial cells, which are necessary for 

repair. As of now, an optimal treatment is still unknown. 

 

1.3.6 Coronary Artery Bypass Graft 

 

An evasive method of treating atherosclerosis plaque, which is 

normally used for more critical cases, is a surgical procedure called coronary 

artery bypass graft (CABG) (63). The surgical procedure is also used for 

repeated cases in which the patient has already been treated with angioplasty 

and stenting and complications of restenosis have occurred. The flow of 

blood can be restored in the diseased artery by bypassing the occlusion. 
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During the procedure, surgeons use an autologous saphenous vein (SV) (64) 

from the patient’s leg, internal mammary artery (IMA) (65), or part of the 

radial artery from the patient's arm (66). The graft is used to make a new 

path for the blood to travel since the artery is occluded and blood flow is 

limited. 

CABG requires a team of specialized individuals as well as a surgical 

suite for the procedure to be performed and a long period of recovery after 

the procedure. This is why physicians will normally recommend angioplasty 

and stenting if applicable. Furthermore, endothelial dysfunction has also 

been reported after CABG procedure (67,68). This is due to the shear stress 

and pressure that the graft is placed under during the procedure. In many 

cases the patient that is recommended for the CABG procedure, will 

ultimately not qualify due to the lack of healthy vessels for the graft. The 

only options are angioplasty and stenting procedures, which still have many 

limitations. In these cases, endothelium damage in unavoidable. A possible 

solution to re-endothelialize injured coronary arteries could be stem cell 

treatments. 
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1.4 Mesenchymal Stem Cells 

 

Currently, stem cell therapy for treatment of atherosclerosis has opened 

new perspectives in cardiac tissue repair  (69).  A specific stem cell line that 

has been used in multiple research studies is (MSCs).  MSCs are the future 

of stem cell therapy with the potential to treat a wide variety of diseases. 

MSC are present and able to be isolated from multiple organs, which include 

bone marrow (70), adipose tissue (71), liver and spleen (72), dental pulp 

(73), amniotic fluid (74) and in umbilical cord blood (75). In order for MSCs 

to be characterized as MSCs, they need to fall into three categories. They 

need to adhere to plastic; express the cell surface markers CD73, CD90, and 

CD105; and lack the expression of markers commonly found on 

macrophages, hematopoietic stem cells - such as CD45, CD34, CD14 or 

CD11b, CD79α or CD19- and HLA-DR surface molecules, and finally 

MSCs are multipotent and are able to differentiate into the tri-lineage, which 

is made up of osteocytes, chondrocytes and adipocytes in vitro (76). The 

differentiation into the tri-lineage has caused an advancement of research on 

stem cell’s ability to differentiate into a diverse number of mesodermal 

lineage cells. Currently, MSC have successfully been differentiated in vitro 

into hematopoietic (77), cardiomyocytes (78), and other non-mesodermal 
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origin cells, such as hepatocytes  (79).  MSCs are highly attractive for 

potential cell-based therapy due to the simplicity isolation , high 

proliferation rates (80) , and low immunogenicity (81) .  Much of the in vitro 

work that has been conducted using MSCs comes from the most popular 

sources, bone marrow or adipose tissue since they have been known to have 

higher purity and a higher percentage of MSCs residing in the two areas. 

 

1.4.1 Adipose-Derived Mesenchymal Stem Cells 

 

Bone-marrow and adipose-derived MSCs are very similar in the 

characterization and differentiation into the multiple lineages. MSCs derived 

from adipose tissue have higher proliferation rates compared to bone-marrow 

derived MSCs (82). MSCs represent 0.001% of cells in the bone marrow, 

which decreases the chances of being available for clinical purposes. The low 

number would make using bone marrow derived MSCs a challenging when 

the patient needed the stem cell in short time span (83). However, the most 

abundant MSCs are found in the adipose tissues which are a promising sign 

of MSCs that can be used when needed for stem cell therapy. Adipose-derived 

MSCs can easily be harvested from a minimally invasive simple liposuction 

procedure. Adipose tissues have a much larger amount of stem cell density 
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compared to bone marrow of 0.01% compared to 0.001% respectively. With 

a small amount of adipose tissue, MSCs are able to be isolated and used when 

a large number of cells are needed in a clinical procedure, and with the high 

proliferation rate, adipose-derived MSCs seem like a prime candidate for 

procedure consisting of a large amount of stem cells (84–88). 

MSCs have the potential to function when needed in clinical aspects 

especially when treating atherosclerosis, however not much research has been 

conducted in the differentiation pathways and how MSCs can differentiate 

into endothelial cells. 

 

1.5 Vitamin D Metabolism 

 

The role of vitamin D in bone health has been studied extensively. Vitamin 

D deficiency has been shown to lead to low bone density and even 

osteomalacia. Vitamin D has also been associated with osteopenia, 

osteoporosis, muscle weakness, and increase a chance of fractures (89,90). 

Most vitamin D studies have investigated bone tissue. Very little research on 

vitamin D deficiency has been associated with non-skeletal muscle illnesses. 

However, vitamin D has been linked to diseases such as cancer, autoimmune 

diseases, in factious disease, and cardiovascular diseases (91). Currently, there 
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are two known major sources of vitamin D, one obtained from dietary intake 

and another by converting 7-dehydrocholesteral that is found in the skin to 

vitamin D by the reaction with the UV radiation produced by the sun. Vitamin 

D that is obtained through both process goes through multiple steps to make 

the inactive form to the active form, from 25-hydroxyvitamin D (25OH) 

vitamin D to the active form of 1,25-dihydroxyvitamin D [1,25(OH)2D3] (92).  

The active form, [1,25(OH)2D3], is taken up by target cells that possess the 

vitamin D receptor(VDR). The active form of vitamin D has been known to 

be activated by the kidney tubule cells that express CYP27B1 metabolizing 

enzyme, however in addition to these kidney tubule cells, other human cells 

have been demonstrated to produce [1,25(OH)2D3], such as vascular smooth 

muscle cells, endothelial cells, and cardiomyocytes. Finding the VDR and 

vitamin D hydroxylase in many other tissues suggest that vitamin D hormone 

acts in an autocrine, paracrine, or intracrine way to affect the biology of 

nonclassical target tissues (93). 

Evidence that hypovitaminosis D, as well as other chronic medical 

conditions, are independent predictive factors for cardiovascular and related 

diseases have been increasing and more in-depth knowledge is still needed.  

[1,25(OH)2D3] is a key regulator of mesenchymal stem cell differentiation; 
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however, the role [1,25(OH)2D3] in endothelial cell differentiation, one of the 

possible fates of MSC under proper conditions, is still not known.  

 

1.6 WNT Signaling Pathway 

 

Studies of the Wnt signaling pathway dates back to 1988 where it was 

first characterized in Drosophila that was later found in mammals (94). Wnt 

came from the gene in the Drosophila that is responsible for wingless (95). At 

first the nomenclature for the gene was int, however this was unworkable due 

to experiments showing that the family of genes was too large (96). In order 

to avoid any confusion, they named the gene Wingless-related integration site 

(Wnt) (96). This pathway has been studied and determined its importance in 

all types of stem cells biology including MSCs. Wnt molecules are made up 

of 19 family members of secreted, cysteine-rich glycopeptides that can also 

act in an autocrine or a paracrine manner (97). Two types of Wnt signaling 

pathways can occur and can cause the differentiation of stem cell to stall and 

the MSCs can continue its self-renewal and multipotency process. The 

common Wnt signaling pathways are the canonical and the non-canonical 

pathway (98,99). 
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1.6.1 Canonical WNT Signaling Pathway 

 

The canonical WNT signaling pathway is known as the WNT/β-catenin 

dependent pathway and the non-canonical pathway as WNT/β-catenin 

independent pathway since the cytosolic protein β-catenin is heavily needed 

in the role of the canonical signaling pathway (98). The canonical pathway 

has not fully been studied and seen how it can contribute to MSC's 

differentiation. However, Alfaro et al. compared MSCs isolated from 

transgenic mice, MRL/MpJ mice: mice that are capable of demonstrating 

enhanced regenerative capacity, compared to the wild-type mice. Wild-type 

MSCs compared to the MRL-MSCs had a decrease in the proliferation, in vivo 

engraftment, experimental granulation tissue reconstitution, and tissue 

vascularity in a murine model of repair stimulation. The MRL-MSCs mice 

also had a reduced infarct size and improved function in a mouse myocardial 

infarct model compared with the wild type MSCs. When they looked at the 

protein levels in the transgenic mice they noticed the downregulation of the 

canonical Wnt pathway that was noticed by and characterized by significant 

up-regulation of specific secreted frizzled-related proteins (sFRPs). They then 

used shRNA to knockdown the sFRP2 in the transgenic mice and noticed a 

decrease in the proliferation and in the engraftment in and the vascular density 
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of the transgenic generated experimental granulation tissue. Retrovirus 

transduction was used to achieve overexpression in the wild-type mice to 

overexpress sFRP2, which showed an increase in the ability for multilineage 

differentiation in vitro. When these transduced cells were implanted in vivo 

the mice showed similar phenotypes of the transgenic mice. These studies 

showed that Wnt pathway molecules are important in the aging of MSCs and 

further studies are needed to determine what other players in the Wnt pathway 

are involved in the differentiation process (100) .  

The pathway of Wnt is determined by the presence or absence of Wnt, 

during the absence of Wnt molecules, a degradation complex consisting of 

AXIN, the adenomatous polyposis coli (APC) protein, and glycogen synthase 

kinase 3β (GSK3β) exerts enzymatic activity. The enzymatic activity causes 

cytosolic β-catenin to undergo ubiquitination followed by degradation. 

However, if the WNT molecules are present and bind to a receptor complex 

that consists of a frizzled receptor (FZ) and a low-density lipoprotein receptor-

related protein (LRP) co-receptor disrupts the degradation complex and 

results in the stability of cytosolic free β-catenin. β-Catenin then goes into the 

nucleus and binds to transcription factors of the lymphoid enhancer-binding 

factor/T-cell-specific transcription factor (LEF/TCF) family and activates 

promoters of WNT target genes (101–103). When β-catenin is present it 
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prevents the cell from differentiating into chondrocytes (104), osteocytes 

(105) , and even myocytes (106). In a recent study by Zhang et al. reported 

that when using human umbilical cord derived MSCs they discovered that the 

MSCs promoted β-catenin nuclear translocation and induced the increased 

expression of proliferating cell nuclear antigen, cyclin D3, N-cadherin, and β-

catenin and the decreased expression of E-cadherin. They noticed that Wnt/β-

catenin is critical in the induction of angiogenesis by the MSCs, which could 

be reversed or altered by using a β-catenin inhibitor (ICG-001).  They were 

able to deliver Wnt4 through the human umbilical cord MSCs, and the 

knockdown of Wnt4 through siRNA in human umbilical cord MSCs disrupted 

β-catenin nuclear translocation in endothelial cells.  They were able to report 

that human umbilical cord MSCs produced Wnt4 which induced β-catenin 

activation in endothelial cells and upregulates the proangiogenic effects, 

which in this case could be important for cutaneous wound healing (107). 

 

1.6.2 Role of WNT in Stem Cell Differentiation  

 

When the signaling pathway is broken differentiation takes place, in 

order to keep MSCs in a self-renewal as well as proliferating with the normal 

multipotency capability we need to continue the expression of Wnt pathway 
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stimulated in order to continue providing the β-catenin without the 

degradation of the protein.  MSCs are not the only stem cell that requires β-

catenin  to keep its stemness, hematopoietic stem cells (HSCs) are also know 

to stay undifferentiated when Wnt signaling is present and will remain as 

HSCs until the Wnt signaling pathway is disrupted (108). Studies have shown 

that the paracrine and autocrine Wnt signals are essential self-renewal factors 

(ESCs), and are required to inhibit their differentiation into epiblast stem cells 

(EpiSC) (109). Ye et al. reported that the activation of leukemia inhibitor 

factor (LIF)–Stat3 or Wnt/β-catenin signaling promotes mouse ESCs self-

renewal. Studies of the downstream targets have been identified in each of the 

signal pathways, but their common targets remain largely unknown. In the 

study by Ye et al. study, showed that the LIF–Stat3 and Wnt/β-catenin 

signaling pathways are able to converge on Sp5 to promote ESC self-renewal. 

Forced Sp5 expression can reproduce partial effects of Wnt/β-catenin 

signaling but mimics most features of LIF–Stat3 signaling to maintain 

undifferentiated ESCs. Moreover, Sp5 is able to convert mouse epiblast stem 

cells into a pluripotent state. Furthermore, they found that Sp5 is an important 

component of the regulatory network that regulates the aging process of ESC 

to maintain the pluripotency. As of now no study has reported how the Wnt 
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pathway affects the differentiation of MSC into endothelial cells which would 

be beneficial to study for the treatment of atherosclerosis (110). 
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1.7 Hypothesis and Specific Aims 

 

Central Hypothesis  

1,25-Dihydroxyvitamin D [1,25-(OH)2D3] (calcitriol) and VEGF upregulate 

the differentiation of adipose derived MSCs into endothelial cells by 

synergistically dampening the Wnt pathway in order to re-endothelialize the 

injured coronary artery.  

 

Aim 1: To examine whether MSCs have VDR and the machinery for 

Vitamin D metabolism and whether the inactive vitamin D is converted to 

the active form of vitamin D using the machinery of ADMSCs. 

 

Aim 2: To examine the synergistic effect of calcitriol with VEGF to induce 

the differentiation of MSC into endothelial cells by the Wnt signaling 

pathway.  

 

Aim 3: To identify if vitamin D and/or VEGF stimulated ADMSCs adhere 

and replenish function to an injured coronary artery in an ex-vivo model. 
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Chapter 2 

Vitamin D Machinery and Metabolism in Porcine Adipose-

Derived Mesenchymal Stem Cells 
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2.1 Abstract 

 

Background: Vitamin D, a hormone once thought to have a role limited to 

calcium homeostasis and bone mineralization, has pleiotropic effects on 

different types of cells. Vitamin D receptors are reported in vascular smooth 

muscle cells, endothelial cells, and cardiomyocytes. Adipose-derived MSCs 

(ADMSCs) are multipotent cells with the capacity to differentiate into cells of 

different lineages. To our knowledge, the presence of vitamin D machinery 

on porcine ADMSC is not yet examined.  In this study, we investigated the 

presence of vitamin D machinery and metabolism in ADMSCs by analyzing 

the expression levels of vitamin D receptor (VDR), vitamin D metabolizing 

enzymes (CYP24A1 and CYP27B1) after in vitro stimulation with active 

vitamin D, calcitriol.   

Methods and Results: ADMSCs isolated from porcine adipose tissue were 

characterized by positive staining for ADMSC markers, CD44, CD73, and 

CD90, and negative staining for macrophage marker CD11b and 

hematopoietic stem cell markers CD34 and CD45, and tri-lineage 

differentiation to osteocytes, chondrocytes, and adipocytes. No cytotoxicity 

was observed when MSCs were stimulated with 0.1-10 nM calcitriol. The 
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ADMSCs were analyzed for mRNA and protein expression of CYP24A1, 

CYP27B1 and VDR by immunostaining, qPCR and ELISA. A significant 

increase (p <0.01) in the mRNA expression of CYP24A1, CYP27B1, and 

VDR was observed after stimulation of ADMSCs with calcitriol (10 nM).  The 

in vitro time-dependent effect of calcitriol (10 nM) on the components of 

vitamin D machinery in cultured MSCs was determined by qPCR. The VDR 

and CYP27B1 expression peaked at 3h and CYP24A1 at 24h, respectively. 

The in vitro biosynthesis of 1, 25(OH)2D3 by ADMSCs was analyzed by 

ELISA and Western blot. The levels of the active form of vitamin D were 

significantly decreased once the CYP enzymes were inhibited (p <0.01), 

demonstrating the ability of ADMSCs to convert inactive vitamin D into 

active vitamin D for cellular action. 

Conclusion: Porcine ADMSCs possess vitamin D hydrolases and VDR to 

metabolize and respond to vitamin D.  Hence, in vivo circulating 25-hydroxy 

vitamin D levels may have a significant role in regulating the differentiation 

of ADMSCs into different lineages, which might assist in stem cell-based 

therapy.  
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2.2 Introduction 

 

 The clinical and biological importance of the steroid hormone, Vitamin 

D, has been extensively studied and linked with multiple classical functions, 

notably in the skeletal system, where it is responsible for calcium absorption 

that leads to bone formation (111,112). Vitamin D has been characterized as 

a fat-soluble steroid molecule with one ring open that regulates various 

downstream signaling pathways to control the transcription of many target 

genes (113–115). The deficiency in vitamin D has recently been reported to 

be associated with non-skeletal muscles illnesses, such as cancer, autoimmune 

diseases, and cardiovascular disease (115,116).  Currently, the human body 

can obtain vitamin D from two major sources: dietary intake or by converting 

7-dehydrocholesterol in the skin when exposed to ultraviolet B light (91).  In 

the body, vitamin D binds to vitamin D-binding protein and is transported to 

the liver, where cholecalciferol is hydroxylated by the enzyme 25-

hydroxylase into calcifediol (25-hydroxyvitamin D3; 25(OH)D3). The 

25(OH)D3 is then hydroxylated in the kidney by 1α-hydroxylase (CYP27B1) 

into the active form 1,25(OH)2D3 (calcitriol). In order to remove any unused 

1, 25(OH)2D3, the 24-hydroxylase (CYP24A1), catabolizes 1, 25(OH)2D3 into 
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biologically inactive, water-soluble calcitroic acid and excreted from the body 

(117,118) . 

 Recent studies have focused on cellular aspects of vitamin D and have 

demonstrated expression of VDR and vitamin D hydroxylases in many other 

cell types such as vascular smooth muscle cells, endothelial cells, and 

cardiomyocytes (119–121). However, little is known about how vitamin D 

may affect mesenchymal stem cells (MSCs).  MSCs are multipotent cells that 

have the capacity to self-renew and differentiate into different lineages 

(122,123). Currently, most research is focused on obtaining MSCs from bone 

marrow. However, the MSC population only constitutes 0.001 -0.01% of the 

cell population in bone marrow, about 10-fold less than that of hematopoietic 

stem cells, which makes their availability low in acute clinical conditions 

(124). Considering the low availability of MSCs found in the bone marrow, 

adipose tissue is a promising alternative, due to its abundance in most 

individuals and that it can be harvested using a simple liposuction procedure. 

This procedure is less invasive and causes less discomfort and damage to the 

site of trauma. Adipose tissue has a significantly higher stem cell density than 

does bone marrow, about 5% versus 0.01% of adipose-derived mesenchymal 

stem cells (ADMSCs) suggesting that a small amount of adipose tissue can 

yield sufficient stem cells with proliferation and differentiation potential for 
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autologous cell transplantation, especially in acute clinical settings (125).  

Further increasing our knowledge on how vitamin D interacts with ADMSCs 

can provide us with information of how vitamin D can either alter or maintain 

the same expression of certain receptors in a cell, which in turn either 

classifies it as a differentiated cell or allow the ADMSCs to keep the stem-

like properties for a longer period. To our knowledge, the presence of vitamin 

D machinery in porcine adipose-derived MSCs has not yet been examined. 

Porcine are an ideal model due to their cardiovascular and metabolic systems 

being similar to humans in regard to the anatomy, physiology, pharmacology, 

and pathophysiology. Our lab has reported similar finding in humans and 

porcine (126,127). Furthermore, the investigation of MSCs from porcine is a 

direct translational option since it has been reported that human and porcine 

MSCs have comparable characteristics and functionality (128). In this study, 

we investigated the presence of vitamin D machinery in adipose-derived 

MSCs by analyzing the expression levels of vitamin D receptor (VDR) and 

vitamin D metabolizing enzymes (CYP24A1 and CYP27B1) after in vitro 

stimulation with active vitamin D, calcitriol. 
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2.3 Materials and Methods 

 

2.3.1 Isolation and culture of porcine ADMSCs 

 

ADMSCs were isolated from porcine adipose tissue as previously reported 

(129).  The Institutional Animal Care and Use Committee approved the 

research protocol.  Briefly, porcine adipose tissue from the anterior abdominal 

wall of pigs within the ages of 5 ½ -6 ½ months was collected and transferred 

to the laboratory from the slaughterhouse under sterile conditions. The 

ADMSCs from abdominal fat have higher capacity to differentiate into both 

adipogenic and osteogenic lineages than those adipose tissue obtained from 

other areas, as reported in the literature (130) . In addition, the proliferation 

rate was also greater in the abdominal adipose tissue compared to others (131). 

The tissue was transported in Dulbecco’s Modified Eagle Medium (Sigma–

Aldrich, St. Louis, MO, USA) with the following antibiotics: 100 mg/mL 

penicillin (Sigma–Aldrich, St. Louis, MO, USA) and 100 mg/mL 

streptomycin (Sigma-Aldrich, St. Louis, MO, USA). About 10 grams of pig 

adipose tissue was minced into 2-4 mm pieces with sterile scissors and 

digested with 15 mL 0.2% type-1 collagenase (Sigma–Aldrich, St. Louis, MO, 
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USA) for 2h at 37 °C. Adding serum-containing media then stopped the 

collagenase activity. The floating cells were separated from the vascular 

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

vascular fraction) was then filtered through a 100 μm nylon mesh to remove 

any 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 enriched cells were collected from the interphase, washed twice 

with serum-free medium and then resuspended in complete DMEM 

containing 10% fetal bovine serum (FBS) (Gibco, USA), 100 mg/mL 

penicillin (Sigma-Aldrich, St. Louis, MO, USA) and 100 mg/mL 

streptomycin (Sigma-Aldrich, St. Louis, MO, USA). The cells were then 

cultured in a 25-cm2 flask at 37 ◦C with 5% CO2/95% air and 90% relative 

humidity (Fig. 1). The medium was changed every two days. Non-adherent 

hematopoietic cells were removed by medium change every 24h for three days 

(Fig. 2). Afterward, the culture medium was changed three times per week. 

Once adherent ADMSCs became confluent, they were then 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. 
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Figure 1: Isolation method of ADMSCs. The tissue was transported in 

Dulbecco’s Modified Eagle Medium with the following antibiotics: 100 

mg/mL penicillin and 100 mg/mL streptomycin. About 10 grams of pig 

adipose tissue was minced into 2-4 mm pieces with sterile scissors and 

digested with 15 mL 0.2% type-1 collagenase for 2h at 37 °C. Adding serum-

containing media then stopped the collagenase activity. The floating cells 

were separated from the vascular stromal fraction by centrifugation at 400g 

for 10 min. The pellet (stromal vascular fraction) was then filtered through a 

100 μm nylon mesh to remove any undigested tissue. The cells were then 

centrifuged in a 1.077 g/mL histopaque density gradient at 400g for 30 min. 

The enriched cells were collected from the interphase, washed twice with 

serum-free medium and then resuspended in complete DMEM containing 

10% fetal bovine serum (FBS) 100 mg/mL penicillin (Sigma-Aldrich, St. 

Louis, MO, USA) and 100 mg/mL streptomycin. The cells were then cultured 

in a 25-cm2 flask at 37 ◦C with 5% CO2/95% air and 90% relative humidity. 

 



34 

 

 

 

  

 

 

 

 

 

 

Figure 2: Morphology of ADMSCs using surface markers. (A) Phase 

contrast image showing morphology of adipose-derived MSCs after 24h, (B) 

48 h, and 72 h. 

 

2.3.2 Characterization of ADMSCs  

 

 Flow cytometric analysis was performed for the identification of 

macrophage marker (CD11b), hematopoietic stem cell markers (CD34 and 

CD45), and ADMSC markers (CD44 and CD90). Cells (1 x 106 /mL) were 
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washed with phosphate buffered saline (PBS) that contained 4% FBS and 

were then incubated with the monoclonal antibodies, antihuman CD11b-APC 

(Clone: ICRF44; eBiosciences, San Diego, CA, USA), antihuman CD34-

FITC (Clone: 581; BD Pharmingen, Franklin Lakes, NJ, USA), antihuman 

CD45-FITC (Clone: 2D1; eBiosciences), antihuman CD44-FITC (Clone: 

IM7; eBiosciences) and antihuman CD90-PE (Clone: 5E10; eBiosciences) for 

30 min at 4⁰C in dark. The dilution and concentration of antibodies were used 

as specified by the manufacturers. The cells were further washed three times 

with PBS and resuspended in 500µl PBS and flow cytometry was performed 

on a FACS Aria Flow Cytometry System (BD Biosciences, San Jose, CA, 

USA). FITC, APC and PE-labeled IgGs (BD Pharmingen, Franklin Lakes, NJ, 

USA) were used as the isotype control as well as positive beads and negative 

beads (132).  

To further observe the presence of surface markers, 

immunofluorescence staining for CD11b, CD34, CD45, CD73, CD90, and 

CD105 was performed and observed by fluorescent microscopy. ADMSCs in 

passage four were seeded in four chamber slides and allowed to reach 60% 

confluency. Cells were then fixed with 3.7% formaldehyde in PBS for 10 min. 

The fixed monolayer was then rinsed with PBS three times and permeabilized 

by incubating with 0.1% Triton-X 100 in PBS for 10 min. After PBS wash, 
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the cells were blocked in 1% BSA in PBS for 1 hour and were further 

incubated with CD11b, CD34, CD45, CD73, CD90, and CD105 antibody 

(1:100 dilution) for 1h at room temperature. The cells were then further 

washed with PBS and incubated with fluorescent-tagged secondary antibody 

for 30 min. Following this the cells were washed with PBS and mounted in 

Vectashield with DAPI (Sigma–Aldrich, St. Louis, MO, USA) and observed 

using an upright fluorescent microscope. Negative controls were run in 

parallel in each analysis. 

Trilineage differentiation of ADMSCs shows that ADMSCs are 

capable of differentiating into respective lineages. The ADMSCs were 

stimulated using STEMPRO osteogenesis, adipogenesis, and chondrogenesis 

differentiation media using a kit for osteocyte, chondrocyte and adipocyte 

differentiation (Gibco BRL, Grand Island, NY, USA). For the three lineages, 

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

added at 80% confluency. The cells were then analyzed for osteogenesis by 

staining for calcific deposition in the cells using Alizarin S Red after 14 days; 

adipogenic differentiation by staining for neutral triglycerides and lipids with 

Oil O Red after 21 days; and chondrogenesis by staining for the synthesis of 

proteoglycans for 21 days using Alcian blue. Following staining, cells were 
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observed under a bright field microscope.  All the histochemical reagents were 

obtained from Sigma-Aldrich (St. Louis, MO, USA). 

 

2.3.3 Analysis of Vitamin D Machinery 

 

The cytotoxicity of calcitriol on ADMSCs was determined using Vybrant 

Cytotoxicity. The cells were plated in a 96-well microplate with the density 

of 500 and 1,000 cells/well in a 50 μl volume. Cells were then stimulated with 

different concentrations of calcitriol (0.1-100nM) obtained from Sigma-

Aldrich (St. Louis, MO, USA) for 24h and 48h. The Vybrant Cytotoxicity 

Assay Kit (Molecular Probes, Eugene, OR) was used to monitor the release 

of cytosolic enzyme glucose-6-phosphate dehydrogenase (G6PD) from 

damaged cells into the surrounding medium. It was then quantitatively 

determined according to the manufacturer’s instructions by measuring the 

absorbance at 450 nm. 

 Total RNA was isolated from treated ADMSCs with Trizol reagent 

(Sigma-Aldrich, St. Louis, MO, USA) after treating the cells with 10 nM of 

calcitriol for 0, 3, 6, 12, and 24h (n = 3/group) (Fig. 3) (133).  The yield of 

RNA was quantified using a NanoDrop (Thermo Scientific, Rockford, IL, 
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USA). First-strand cDNA synthesis was performed using 1 µg total RNA with 

oligo(dT) (1µg), 5x reaction buffer, MgCl2, dNTP mix, RNAse inhibitor and 

Improm-II reverse transcriptase as per instructed by the kit (Promega, 

Madison, WI, USA). Following the first strand synthesis, real-time PCR 

analysis was performed for the identification of CYP27B1, CYP24A1, VDR, 

using 8µl cDNA, 10 µl SYBR green PCR master mix (Bio-Rad Laboratories, 

Hercules, CA) and forward and reverse primers (10 pmol/µl) (Integrated DNA 

Technologies, San Diego, CA) using a Real-Time PCR system (CFX96, Bio-

Rad Laboratories, Hercules, CA). The specificity of the primers was analyzed 

by running a melting curve. The PCR cycling conditions were 5 min at 95 ºC 

for initial denaturation, 40 cycles of 30 s at 95ºC, 30 s at 52-58ºC (depending 

upon the primer annealing temperatures) and 30sec at 72ºC. Each real-time 

PCR was carried out using three individual samples in duplicates and the 

threshold cycle values were averaged. Calculations of relative normalized 

gene expression were performed using the Bio-Rad CFX manager software 

based on the ΔΔCt method.  The results were normalized against housekeeping 

gene: glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Statistical 

analysis of real-time quantitative PCR results was performed using a one-way 

ANOVA test. 
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Figure 3: Analysis of vitamin D machinery expression in ADMSCs method. 

Total RNA was isolated from treated ADMSCs treated with the 10 nM of 

calcitriol for 0, 3, 6, 12, and 24 h (n = 3/group). Real-time PCR analysis was 

then performed for the identification of CYP27B1, CYP24A1, VDR, using 8µl 

cDNA, 10 µl SYBR green PCR master mix forward and reverse primers (10 

pmol/µl) using a Real-Time PCR system. The results were normalized against 

housekeeping gene: glyceraldehyde-3-phosphate dehydrogenase (GAPDH). 

 

  Immunofluorescent staining for CYP24A1, CYP27B1, and VDR 

was performed. The treated cells were fixed with 3.7% formaldehyde in PBS 

for 10 minutes. The fixed monolayer of the cells was rinsed with PBS and 

permeabilized with 0.1% Triton-X 100 in PBS for 10 min. After PBS wash, 

the cells were blocked in 1% BSA in PBS for 1 hour and were further 

incubated with CYP27B1, CYP24A1, and VDR antibodies (1:100 dilution; 
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SantaCruz Biotechnology, SantaCruz, CA, USA) for 1h at RT. The cells were 

then further washed with PBS and incubated with fluorescent tagged 

secondary antibody for 30 min. Finally, the cells again washed with PBS then 

mounted in Vectashield with DAPI (Vector Laboratories, Burlingame, CA, 

USA) and visualized using an upright fluorescent microscope (Olympus 

BX51, St. Louis, MO). Negative controls were employed in each analysis by 

omitting calcitriol as a treatment.  

 Cytochrome P450 24A1 (CYP24A1), and Cytochrome P450 27B1 

(CYP27B1) ELISA kits (MyBioSource, San Diego, CA) were used to 

quantify CYP24A1 and CYP27B1 levels after stimulation of ADMSCs with 

calcitriol at 0, 3, 6, 12, and 24h. ADMSCs were detached using trypsin and 

then collected by centrifugation. The cells were then washed three times with 

cold PBS before resuspension in PBS. The cells were then lysed through 

ultrasonication. Next, they were centrifuged at 1500g for 10 min at 2-8°C to 

remove cellular debris.  The cells were then added to 96 well plates and 

assessed according to the manufacturer’s instructions with the absorbance 

measured at 450 nm on a plate reader. 

 MSCs were cultivated in 25-cm2 culture flasks until 80% confluence. 

Cells were then treated with or without 1nM calcifediol (25(OH)D3), with or 



41 

 

 

without 1 μM CYP inhibitor ketoconazole in serum-free medium. After 24 h 

treatment, the media was collected from each well. The 1,25(OH)2D3 levels 

in the media were quantitatively determined with a 1,25(OH)2D3 ELISA kit 

(MyBioSource, San Diego, CA), according to the manufacturer’s instructions.  

 

2.4 Results 

 

2.4.1 ADMSC characterization 

 

 The plastic adherent cells showed fibroblastoid morphology and stained 

positively for CD44, CD73 (5'-nucleotidase), CD90 (Thy-1), and CD105 

(Endoglin). Contamination with other cells was ruled out by negative 

reactivity to CD11b (macrophage marker), CD34, and CD45 (hematopoietic 

stem cell markers) (Fig. 4A).  The results were further confirmed with 

immunophenotyping with flow cytometric analysis. The cells expressed 

CD44 and CD90, further indicating that the cells originate from a 

mesenchymal lineage (Figs. 4Bd-e). The frequent change of medium after 

seeding was effective in preventing the attachment of hematopoietic stem 
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cells and other non-adherent cells, and thus the absence of CD11b+, CD34+ 

and CD45+ in the population of ADMSCs.  

 

 

 

 

 

 

 

 

Figure 4: Characterization of ADMSCs using surface markers. (A) Phase 

contrast image showing morphology of adipose-derived MSCs (a), 

Immunostaining data showing negative staining of macrophage marker 

CD11b (b) and hematopoietic stem cell marker CD34 (c) and CD45 (d); and 

positive staining for CD44 (e), CD73 (f), CD90 (g), CD105 (h) which are the 

characteristics of ADMSCs. (B) Flow cytometry data showing negative 

expression of CD11b (a), CD34 (b), CD45(c) and positive expression of CD44 
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(d), and CD90 (e) in the cultured cells. The black histogram represents the 

isotype control and stained cells are represented by the blue histogram (n=3) 

Cells stained with Alizarin S Red for 14 days showed positive staining 

for osteogenesis (Fig. 5A). The adipogenic and chondrogenic differentiation 

of the cells was confirmed by the staining for 21 days with Oil O Red (Fig. 

5B) and Alcian blue (Fig. 5C), respectively. The cells were observed under a 

bright field microscope after staining.  The immunophenotyping coupled with 

trilineage differentiation demonstrated mesenchymal multipotency 

effectively confirmed isolated cells to be ADMSC.  

 

 

 

 

Figure 5: Trilineage Differentiating Capability of ADMSCs. The isolated 

ADMSCs were stimulated with specific differentiation media to examine 

their tri-lineage differentiation: (A) Alizarin red staining showing the 

presence of calcium deposition by cells, demonstrating differentiation of 

ADMSCs to osteogenic lineage, (B) Alcian blue staining indicating synthesis 

of proteoglycans by chondrocytes showing cell differentiation to 
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chondrogenic lineage, and (C) Oil Red O staining indicating the synthesis of 

neutral triglycerides and lipids, showing differentiation of ADMSCs to 

adipocytes. 

 

2.4.2 Analysis of Vitamin D Machinery 

 

The cytotoxicity assay was performed to examine the dose of calcitriol that 

induce cytotoxicity in ADMSCs. Calcitriol induced a dose-dependent effect 

when the ADMSCs were stimulated with a concentration that ranged from 

0.1-100 nM (Fig. 6) during 24 hours (Fig. 6A) and 48 hours (Fig. 6B). A large 

amount of cytosolic enzyme, G6PD, was released from the cells stimulated 

with 100 nM calcitriol (Fig. 6A and B) compared to the cells stimulated with 

0-50 nM calcitriol (Fig.  6A and B); there was difference in the release of 

G6PD at 0 – 50 nM calcitriol.  Since calcitriol induced cytotoxicity at 100 nM 

and also the circulating amount of calcitriol in the human body ranges from 

0.1-10 nM, a dose of 10 nM calcitriol was selected in later experiments.  
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Figure 6: Dose-dependent effect of calcitriol on cytotoxicity. The cytotoxic 

effect of calcitriol was examined by detecting dead and dying cells using the 

Vybrant Cytotoxicity Assay Kit after stimulation of ADMSCs with varying 

concentrations of calcitriol. ADMSCs were treated with 0, 0.1, 1, 1, 50 and 

100 nM calcitriol for 24h (A) and 48h(B), respectively and further assayed 

for glucose 6-phosphate dehydrogenase release. The fluorescence was 

measured using a microplate reader with excitation/emission at 530/590 

nM. 

 Real-time PCR revealed the expression of the vitamin D machinery 

genes VDR, CYP24A1, and CYP27B1 (Fig. 7A-C), after stimulation with 

calcitriol (10 nM) for 0, 3, 6, 12, and 24 h, respectively.  There was a 

significant change in the VDR expression when cells were treated at 3, 6, and 

12h, showing the largest increase at 3 -6 h (p=0.0001) followed by a drop at 



46 

 

 

24 h (Fig. 7A). However, there was time-dependent increase in CYP24A1 

with the greatest expression occurring at 24h (Fig. 7B). In parallel, expression 

of CYP27B1 significantly decreased with calcitriol treatment (Fig. 7C). The 

findings confirmed the effect of calcitriol on mRNA expression of vitamin D 

machinery genes. The expressions of these markers were consistent 

throughout the 2nd to 8th passages of ADMSCs. 

 

Figure 7: Effect of calcitriol on mRNA transcripts for VDR, CYP24A1 and 

CYP27B1. Real-time PCR data showing fold change in the expression of 

VDR (A), CYP24A1 (B) and CYP27B1 (C) after stimulation with calcitriol 
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(10 nM) for 0, 3, 6, 12 and 24 h respectively (***p=0.0001, **p<0.01, 

*p<0.05, n =3). 

After 24 h stimulation with calcitriol, immunofluorescence 

demonstrated the presence of VDR, CYP24A1, and CYP27B1 proteins (Fig. 

8A). Translation of CYP24A1 and CYP27B1 mRNA into proteins at 0, 3, 

6,12, and 24 h was demonstrated using an ELISA kit (MyBioSource, San 

Diego, CA). These results correlated with the mRNA data. There was a 

significant increase in CYP24A1 over 0 to 24 h (Fig. 8Aa, p< 0.0001), with 

the greatest protein expression at 24 h. Furthermore, the expression of 

CYP27B1 (Fig. 8Bb) correlated with the mRNA data except that the drop in 

mRNA occurred at 3 h (Fig. 7C), whereas the drop in the protein levels 

occurred at 6 h (Fig. 8Bb).  
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Figure 8: Effect of calcitriol on protein expression of VDR, CYP24A1 and 

CYP27B1. (A) Phase contrast image showing expressions of VDR (a), 

CYP24A1 (b) and CYP27B1 (c) after stimulation with calcitriol (10nM) for 

24 hours. (B) Elisa data showing fold change in the expression of CYP24A1 

(a) and CYP27B1 (b) after stimulation with calcitriol (10nM) for 0, 3, 6, 12 

and 24 h respectively (***p < 0.0001, n=6).  
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There was no detectable level of 1,25(OH)2D3 in cell culture without 

adding 1 µM 25(OH)D3 exogenously (Fig. 9). The levels of the active form 

of vitamin D, 1,25 (OH)2D3, and CYP27B1 were significantly increased 

(Fig. 9; p= 0.001) in the ADMSCs upon stimulation with inactive form of 

vitamin D, 25(OH)D3. There was mild but insignificant increase in the level 

of 1,25(OH)2D3 by ketoconazole (1 μM) in the absence of 25(OH)D3. The 

conversion of inactive vitamin D to active form was almost abolished by 

1μM ketoconazole (Fig. 9). 

 

 

 

 

 

 

 

Figure 9: Effect of CYP inhibitor on the conversion of inactive to active 

vitamin D in ADMSCs. Baseline level of 1, 25(OH)2D3 in cell culture was 

measured. ADMSCs were then stimulated with 1 μM 25(OH)D3 for 24 

hours. Effect of the CYP inhibitor, 1 µM ketoconazole, was examined by 

itself or in the presence of 1 nM 25(OH)D3. (***p =0.001; n = 3).   
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2.5 Discussion 

 

 Mesenchymal stem cells offer a wide range of practical use in 

regenerative medicine and are currently being investigated for the treatment 

of diseases, including cardiac (134) and neurodegenerative diseases (135). 

ADMSCs are characterized by their adherence to plastic as well as cell surface 

expression of CD44, CD73, CD90, and CD105, while lacking CD11b+, 

CD34+, and CD45+. The isolated cells showed strong signals for the group of 

receptors that are classified as mesenchymal stem cells versus another type of 

cell that could contaminate the cell culture, such as macrophages, and 

fibroblast (136). However, differentiation into mesoderm derivatives, i.e. 

osteocytes, chondrocytes, and adipocytes, confirms stem cell classification of 

the isolated cells (124) . The ADMSCs were also controlled for age-related 

problems, such as DNA methylation and osteogenic differentiation, since it 

has been reported that age may alter the ADMSC (137,138) , by collecting 

ADMSC from porcine 5 ½ -6 ½ months of age. Since we used the adipose 

tissues from porcine of the same age we do not expect much variance. 

Furthermore, others have reported that ADMSC differentiation remains 

consistent with age compared to bone marrow MSCs(139) . The isolation 

process of the ADMSCs from the adipose tissue was thus standardized and 
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established in our laboratory for further experiments on the function and 

differentiation of ADMSCs.  

 Strategies for differentiating ADMSCs into different lineages have 

become a focus due to the therapeutic possibilities. However, not much is 

known about the effects of micronutrients, including vitamin D, on ADMSCs. 

The importance of isolating ADMSCs from adipose tissue is stressed due to 

their high density when compared to the availability of ADMSCs isolated 

from bone marrow. Adipose tissue is abundant in most individuals and can be 

harvested using a simple liposuction procedure. This is less invasive and 

causes less discomfort and damage to the site of trauma. Adipose tissue has a 

significantly higher stem cell density than in the bone marrow, about a five-

fold increase, suggesting that a small amount of adipose tissue can yield 

sufficient stem cells with proliferation and differentiation potential for 

autologous cell transplantation, especially in acute clinical settings (125). 

 Vitamin D deficiency results in low bone density, and in severe cases, 

osteomalacia. It is also associated with osteopenia, osteoporosis, muscle 

weakness, and increased probability of bone fracture (140–142) . Vitamin D 

deficiency has also been reported to be associated with non-skeletal muscles 

illnesses, such as cancer, autoimmune diseases, infectious disease, and 
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cardiovascular disease (143). There are two known major sources of vitamin 

D. One is obtained from dietary intake. The other is chemically synthesized 

in the skin from 7-dehydrocholesterol. Vitamin D that is obtained through 

either process goes through multiple steps of action to form 1,25-

dihydroxyvitamin D [1,25(OH)2D3] (144).  This active form is taken up by 

target cells with the vitamin D receptor (VDR). Vitamin D is primarily 

activated by CYP27B1 found in the kidney tubule cells. However, additional 

human cells have been shown to produce [1,25(OH)2D3], such as vascular 

smooth muscle cells, endothelial cells, and cardiomyocytes. Finding the VDR 

and vitamin D hydroxylase in many other tissues suggest that vitamin D 

hormone acts in an autocrine, paracrine, or an intracrine way to affect the 

biology of non-classical target tissues (145). We have demonstrated the 

presence of the vitamin D machinery; however, the purpose of the machinery 

in ADMSC is still not known.  

 In this study, ADMSC were treated with vitamin D levels similar to 

those found in the human body. Higher concentrations of 1,25(OH)2D3 (100 

nM) induced cytotoxicity and necrosis. Thus, 10 nM dose was selected for 

this experiment due to its low cytotoxicity and its proximity to normal serum 

levels (146).  During treatment, VDR, CYP24A1, and CYP27B1 are 

upregulated. The observed increase in the expression of VDR, CYP24A1, and 
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CYP27B1 in response to calcitriol treatment is consistent with the findings in 

the literature in other cells related to vitamin D metabolism (147–149). 

However, the most intriguing and novel finding is that the stimulation of 

ADMSCs with calcitriol significantly decreased the CYP27B1 expression, 

while simultaneously increasing CYP24A1 levels. Thus, treatment of 

ADMSCs with calcitriol inhibits active vitamin D synthesis while also 

promoting inactivation. This supports our hypothesis that adipose-derived 

mesenchymal stem cells possess the machinery to metabolize vitamin D. 

Also, the conversion of cholecalciferol into calcitriol by ADMSCs is a novel 

finding (Fig. 10). This axis promotes cell differentiation or preserves stem cell 

properties. Further investigation into the function of vitamin D regulation in 

ADMSCs is warranted and could lead to better understanding of the 

differentiation process of ADMSCs.  
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Figure 10: Schematic representation of the vitamin D pathway in ADMSC. 

Calcidiol passes into the cell through the plasma membrane. Calcidiol is then 

converted to the active form by CYP27B1 into 1,25(OH)2D3 (calcitriol)that 

binds to VDR which then interact with retinoid X receptor (RXR) to form a 

heterodimer that binds to the vitamin D responsive element (VDRE) that 

modulated gene transcription.  
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2.6 Conclusion 

 

This is the first report to demonstrate that porcine adipose-derived 

mesenchymal stem cells contain vitamin D hydrolases and VDR and are able 

to convert inactive vitamin D into active vitamin D and respond to different 

concentrations of vitamin D.  Hence, in vivo circulating 25-hydroxy vitamin 

D may have a role in regulating the differentiation of ADMSCs. Further 

elucidation of ADMSC differentiation has wide clinical potential. 

Considering their high density and easy isolation, ADMSCs have implications 

in autologous transplantation in clinical settings. 
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Chapter 3 

Wnt/β-catenin Pathway Promotes the Differentiation of Adipose-

Derived Mesenchymal Stem Cells Stimulated with 1,25-

dihydroxyvitamin D and VEGF toward the Endothelial 

Phenotype 
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3.1 Abstract  

 

Background: Cell-based therapy using adipose-derived mesenchymal stem 

cells (ADMSCs) is an attractive option for re-endothelialization post-

angioplasty procedures. The Wnt/β-catenin pathway in ADMSC may regulate 

ADMSC-based re-endothelialization of injured arteries.  The role of Wnt/β-

catenin pathway in the differentiation of adipose-derived MSCs into 

endothelial cells (ECs) is unknown. In this study, we investigated the effect 

of Wnt/β-catenin signaling on ADMSC treated with vitamin D and VEGF in 

the differentiation of MSCs into ECs.  

Methods and Results: ADMSCs were stimulated and differentiated into ECs 

with endothelial growth media (EGM+50ng/ml of VEGF) and EGM media 

containing 10nM of calcitriol (EGM+50ng/ml of VEGF +10nM calcitriol) for 

10 days. Calcitriol enhanced EGM+VEGF-induced differentiation of 

ADMSCs into ECs, as revealed by a 3-fold increase in mRNA and 4-fold 

increase in protein expression of EC markers.  Assessment of endothelial 

functionality by angiogenesis and acetylated low density lipoprotein (LDL) 

uptake assays showed significant increases in capillary tube sprouting, and 

LDL uptake by differentiated cells in response to EGM +VEGF+calcitriol. 

Findings from Wnt Pathway array revealed a 3-fold decrease in β-catenin and 
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a 4-fold increase in Kremen1 protein in the cells treated with EGM + 

VEGF+calcitriol. Silencing of β-catenin resulted in a significant increase in 

the expression of EC markers, formation of capillary tubes, and LDL uptake. 

Conversely, silencing Kremen1 resulted in a decrease of the expression of EC 

markers, formatrion of capillary tubes, and LDL uptake.  

Conclusion: The downregulation of β-catenin significantly enhanced the 

differentiation of MSCs into endothelial cells. However, the downregulation 

of Kremen1 significantly decreases differentiation. These results provide 

novel insight into therapeutic strategies for patients undergoing coronary 

intervention to limit thrombosis and intimal hyperplasia. 
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3.2 Introduction 

 

Cardiovascular disease is the leading cause of mortality in developed 

countries affecting all races and ethnicities (150).  Every year, more than half 

a million Americans suffer from their first heart attack with approximately 

half of these individuals expected to suffer from a second heart attack in 

subsequent years (151).  Some factors that contribute to the progression of 

heart failure include the development of atherosclerotic plaque and intimal 

thickening in coronary and carotid arteries, which are high predictors of 

myocardial infarctions. After an episode of myocardial infarction and/or 

ischemia, an interventional procedure follows which includes angioplasty and 

stenting (152). With interventional procedures, the loss of the endothelial cell 

wall is unavoidable due to the abrasion combined with the absence of an 

adequate internal repair mechanism caused by the stenting and angioplasty. 

This eventually leads to neointimal hyperplasia of the underlying smooth 

muscle cells as well as stent thrombosis and restonosis of the artery (153). 

Interventional procedures have led to rates of reocclusion as high as 38% of 

total procedures performed per year (154). The high incidence of 

complications caused by restenosis can result in early death and a large 

economic burden due to healthcare costs (153).  
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Currently, stem cell therapy for treatment of atherosclerosis has opened 

new perspectives in cardiac tissue repair (155).  Mesenchymal stem cells 

(MSCs), a type of multipotent stromal cell, can potentially regenerate and 

rejuvenate the abraded endothelial wall (156). MSCs are particularly suitable 

for cell therapy because of their multipotency, the ability to be isolated from 

various tissues, low immunogenicity as well as high expansion potential; thus 

providing an unlimited pool of transplantable cells (157). A promising source 

for obtaining MSCs is adipose tissue. Adipose tissue is ideal due to its 

abundancy in most individuals and MSCs can be harvested using a simple 

liposuction procedure (158). This is less invasive and causes less discomfort 

and less damage to the site of trauma. Additionally, adipose tissue has a 

significantly higher stem cell density than other sources, suggesting that a 

small amount of adipose tissue can yield sufficient stem cells with 

proliferation and differentiation potential for autologous cell transplantation, 

especially in acute clinical settings (159). 

Vascular endothelial growth factor (VEGF-A) is currently the major 

growth factor that triggers differentiation of MSCs into endothelial cells (ECs) 

(160). VEGF-A is an EC mitogen that plays a crucial role in both angiogenesis 

and vasculogenesis (161). VEGF-A interaction with its cognate tyrosine 
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kinases induces multiple pro-angiogenic pathways that promote cell 

proliferation, migration, and survival (162). Treatment with recombinant 

VEGF-A is an effective way of inducing differentiation of ADMSCs into ECs 

in vitro. 

In order to use ADMSCs in the regenerating and/or rejuvenating of the 

endothelial layer, a molecular agonist, a agent that initiates a physiological 

response when combined with a receptor, will help in the differentiation of 

ADMSC to ECs is needed. The vitamin D receptor (VDR), a member of the 

nuclear receptor subfamily that forms heterodimers with RXR,  contains an 

AF-2 domain that goes through ligand-induced conformational change (163). 

VDR has been shown to be expressed in important cardiovascular tissue such 

as vascular smooth muscle cells (164) and ECs. In our lab, it has been recently 

shown that VDRs are also expressed in ADMSC.  The regulation of gene 

expression by VDR depends on the availability of vitamin D responsive 

elements (VDREs) in the target gene promoter (165). Furthermore, some 

vitamin D regulated genes do not have VDREs and are thought to be regulated 

indirectly (166). This suggests that genes are not only affected by vitamin D 

and VDR binding to VDREs, but vitamin D can also regulate other pathways. 

One pathway that may be regulated in this method is the Wnt pathway, which 

affects gene expression through ß-catenin (163).  
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Vitamin D could therefore play an important role in the differentiation 

of ADMSCs into ECs. In this study, we demonstrate that repressing ß-catenin, 

by creating a synergistic response with VEGF-A and vitamin D, augments the 

differentiation of ADMSCs to ECs. We also show that repressing Kremen 1 

reduces the occurrence of differentiation from ADMSC to ECs. These 

findings have significant clinical implications with regard to the effects of 

vitamin D or activation of ß-catenin or Kremen1 on endothelial regeneration. 

The optimization of protocols for EC differentiation is vital for stem cell-

based therapies aimed at repairing damaged endothelium. 

 

3.3 Materials and Methods  

 

ADMSCs were isolated from porcine adipose tissue as previously 

reported.  Briefly, porcine adipose tissue from the anterior abdominal wall of 

the pigs was collected and transferred to the laboratory from the 

slaughterhouse under sterile conditions in Dulbecco’s Modified Eagle 

Medium (Sigma–Aldrich, St. Louis, MO, USA) with the following 

antibiotics: 100 mg/mL penicillin (Sigma–Aldrich, St. Louis, MO, USA) and 

100 mg/mL streptomycin (Sigma-Aldrich, St. Louis, MO, USA). About 10 

grams of pig adipose tissue was minced into 2 – 4-mm pieces with sterile 
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scissors and digested with 15 mL 0.2% type-1 collagenase (Sigma–Aldrich, 

St. Louis, MO, USA) for 2 h at 37 °C. Adding serum-containing media then 

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

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

(stromal vascular fraction) was then filtered through a 100 μm nylon mesh to 

remove any undigested tissue. The cells were then centrifuged in a 1.077 g/mL 

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

for 30 min. The enriched cells were collected from the interphase, washed 

twice with serum-free medium and then resuspended in complete DMEM 

containing 10% fetal bovine serum (FBS) (Gibco, USA), 100 mg/mL 

penicillin (Sigma-Aldrich, St. Louis, MO, USA) and 100 mg/mL 

streptomycin (Sigma-Aldrich, St. Louis, MO, USA). The cells were then 

cultured in a 25-cm2 flask at 37◦C with 5% CO2/95% air and 90% relative 

humidity. The medium was changed every two days. Non-adherent 

hematopoietic cells were removed by medium change every 24 hours for three 

days. Following this procedure, the culture medium was changed three times 

per week. Once adherent ADMSCs became confluent, they were then 

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. 
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3.3.1 Differentiation of MSCs into Endothelial cells 

 

The differentiation process started at 60–70% confluency of ADMSC. 

The ADMSC culture was stimulated with one of the four different types of 

medium: 1- Endothelial Basal Medium (Gibco, USA) that contained 2% fetal 

bovine serum (FBS) (Gibco, USA) (EBM) 2-Endothelial Basal Medium 

(Gibco, USA) that contained 2% FBS and 10 nM of calcitriol 

(EBM+calcitriol) 3-Endothelial Basal Medium containing growth 

supplements (hydrocortisone, human fibroblast growth factor (hFGF-b), R3-

IGF-1, ascorbic acid, human epithelial growth factor (hEGF), GA-1000 and 

heparin (EGM-2 Bullet Kit; amounts are proprietary and undisclosed)), 2% 

FBS (Lonza, Walkersville, MD, USA) and VEGF-165 (50 ng/ml) 

(EGM+VEGF) 4- Endothelial Basal Medium containing growth supplements 

(hydrocortisone, human fibroblast growth factor (hFGF-b), R3-IGF-1, 

ascorbic acid, human epithelial growth factor (hEGF), GA-1000 and heparin 

(EGM-2 Bullet Kit; amounts are proprietary and undisclosed)), 2% FBS 

(Lonza, Walkersville, MD, USA), VEGF-165 (50 ng/ml), and 10nM of 

calcitriol (EGM+VEGF+calcitrol) (Fig. 11). The EC differentiation was 

analyzed after 10 days of stimulation. The medium was replaced every 2 days. 
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The cells were maintained at 37° C with 5% CO2/95% air, and 90% relative 

humidity. 

 

 

 

 

 

  

 

 

Figure 11: Differentiation media composition. The ADMSC culture was 

stimulated with one of the four different types of medium for 10 days: (A) 

Endothelial Basal Medium that contained 2% fetal bovine serum (FBS), (B) 

Endothelial Basal Medium that contained 2% FBS and 10 nM of calcitriol, 

(C) Endothelial Basal Medium containing 2% FBS, VEGF-165 (50 ng/ml), 

and growth supplements (hydrocortisone, human fibroblast growth factor 

(hFGF-b), R3-IGF-1, ascorbic acid, human epithelial growth factor 

(hEGF), GA-1000 and heparin),  and (D) Endothelial Basal Medium 

containing VEGF-165 (50 ng/ml), 10nM of calcitriol, and growth 

supplements (hydrocortisone, human fibroblast growth factor (hFGF-b), R3-
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IGF-1, ascorbic acid, human epithelial growth factor (hEGF), GA-1000 and 

heparin). 

 

3.3.2 Characterization of Differentiated ADMSCs  

 

RNA isolation and reverse transcriptase- polymerase chain reaction 

(RT-PCR). Total RNA was isolated from ADMSCs at passage 3-6 using 

Trizol reagent according to the manufacturer’s protocol (Sigma, St. Louis, 

MO, USA) after 10 days of differentiation for analysis of EC markers. Real-

time PCR analysis was done for the identification of vWF, PECAM-1, and 

VE-Cadherin (Table 1). The yield of RNA was quantified using Nanodrop 

(Thermo Scientific, Rockford, IL, USA). First-strand cDNA synthesis was 

performed using 1 µg total RNA with oligo dT (1 µg), 5x reaction buffer, 

MgCl2, dNTP mix, RNAse inhibitor and Improm II reverse transcriptase, 

according to the Improm II reverse transcription kit (Promega, Madison, WI, 

USA). Following first-strand synthesis, real-time PCR was done using 8 µl 

cDNA, 10 µl SYBR Green PCR Master Mix (BioRad Laboratories, Hercules, 

CA, USA) and forward and reverse primers (10 pm/µl) (Integrated DNA 

Technologies, San Diego, CA, USA) using a Real-time PCR System (CFX96, 

Bio-Rad). The specificity of the primers was analyzed by running a melting 
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curve. The PCR cycling conditions used were 5 min at 95°C for initial 

denaturation, 40 cycles of 30 s at 95°C, 30 s at 52–58°C (depending upon the 

primer annealing temperatures) and 30 s at 72°C. Each real-time PCR was 

carried out using three individual samples in duplicate and the threshold cycle 

values were averaged. Calculations of relative normalized gene expression 

were done using the Bio-Rad CFX manager software, based on the ΔΔCt 

method. The results were normalized against the housekeeping gene 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH).  

 

Table 1: Primers. Primers designed for EC markers.  

 

 

 

 

 

Gene Reference sequence Primers Product length (bp)

vWF NM_000552.3 FP: 5′-GCCTGTGGGAGCAGTGCCAG-3′ 159

RP: 5′-GGGCGTACTCCAGGAGGGCA-3′

PECAM 1 NM_000442.3 FP: 5′-GGGGCCACGATGTGGCTTGG-3′ 156

RP: 5′-CGCGAAGCACTGCAGGGTCA-3′

VE-Cadherin NM_001795.3 FP: 5′-GTGCAACGAGCAGGGCGAGT-3′ 190

RP: 5′-CTCGTGGATCTCCGGCACGC −3′
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3.3.3 Immunophenotyping 

 

After 10 days of EC differentiation cells were trypsinized and flow-

cytometry analysis was done to identify the EC markers PECAM-1 and VE-

Cadherin. Cells (1 × 106/ml) were washed with phosphate-buffered saline 

(PBS) containing 4% FBS and incubated with monoclonal antibodies, anti-

human CD31–APC (clone WM-59; eBiosciences, San Diego, CA, USA), 

anti-human CD144–PE-Cyanine7 (clone 16B1; eBiosciences) for 30 min at 

4°C in the dark. The dilutions and concentrations of the antibodies used were 

as specified by the manufacturers. The cells were further washed three times 

in PBS and resuspended in 500 µl PBS and flow cytometry was performed on 

a FACS Aria Flow Cytometry System (BD Biosciences, San Jose, CA, USA). 

APC and PE-Cyanine-labelled IgG (eBiosciences) served as the isotype 

control. 

 

3.3.4 Angiogenesis assay  

 

After 10 days of stimulation for differentiation using the previously 

defined medium composition, ADMSC were trypsinized and an angiogenesis 

assay was performed according to the manufacturer's protocol (Chemicon, 
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Temecula, CA, USA). Polymerized EC matrices were prepared by incubating 

50 µl ECM gel matrix solution into each well of a 96-well plate at 37°C for 

1 h. The stimulated cells were seeded at a concentration of 1 × 104 cells on EC 

matrices. EGM medium (150 µl) was added to each well and maintained at 

37°C and 5% CO2 in a CO2 incubator for 12 h. The formation of capillary 

tubes was analyzed using an inverted phase-contrast microscope (Olympus 

CKX41). 

 

3.3.5 DiI-acetylated LDL uptake 

 

The stimulated ADMSCs in culture were washed twice with serum-free 

medium and then incubated with 10 µg/ml DiI-acetylated LDL (Molecular 

Probes) in serum-free medium for 4 h at 37 °C and 5% CO2. The cell layer 

was washed with PBS and observed using an inverted fluorescent microscope 

(Olympus CKX41). 
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3.3.6 Microarray Analysis by RT2 Profiler PCR Array Analysis of WNT-

Mediated Signal Transduction 

 

Total cellular RNA was isolated with Trizol-Reagent from ADMSCs 

after 10 days of differentiation with the previously defined medium 

composition. The RNA was then subjected to reverse transcription, and the 

resulting cDNA was analyzed by: RT2 profiler Wnt signaling pathway 

(SABiosciences Corp.; PAHS-043YD). This series of WNT signaling 

pathway gene arrays is designed to study the genes involved upstream and 

downstream of Wnt signaling pathway. Each array contained a panel of 84 

primer sets related to Wnt-mediated signal transduction plus five 

housekeeping genes and two negative controls. It also determined whether 

canonical Wnt/ß-catenin pathway activity is activated, repressed, or 

unchanged after 10 days of differentiation. Real-time PCRs were performed 

as follows: melting for 10 min at 95 °C, 40 cycles of two-step PCR including 

melting for 15 secs at 95 °C, annealing for 1 min at 60 °C. The raw data was 

analyzed using the ΔΔCt method following the manufacturer's instructions 

(SABiosciences Corp). 
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3.3.7 Transfection of ADMSC with siRNA ß-catenin or siRNA Kremen1  

 

siRNA transfection of differentiating ADMSCs was performed 

according to the manufacturer’s protocol. Briefly, before transfection, 

ADMSCs were plated in DMEM complete medium into T-25 flasks, and 

allowed to reach 70-80% confluency, then incubation with siRNA for ß-

catenin or siRNA for Kremen1 (3482, 3846; Dharmacon, USA) at a final 

concentration of 10, 30, or 50 nM was combined with 10 μl DharmaFECTTM 

1 (Dharmacon, USA) in a total volume of 4 ml, and allowed to complex by 

incubation for 20 minutes at room temperature. The transfection mixture was 

then applied to the ADMSCs 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. 

 

3.3.8 Western Blot  

 

After 10 days of differentiation and with or without siRNA transfection, 

the total protein lysates were isolated and quantified by bicinchoninic acid 

(BCA) assay. The lysates were separated by 10% SDS-PAGE and transferred 

onto a nitrocellulose membrane (Bio-Rad, Hercules, CA). The membrane was 
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incubated in blocking solution (1x TBS, pH 7.6, 0.1% Tween-20, and 5% w/v 

of nonfat dry milk) and then incubated with a primary antibody to detect ß-

catenin or KREMEN1 (Abcam ab2365, ab72326). The membrane was probed 

for GAPDH (NOVUS Biological, NB300-221) to normalize the protein 

loading. 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 

solution (Pierce, USA). The exposure time was adjusted to keep the integrated 

optical densities within a linear and nonsaturated range. Densitometric 

analysis was done using Image Lab Software (Bio-Rad, USA). 

 

3.3.9 Statistical analysis 

 

Statistics were calculated using GraphPad Prism. Multiple group 

comparisons were performed by Bonferroni’s multiple comparison test using 

one-way ANOVA. Descriptive data is presented as the mean ± standard 

deviation (SD). Differences were considered significant at p-values of < 0.05. 
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3.4 Results 

 

3.4.1 Differentiation of MSCs into Endothelial Cells 

 

Cells cultured in EBM showed low mRNA transcript levels for the EC 

markers vWF, VE-Cadherin, and PECAM-1. The mRNA transcript levels of 

VE-Cadherin (Fig. 12Aa), vWF (Fig. 12Ab), and PECAM-1 (Fig. 12Ac) 

significantly increased in cells cultured in EGM+VEGF and 

EGM + VEGF+calcitriol compared to the control. Cells cultured in EBM 

medium did not show expression of EC markers (Fig. 12Bb). After 10 days 

of exposure in EGM with VEGF medium, cells showed a significantly higher 

number of cells with double positive expression of VE-Cadherin and 

PECAM-1 (5 ± 5%; Fig. 12Bd). The addition of vitamin D and VEGF in EGM 

resulted in remarkably enhanced expression of VE-Cadherin and PECAM-1 

(20 ± 5%; Fig. 12Be). There was a significant difference between the cells in 

EGM+VEGF versus EGM+VEGF+ calcitriol. 
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Figure 12A: mRNA expression. Real time PCR data showing fold change in 

the expression of Endothelial cell markers after 10 days of differentiation for 

VE-Cadherin (a), vWF (b), and PECAM-1 (c) (**represents p<0.01, * 

represents p<0.05, n =4). 

Figure 12B: Flow Cytometric Analysis. Expression of PECAM1 (CD31) 

and VE-Cadherin (CD144) in five different groups; unstained (a), 

undifferentiated cells with EBM (b), EBM+calcitriol (c), EGM+VEGF (d), 

EGM+VEGF+calcitriol (e), and positive cells HUVEC (f).  Flow cytometry 
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data were analyzed to show the significant differences between the groups 

(g) (***represents p=0.001, **represents p<0.01, * represents p<0.05). 

 

After stimulating ADMSC with EGM+VEGF and 

EGM+VEGF+calcitriol, the structure of the cells showed an increase of 

cobble stone morphology, demonstrating a change from ADMSCs to ECs 

morphology (Fig. 13A-E). The cells cultured in EBM and EBM+calcitriol 

showed small capillary tube formation, but there was no closed polygon 

formation or sprouting of new capillary tubes (Fig. 13F). In cells cultured in 

EGM+VEGF medium, the sprouting of new capillary tubes and formation of 

closed polygons were clearly visible (Fig. 13H). There was development of 

complex mesh-like structures in addition to closed polygon formation in cells 

cultured in EGM + VEGF+calcitriol medium (Fig. 13I). The sprouting of new 

capillary tubes was profuse when compared to that of EGM+VEGF medium. 

Profuse capillary formation in cells induced with EGM + VEGF+calcitriol 

medium demonstrated a significant role of calcitriol treatment in the medium 

in the differentiation of ADMSCs to ECs. HUVECs were used as a positive 

control, and they showed a clear formation of capillary tubes (Fig. 13J). 
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The next functional assay we performed was using lipoproteins labeled 

with the fluorescent probe, DiI that only labels ECs. The cells that were 

stimulated with EGM+VEGF (Fig. 13M) and EGM + VEGF+calcitriol 

(Fig. 13N) media showed significant increase in acetylated LDL uptake, 

which may be attributed to ADMSCs differentiation into ECs. The 

EGM + VEGF+calcitriol stimulated cells showed an increased percentage of 

DiI Ac LDL positive cells compared to that of EGM+VEGF. Cells stimulated 

with only EBM and EBM+calcitriol medium were entirely negative for DiI 

Ac-LDL (Fig. 13).  
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Figure 13:  EC differentiation of MSCs after 10 days of stimulation. 

Morphology of cells after 10 days of differentiation in EBM (A), 

EBM+calcitriol (B), EGM+VEGF (C), EGM+VEGF+calcitriol (d), and 

positive control using HUVEC cells (E). Angiogenesis assay; formation of 

capillary-like structure in vitro in ADMSCs incubated with EBM (F), 

EBM+calcitriol (G), EGM+VEGF (H), EGM+VEGF+calcitriol (I), and 

positive control using HUVEC cells (J). Ac. LDL uptake in AMSCs 

incubated with EBM (K), EBM+calcitriol (L), EGM+VEGF (M), 

EGM+VEGF+calcitriol (N), and positive control using HUVEC cells (O). 
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3.4.2 WNT signaling during the differentiation process 

 

In order to assess the upregulation and/or downregulation of Wnt 

signaling molecules during the differentiation process, real-time PCR arrays 

using the RT2 profiler were carried out. The ratios for triplicate determinations 

are shown in Table 2 after 10 days of differentiation when ADMSC were 

incubated with EBM, EBM +Calcitriol, EGM+VEGF, 

EGM+VEGF+calcitriol. The results of the RT-PCR provided additional data 

related to the signaling effects of VEGF and calcitriol. A substantial decrease 

in the mRNA expression of numerous WNT signaling molecules such as β-

catenin, LRP5, LRP6, FRZB, FRZD2, and WNT3A.  In addition, a substantial 

increase in the mRNA expression of FOSL1 and Kremen1 of the WNT 

signaling molecules after 10 days of differentiation was observed (Fig. 14A-

B; Table 2).  
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Figure 14A: Scatter plot showing regulation of Wnt gene expression 

during endothelial cell differentiation. MSCs cultured in EBM+ Calcitriol 

Vs EBM (a), EGM+VEGF Vs EBM (b), EGM+VEGF+calcitriol Vs EBM 

(c).  

Figure 14B: Diagram showing all the significant downregulation and 

upregulation. MSCs cultured in EGM+VEGF Vs EBM (a), 

EGM+VEGF+calcitriol Vs EBM (b).  
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Table 2: Fold change of Wnt genes after MSC stimulation with 

EGM+VEGF and EGM+VEGF+calcitriol compared to EBM 

 

To further confirm the WNT signaling pathway during differentiation 

we looked at the protein expression of the most downregulated protein, β-

catenin, and highest upregulated protein, Kremen1, after 10 Days of 

differentiation with the previously mentioned media. The data showed a 

significant decrease in the protein expression of β-catenin during the 

ADMSCs stimulation for EC differentiation in comparison to the ADMSCs 

with EBM (Fig. 15A).   It was also observed that there was a significant 

increase in the protein expression of Kremen1 during the ADMSCs 

stimulation for EC (Fig. 15B). 
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Figure 15: Protein Expression. β-catenin (A) and KREMEN1 (B) 

expression after 10 days of endothelial cell differentiation stimulations 

(***represents p=0.001, **represents p<0.01, * represents p<0.05). 

 

3.4.3 siRNA Concentration Response 

 

To determine the correct dosage of siRNA that would be used to silence 

β-catenin and Kremen1, cells were incubated at different concentrations (0, 
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10, 30, 50 nM) for 72 hours. For β-catenin, 10, 30 and 50 nM of siRNAs 

showed clear inhibitions, with 50 nM β-catenin siRNA showing the highest 

inhibition among the three concentrations (Fig. 16A). β-catenin was then 

silenced for the remainder of the experiments with 50 nM of siRNA. Kremen1 

was only inhibited at a siRNA concentration of 50 nM (Fig. 16B), and this 

was used to carry out further studies. Cell viability was tested using automated 

hemocytometer (Countess, Invitrogen, USA) with Trypan Blue staining, and 

the results showed high cell viability rate (85- 97 %) after β-catenin and 

Kremen1 siRNA transfections. 
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Figure 16: Dose selection for siRNA transfection; β-catenin(A) and 

KREMEN1 (B) siRNA transfection with three different concentration of 

siRNA (10 nM, 30 nM, and 50 nM) the highest silencing with 50 nM 

(***represents p=0.001). 
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3.4.4 Knockdown of β-catenin during differentiation  

 

After treating the cells in media containing scrambled siRNA, EBM, 

EGM+VEGF, EGM+VEGF+calcitriol, and β-catenin siRNA (Fig. 17), 

western blot analysis showed that the inhibition was successfully performed 

in comparison to the other groups (Fig. 18B). When examining the expression 

of EC markers with flow cytometric analysis in the five treatments, the 

ADMSCs incubated with the scrambled siRNA and EBM showed no 

expression for both PECAM and VE-Cadherin (Fig. 18Ab-c). Surprisingly, 

siRNA silencing of β-catenin resulted in significant increases in the 

expression of PECAM and VE-Cadherin compared to the EBM group 

(50 ± 5%; Fig. 18Af).  
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Figure 17: Differentiation media composition with β-catenin siRNA. The 

ADMSC culture was stimulated with one of the four different types of 

medium for 10 days: (A) Endothelial Basal Medium that contained 2% fetal 

bovine serum (FBS), 50nM of Scramble siRNA, and growth supplements 

(hydrocortisone, human fibroblast growth factor (hFGF-b), R3-IGF-1, 

ascorbic acid, human epithelial growth factor (hEGF), (B) Endothelial 

Basal Medium that contained 2% FBS (C) Endothelial Basal Medium that 

contained 2% FBS, and VEGF-165 (50 ng/ml) and growth supplements 

(hydrocortisone, human fibroblast growth factor (hFGF-b), R3-IGF-1, 

ascorbic acid, human epithelial growth factor (hEGF), GA-1000 and 

heparin) (D) Endothelial Basal Medium that contained 2% FBS, VEGF-165 
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(50 ng/ml), 10nM of calcitriol, and growth supplements (hydrocortisone, 

human fibroblast growth factor (hFGF-b), R3-IGF-1, ascorbic acid, human 

epithelial growth factor (hEGF), GA-1000 and heparin), VEGF-165 (50 

ng/ml), and (E) Endothelial Basal Medium that contained 2% FBS, VEGF-

165 (50 ng/ml), β-catenin siRNA (50nM), and growth supplements 

(hydrocortisone, human fibroblast growth factor (hFGF-b), R3-IGF-1, 

ascorbic acid, human epithelial growth factor (hEGF), GA-1000 and 

heparin). 
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Figure 18A. Flow Cytometric Analysis. Expression of PECAM1 (CD31) 

and VE-Cadherin (CD144) in five different groups; unstained (a), cells 

treated with scramble siRNA in EBM (b), EBM (c), EGM+VEGF (d), 

EGM+VEGF+calcitriol (e), cell treated with β-catenin siRNA (f).  Flow 

cytometry data were analyzed to show the significant differences between 

the groups (g) (***represents p=0.001, **represents p<0.01, * represents 

p<0.05). 

Figure 18B: Protein Expression. β-catenin expression after 10 days of 

endothelial cell differentiation stimulations with the five different treatments 

(**represents p<0.01, * represents p<0.05). 
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The functionality of the ADMSC after the 5 treatments was determined 

using angiogenesis and Ac-LDL assays. Interestingly, ADMSCs stimulated 

with EGM+VEGF and β-catenin demonstrated greater development of 

complex mesh structures in addition to closed polygon formation in cells 

cultured with β-catenin siRNA (Fig. 19K). Cells treated with EGM+VEGF 

and β-catenin siRNA had greater Ac-LDL uptake in comparison to the other 

5 treatments (Fig. 19Q).  
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Figure 19: EC differentiation of MSCs after 10 days of stimulation. 

Morphology of cells after 10 days of differentiation in EBM (A), 

EBM+calcitriol (B), EGM+VEGF (C), EGM+VEGF+calcitriol (D), β-

catenin siRNA (E), and positive control using HUVEC cells (F). 

Angiogenesis assay; formation of capillary-like structure in vitro in 

ADMSCs incubated with EBM (G), EBM+calcitriol (H), EGM+VEGF (I), 

EGM+VEGF+calcitriol (J), β-catenin siRNA (K), and positive control using 

HUVEC cells (L). Ac. LDL uptake in AMSCs incubated with EBM (M), 

EBM+calcitriol (N), EGM+VEGF (O), EGM+VEGF+calcitriol (P), β-

catenin siRNA (Q), and positive control using HUVEC cells (R). 
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3.4.5 Knockdown of Kremen1 during differentiation  

 

After treating the cells in media containing scramble siRNA, EBM, 

EGM+VEGF, EGM+VEGF+calcitriol, and Kremen1 siRNA (Fig. 20) the 

western blot data showed that Kremen1 siRNA was successfully done and 

Kremen1 was silenced (Fig. 21B). Flow cytometry analysis of EC marker 

expression of cells in the five treatments, revealed the ADMSCs incubated 

with scramble siRNA and EBM showed no expression for both PECAM and 

VE-Cadherin (Fig. 21Ab-c). Surprisingly, siRNA silencing of Kremen1 

resulted in significant decrease in the expression of PECAM and VE-Cadherin 

compared to the EGM+VEGF+calcitriol group (2 ± 5%; Fig. 21Af).  
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Figure 20: Differentiation media composition with Kremen1 siRNA. The 

ADMSC culture was stimulated with one of the four different types of 

medium for 10 days: (A) Endothelial Basal Medium that contained 2% fetal 

bovine serum (FBS), 50nM of Scramble siRNA, and growth supplements 

(hydrocortisone, human fibroblast growth factor (hFGF-b), R3-IGF-1, 

ascorbic acid, human epithelial growth factor (hEGF), (B) Endothelial 

Basal Medium that contained 2% FBS (C) Endothelial Basal Medium that 

contained 2% FBS, VEGF-165 (50 ng/ml), and growth supplements 

(hydrocortisone, human fibroblast growth factor (hFGF-b), R3-IGF-1, 

ascorbic acid, human epithelial growth factor (hEGF), GA-1000 and 
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heparin), (D) Endothelial Basal Medium that contained 2% FBS, VEGF-165 

(50 ng/ml), 10nM of calcitriol, and growth supplements (hydrocortisone, 

human fibroblast growth factor (hFGF-b), R3-IGF-1, ascorbic acid, human 

epithelial growth factor (hEGF), GA-1000 and heparin), VEGF-165 (50 

ng/ml), and (E) Endothelial Basal Medium that contained 2% FBS, VEGF-

165 (50 ng/ml), Kremen1 siRNA (50nM), and growth supplements 

(hydrocortisone, human fibroblast growth factor (hFGF-b), R3-IGF-1, 

ascorbic acid, human epithelial growth factor (hEGF), GA-1000 and 

heparin). 
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Figure 21A: Flow Cytometric Analysis. Expression of PECAM1 (CD31) 

and VE-Cadherin (CD144) in five different groups; unstained (a), cells 

treated with scramble siRNA in EBM (b), EBM(c), EGM+VEGF(d), 

EGM+VEGF+calcitriol (e), cell treated with Kremen1siRNA (f).  Flow 

cytometry data were analyzed to show the significant differences between 

the groups (g) (****represents p=0.0001***represents p=0.001, 

**represents p<0.01, * represents p<0.05). 
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Figure 21B: Protein Expression. Kremen1 expression after 10 days of 

endothelial cell differentiation stimulations with the five different treatments 

(**represents p<0.01, * represents p<0.05). 

The functionality of the ADMSC after the 5 treatments was also 

confirmed using angiogenesis and Ac-LDL assays. Interestingly, ADMSCs 

stimulated with EGM+ VEGF and Kremen1 demonstrated small capillary 

tubes formation, but there was no closed polygon formation or sprouting of 

new capillary tubes (Fig. 22K). Cells treated with EGM+VEGF and Kremen1 

siRNA had a lower Ac-LDL uptake in comparison to the 

EGM+VEGF+calcitriol (Fig. 22P-Q).  
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Figure 22: EC differentiation of MSCs after 10 days of stimulation. 

Morphology of cells after 10 days of differentiation in EBM (A), 

EBM+calcitriol (B), EGM+VEGF (C), EGM+VEGF+calcitriol (D), 

Kremen1 siRNA (E), and positive control using HUVEC cells (F). 

Angiogenesis assay; formation of capillary-like structure in vitro in 

ADMSCs incubated with EBM (G), EBM+calcitriol (H), EGM+VEGF (I), 

EGM+VEGF+calcitriol (J), Kremen1 siRNA (K), and HUVEC as a positive 

control (L). Ac. LDL uptake in AMSCs incubated with EBM (M), 

EBM+calcitriol (N), EGM+VEGF (O), EGM+VEGF+calcitriol (P), 

Kremen1 siRNA (Q), and HUVEC as a positive control (R). 
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3.5 Discussion  

 

The use of MSCs in stem cell therapy for the treatment of 

cardiovascular disease is currently being investigated (155).  MSCs are found 

in a wide variety of areas in the human body, including the spleen, umbilical 

cord blood, bone marrow and adipose tissue (167,168). For stem cells to be 

classified as MSCs, they need to adhere to plastic, contain a panel of MSC-

positive markers, and differentiated into cells from the mesoderm lineage, 

namely adipocytes, chondrocytes, and osteocytes(157). Methods of 

differentiating ADMSCs into EC have therapeutic potential in cardiovascular 

disease and tissue engineering.  

The capability of VEGF-A to stimulate the differentiation of bone 

marrow derived MSCs into ECs has been reported (132). However, the 

difficulty of isolating MSCs from the bone marrow due to the trauma and the 

low density of MSC found in this tissue, makes it unsuitable for a therapeutic 

application, especially in immunocompromised patients. The novel finding of 

this study is to increase the differentiation of ADMSCs by using VEGF and 

calcitriol to work synergistically to promote the differentiation of porcine 

ADMSC into ECs. Our data provides evidence that the treatment of ADMSC 
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with VEGF can be critical for the regeneration and rejuvenation of a damaged 

endothelium.   

According to our data, using VEGF-A (50 ng/ml) alone to stimulate 

ADMSC was not effective in upregulating EC marker expression or in 

promoting ADMSC differentiation into ECs. Furthermore, VEGF-A alone is 

only a minor contributor to ADMSC differentiation into ECs. Results from 

the current study indicate that VEGF with calcitriol increased the EC markers, 

differentiation and function of ADMSCs upon co-treatment. The specific 

signaling pathways underlying this mechanism is not currently well 

understood. 

ADMSC treated with VEGF and calcitriol showed changes in gene and 

protein expression of molecules involved in the Wnt signaling pathway during 

the 10-day differentiation period. We saw the downregulation of β-catenin 

and the upregulation of Kremen1. This is of particular interest since it has 

been observed that β-catenin levels are increased during myocardial 

infarction, tobacco-related atherosclerosis, as well as in angioplasty and 

stenting, where the endothelium is severely injured and denuded (169,170) . 

Results from this study suggest that VEGF and calcitriol may act on the 

pathway of differentiation that would help in the repair of the damaged 

endothelium. 
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β-catenin is a key protein that belongs to the Wnt pathway and helps in 

the cell-cell interactions such, and proliferation of smooth muscle cells (171). 

β-catenin interacts with TCF/LEF to promote the expression of many genes, 

such as, COX-2 and cyclin D  that affect vascular proliferation and function 

(172). Here we show that the differentiation increased after treatment with 

VEGF and calcitriol as well as when the ADMSC were transfected with β-

catenin siRNA. Our findings suggest that the downregulation of β-catenin 

increases the expression of PECAM-1 and VE-cadherin as well as increasing 

functionality of ADMSC to ECs, suggesting an unrecognized mechanism by 

which VEGF and calcitriol promote the differentiation of ADMSC into ECs.  

During the differentiation process, we also noticed that Kremen1 was 

being upregulated. Kremen1 is a high-affinity receptor for Dickkopf-related 

protein 1 (Dkk1) (173). Dkk1 is a soluble protein that binds to and inactivates 

the low-density lipoprotein receptor-related protein (LRP) which is a co-

receptor for Wnt (174). This means that Kremen1 and Dkk1 can be considered 

specific inhibitors of the canonical Wnt signaling pathway causing β-catenin 

to be degraded. This degradation would  prevent β-catenin from accumulating 

in the cytoplasm (175). Our results show that when Kremen1 is knocked-

down, the ADMSC are incapable of differentiating compared to the ADMSC 

treated with VEGF and calcitriol. This could be due in part to the 
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accumulation of β-catenin in the cytoplasm, ultimately preventing 

upregulation of EC markers necessary for ADMSC to function as ECs.  

Further investigation is needed to determine whether or not EC-like 

cells derived and differentiated from ADMSCs are able to adhere to blood 

vessels as well as function as ECs once they have adhered, and whether they 

are capable of releasing vasoactive substances. This would be ideal in an ex 

vivo model to simulate the harsh environment that the ADMSC will 

encounter. 

 

3.6 Conclusion 

 

In summary, VEGF and calcitriol signaling that is mediated through the 

Wnt pathway plays a critical role in the differentiation of ADMSC into ECs. 

Results from this study highlight the importance of investigating the pathway 

that promotes differentiation of ADMSC into ECs. The results from this study 

provide a less invasive and novel insight into therapeutic strategies for patients 

undergoing coronary intervention to limit thrombosis and intimal hyperplasia. 
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Chapter 4 

Restoring Endothelium in Denuded Coronary Arteries Using 

Differentiated Adipose-Derived Mesenchymal Stem Cell using 

Bioreactor System 
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4.1 Abstract 

 

Introduction: The current interventional procedures for coronary artery 

stenosis often result in the development of restenosis. Angioplasty with 

stenting causes endothelium denudation of coronary arteries. Mechanisms 

that regulate the repair of denuded arteries remain poorly defined. 

Mesenchymal stem cells (MSC) are a versatile cell type that could serve to 

replenish and repair the endothelium of damaged arteries. Here, we 

investigated the application of endothelial cells (EC) differentiated from 

adipose-derived MSCs (ADMSC) to endothelium-denuded coronary arteries 

using a bioreactor system.  

Methods: Adipose tissue was isolated from domestic swine, and ADMSCs 

were extracted through a density gradient centrifugation technique. 

ADMSCs were differentiated into ECs in the presence of VEGF or VEGF 

plus calcitriol for 10-12 days. The left circumflex (LCX) coronary artery 

was isolated from hearts of domestic swine. Using a MiniBreath Bioreactor 

System, endothelium-denuded LCX arteries were treated with ADMSCs or 

ADMSC-derived ECs labeled with CM-DiI. Subsequently, seeding of the 

cultured cells to denuded LCX arteries was examined by 
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immunohistofluorescence (IHF) for the EC markers platelet endothelial cell 

adhesion molecule (PECAM-1) and Von Willebrand factor (vWF). Coronary 

artery vasoconstriction and vasodilation was assessed via wire myograph.  

Results: The intima of fresh LCX arteries displayed a layer of cells 

immunopositive for PECAM-1 or vWF, whereas endothelium-denuded 

arteries were devoid of signal for PECAM-1 or vWF. Fresh LCX arteries 

displayed dose-dependent vasodilation in response to bradykinin or calcium 

ionophore A23187, and these responses were completely abrogated 

following endothelium denudation. After treating endothelium-denuded 

LCX arteries with ADMSC-derived ECs in the bioreactor system for 24 

hours, engraftment to the intimal surface was demonstrated by CM-DiI label 

and expression of PECAM-1 or vWF via immunofluorescence.  

A23187-mediated vasodilation was partially restored in endothelium-

denuded LCX arteries following treatment with ADMSC-derived ECs but 

not ADMSCs.  

Conclusions: We report the technique of seeding ADMSC-derived ECs onto 

endothelium-denuded porcine coronary arteries using a MiniBreath 

Bioreactor System. These findings may have important implications for 
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MSC-based therapies designed to regenerate and repair damaged 

endothelium and prevent restenosis in atherosclerotic arteries.  

 

4.2 Introduction 

 

Cardiovascular disease is currently the leading cause of mortality and 

morbidity throughout the world. According to the most recent statistics, 

cardiovascular disease accounts for 30.8% of all deaths in the United States 

(3). The major cause of cardiovascular disease is due to atherosclerosis. The 

outcomes of current surgical options are not ideal since restenosis is a 

significant problem during interventional cardiology (176). Neo-intimal 

hyperplasia or thrombosis can necessitate repeated intervention, and the 

options for stenting or bypass grafting are further limited.  

There is a need for therapies that open stenotic arteries and prevent re-

narrowing of the lumen. An attractive solution is to differentiate 

mesenchymal stem cells (MSC) into vascular cell types and utilize them for 

blood vessel generation. MSCs are accessible from adipose tissue, bone 

marrow, and umbilical cord blood (3). Methods have been developed to 

differentiate human bone marrow-derived MSCs (BM-MSC) into smooth 
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muscle cells (SMCs) in a surface hydrolysis of poly(glycolic acid) mesh in a 

bioreactor system (177) . Our group previously developed methods to 

differentiate porcine BM-MSCs or adipose-derived MSCs (ADMSC) into 

endothelial cells (ECs) (132,178). ADMSCs are an attractive source of 

MSCs since obtaining adipose tissue is less traumatic to the patient, and a 

greater proportion of MSCs is present in adipose tissue compared to other 

sources (179,180). We found that supplementation of endothelial growth 

media with vascular endothelial growth factor (VEGF) and calcitriol (e.g. 

active form of vitamin D) enhances the differentiation of ADMSCs into 

ECs. 

In this study, we examined the engraftment of MSCs or MSC-derived 

ECs onto endothelium-denuded coronary arteries. Cells were seeded onto 

the intimal surface of endothelium-denuded coronary arteries using the 

MiniBreath Bioreactor System to best simulate in vivo conditions. Under 

static culture conditions, MSCs are selected based on their ability to adhere 

to plastic in a flask (181). In contrast, the Bioreactor comprises a dynamic 3-

D culture system, in which cells in media are subjected to physiological 

laminar flow through the lumen of artery. The artery is further subjected to 

shear forces by constant rotation within the Bioreactor chamber. We 

demonstrate the functional effects of seeding MSC-derived ECs onto 
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endothelium-denuded coronary arteries. Our results suggest that MSC-

derived ECs can partially restore endothelium and rescue endothelial 

function. Thus, cell-based therapies may prove to be useful for re-

endothelialization of damaged blood vessels. 

 

4.3 Materials and Methods  

 

4.3.1 Isolation of ADMSCs 

 

ADMSCs were isolated from porcine adipose tissue as previously 

reported(182). The Institutional Animal Care and Use Committee of 

Creighton University approved the research protocol.  Briefly, samples of 

porcine adipose tissue were collected from the anterior abdominal wall of 

domestic pigs (5 ½ -6 ½ months of age) and transferred to the laboratory 

from a local slaughterhouse (Hormel; Fremont, NE, USA). The tissue 

samples were transported in a chilled container in Dulbecco’s Modified 

Eagle Medium (DMEM; Sigma–Aldrich, St. Louis, MO, USA) with the 

following antibiotics: 100 mg/mL penicillin (Sigma–Aldrich, St. Louis, MO, 
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USA) and 100 mg/mL streptomycin (Sigma-Aldrich, St. Louis, MO, USA). 

About 10 grams of adipose tissue was minced into 2-4 mm pieces with 

sterile scissors and digested with 15 mL 0.2% type-1 collagenase (Sigma–

Aldrich, St. Louis, MO, USA) for 2 h at 37° C. Adding serum-containing 

medium then stopped the collagenase activity. The floating cells were 

separated from the vascular stromal fraction by centrifugation at 400 g for 

10 minutes. The pellet (stromal vascular fraction) was then filtered through a 

100 μm nylon mesh to remove any undigested tissue. The cells were then 

centrifuged in a 1.077 g/mL histopaque (Sigma-Aldrich, St. Louis, MO, 

USA) density gradient at 400 g for 30 minutes. The enriched cells were 

collected from the interphase, washed twice with serum-free medium and 

then resuspended in complete DMEM containing 10% fetal bovine serum 

(FBS) (Gibco, USA), 100 mg/mL penicillin (Sigma-Aldrich, St. Louis, MO, 

USA) and 100 mg/mL streptomycin (Sigma-Aldrich, St. Louis, MO, USA). 

The cells were then cultured in a 25-cm2 flask at 37°C with 5% CO2/95% air 

and 90% relative humidity. The medium was changed every two days. Non-

adherent hematopoietic cells were removed by medium change every 24 

hours for three days. Afterward, the culture medium was changed three 

times per week. Once adherent ADMSCs became confluent, they were then 

trypsinized using 0.25% Trypsin–EDTA (Sigma-Aldrich, St. Louis, MO, 
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USA), and transferred to fresh 25-cm2 culture flasks. All experiments were 

performed using MSCs at 3-6 passages. 

 

4.3.2 Differentiation of MSCs into Endothelial Cells 

 

The differentiation process started at 60–70% confluency of ADMSC. 

The ADMSC culture was stimulated with one of the three different types of 

medium: 1) Endothelial Basal Medium (EBM) (Gibco, USA) that contained 

2% fetal bovine serum (FBS) (Gibco, USA); 2) Endothelial Growth Media 

(EGM) consisting of EBM containing 2% FBS and the growth supplements 

(EGM; EGM-2 Bullet Kit,  Lonza, Walkersville, MD, USA), VEGF-165 (50 

ng/ml), hydrocortisone, human fibroblast growth factor (hFGF-b), R3-IGF-1, 

ascorbic acid, human epithelial growth factor (hEGF), GA-1000 and heparin 

(EGM-2 Bullet Kit; amounts are proprietary and undisclosed); 3) EGM with 

VEGF-165 (50 ng/ml) plus calcitriol (10nM). The medium was replaced 

every 2 days. The cells were maintained at 37 °C with 5% CO2/95% air, and 

90% relative humidity. The ADMSC treated as mentioned were used after 

10-12 days of stimulation. 
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4.3.3 Preparation of Coronary Arteries 

 

Hearts were collected from pigs (5 ½ -6 ½ months of age) and 

transferred to the laboratory from a local slaughterhouse (Hormel; Fremont, 

NE, USA). The hearts were transported in a chilled container in DMEM 

(Sigma–Aldrich, St. Louis, MO, USA) with the following antibiotics: 100 

mg/mL penicillin (Sigma–Aldrich, St. Louis, MO, USA) and 100 mg/mL 

streptomycin (Sigma-Aldrich, St. Louis, MO, USA). The circumflex branch 

of left coronary artery (left circumflex; LCX) was carefully dissected from 

each heart and placed in cold oxygenated Krebs physiological buffer (in 

mM: NaCl 118.3, KCl 4.7, MgSO4 1.2, KH2PO4 1.2, NaHCO3 25, glucose 

11 and CaCl2 2.5). The LCX artery was dissected free of perivascular 

adipose tissue. The LCX artery was divided into segments to be used 

immediately for myograph experiments or for incubation treatments (24 

hours) and subsequent myograph experiments. For measurement of 

isometric tension via wire myograph, the LCX artery was cut into rings ~4 

mm in length. A long segment of LCX artery (~25 mm in length) devoid of 

major branches was selected for each incubation experiment using a 

bioreactor. Endothelial denudation was performed on segments of LCX 
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artery as indicated. The endothelium was removed by abrasion of the intimal 

surface with a tapered wooden stick end of a cotton tipped applicator 

(Puritan, Hardwood Products Company, Guilford, Maine, USA).  

 

4.3.4 Cell Labeling 

 

In order to evaluate cell engraftment onto LCX arteries denuded of 

endothelium, the ADMSCs or MSC-derived ECs were labeled with 

Chloromethylbenzamido derivatives of 1,1'-dioctadecyl-3,3,3'3'-tetramethyl-

indocarbocyanine perchlorate (CM-DiI; CellTrackerTM CM-DiI, Invitrogen, 

Grand Island, New York, USA). The stock solution was diluted to 1 mg/ml 

and incubated with MSCs or MSC-derived ECs for 5 minutes at 37 °C and 

then for an additional 15 minutes at 4 °C. The cells were washed twice with 

PBS and then maintained for 1 hour with the same differentiation medium 

consisting of either EBM, EGM with VEGF (50 ng/ml), or EGM with 

VEGF (50 ng/ml) plus calcitriol (10 nM). Cells were then loaded into a 

syringe and injected into the co-axial conduit that runs through the 

bioreactor chamber wall into the lumen of the endothelium-denuded LCX 
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artery mounted within the chamber. Cell retention and engraftment was 

quantified based on fluorescence of DiI-labeled cells. 

 

4.3.5 Bioreactor Experiments  

 

We performed cell engraftment experiments using a MiniBreath 

Bioreactor (Harvard Apparatus Regenerative Technology, Holliston, MA, 

USA to assess the seeding and culturing of MSCs or MSC-derived ECs in 

the intima of a coronary artery. The bioreactor system was kept inside an 

incubator, with humidified atmosphere at 37°C with 5% CO2/95% air and 

90% relative humidity. The cultured vessels were mounted in a polymeric 

chamber that is equipped to allow gas exchange and optimal diffusion of 

oxygen inside the vessel. A co-axial conduit links the inner chamber to the 

external environment through the chamber wall. This provides access to seed 

and feed the intimal surface of the vessel with cells. The cells prepared were 

either MSCs (2x107 cells) in EBM, MSCs (2x107 cells) differentiated (10-12 

days) in EGM with VEGF (50 ng/ml), or MSCs (2x107 cells) differentiated 

(10-12 days) in EGM with VEGF (50 ng/ml) plus calcitriol (10 nM). After 

DiI labeling, cells were loaded into a syringe and injected into the co-axial 
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conduit that runs through the bioreactor chamber wall into the lumen of the 

endothelium-denuded LCX artery mounted within the chamber. The medium 

and cells circulated at a constant flow of 250 ml/minute provided by a 

peristaltic pump (Veristaltic Pump, Monostat, Champaign, IL, USA). The 

bioreactor device is also equipped to simulate hydrodynamic sheer stress. 

The vessels rotated along their longitudinal axis in culture medium, moving 

the vessels between liquid (medium) and gaseous (air) phase (1.5-2.0 

revolutions per minute). The construct is rotated by a subsystem-controlled 

DC motor isolated from the culture chamber. There rotational element 

induced continuous mixing of the culture medium to increase oxygenation 

and the exchange of nutrients. The LCX arteries were maintained in the 

bioreactor chamber for 24 hours.  The arteries were then dismounted and 

placed in DMEM. Segments were cut into rings ~4 mm in length for 

myograph studies. The artery ring intima was either left undisturbed or 

intimal denudation was repeated as indicated. Additional artery rings were 

designated for analysis by histology and immunofluorescence.  
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4.3.6 Myograph Experiments 

 

Isometric tension was measured in rings of LCX artery (~4 mm length) 

using a Graz organ bath myograph system (Hugo Sachs Elektronik, Harvard 

Apparatus, Germany). Artery rings were connected to the force transducer 

via two steel wires and suspended in organ baths containing 5 ml Krebs 

buffer (maintained at 37 °C and 95% O2 / 5% CO2). The resting tension of 

the artery rings was set to ~2.5-3.0 g, and the vessels were equilibrated for 

45 minutes. All rings were first stimulated to contract by application of KCl 

(100 mM). Then dose-dependent contraction was recorded for cumulative 

doses of KCl (10 mM – 150 mM). Following each application of KCl, 

vessels were washed three times with fresh Krebs buffer over a 30-minute 

recovery period. Dose-dependent relaxation was recorded for cumulative 

doses of bradykinin (BK; 0.1 nM – 10 μM), sodium nitroprusside (SNP; 0.1 

nM – 10 μM) or calcium ionophore A23187 (0.1 nM – 3 μM) after initial 

pre-constriction with PGF2α (10 μM). Following application of each 

agonist, vessels were dilated to baseline tension with SNP (10 μM) and 

washed three times with fresh Krebs buffer over a 30-minute recovery 

period. Data were collected with PowerLab/8SP and analyzed with LabChart 
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7 software (AD Instruments, Colorado Springs, CO, USA). For incubation 

experiments, LCX artery rings were incubated under static conditions in 

EBM (24 hours; 37 °C, 5%CO2) with or without cells (MSCs (2x107 cells) 

differentiated (10-12 days) in EGM with VEGF (50 ng/ml)) in a 6-well plate 

prior to preparation onto wire myograph. For experiments on nitric oxide 

synthase inhibition, Nω-Nitro-L-arginine methyl ester (L-NAME; 10 mM) 

was continuously applied to the organ bath after each wash throughout the 

tension studies. Data were collected with PowerLab/8SP and analyzed with 

Chart 5 software (AD Instruments). 

 

4.3.7 Immunofluorescence of Endothelial Cell Markers in Coronary 

Arteries  

 

Following the bioreactor protocol (24 hours), designated artery rings 

(~2 mm in length) were fixed in 10% formalin (1 hour at room temperature), 

washed three times in PBS, then placed in a four-day sucrose gradient (15%, 

20% 30%, and ½ 30% sucrose with ½ OCT respectively). On the fifth day 

the samples were frozen in Tissue-Tek® O.C.T. embedding compound 

(Torrance, CA, USA). 10-μm frozen cross-sections were prepared with a 
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cryostat and mounted on microscope slides. Mounted slides were treated 

with acetone for 15 minutes at 4°C and then washed twice for 10 minutes 

with PBS. The sections were treated by steam heating for antigen retrieval 

(20-30 minutes) using DAKO Antigen Retrieval Solution. Slides were 

washed using PBS twice, 5 minutes each while shaking. After pre-

incubation with 5% serum for respective primary antibody in PBS for 1 hour 

to avoid unspecific binding, the samples were incubated with Von 

Willebrand factor (vWF) primary antibodies (H-300) (Santa Cruz 

Biotechnology, Dallas, Texas, USA) or platelet endothelial cell adhesion 

molecule (PECAM-1) primary antibodies (M-20) (Santa Cruz 

Biotechnology, Dallas, Texas, USA) overnight at 4°C. Dilutions (1:200) of 

antibodies were prepared with PBS at room temperature. After washing in 

PBS four times for 5 minutes each, a secondary antibody (affinity purified 

goat anti-rabbit fluorescein isothiocyanate (FITC) antibody, 1:500) (Jackson 

ImmunoResearch Laboratories, Inc., West Grove, PA, USA) was applied to 

the sections for 2 hours in the dark at room temperature. Sections were 

washed with PBS four times for 5 minutes while shaking. Slides were 

mounted using VECTASHIELD Hard Mounting Medium with DAPI 

(Vector Laboratories, Inc., Burlingame, CA, USA). A single layer of clear 

nail polish was placed around the edge of slide to prevent the mounting 
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medium from escaping the coverslip.  Each slide was imaged for DiI labeled 

cells using green filter (engrafted cells showed red fluorescence) and then 

overlayed with the image of immunostained cells using blue filter (positive 

cells showed green fluorescence). 

 

4.3.8 Histology of Coronary Arteries  

 

Sections of 10 µm thicknesses were taken and the sections were 

digitally photographed after staining with hematoxylin & eosin (H&E). 

 

4.3.9 Statistical analysis 

 

Data are expressed as means ± SE. Myograph data were analyzed with 

two-way repeated-measures analysis of variance. One-way analysis of 

variance or Student’s t-test were used to analyze statistically significant 

differences between groups where required. P value <0.05 was considered 

statistically significant. 
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4.4 Results 

 

The aim of this study was to examine cell engraftment onto coronary 

artery rings following endothelium loss. We evaluated the ability of MSC-

derived ECs to engraft onto LCX arteries denuded of endothelium.  

The structure of porcine LCX arteries was examined by histology of 

cross-sections of artery rings with intact endothelium and artery rings with 

denuded endothelium. PECAM-1 (Fig. 23B-D, and 23F-H) and vWF (Fig. 

23J-L, and 23N-P) antibodies were utilized to identify the endothelial cells 

attached to the intima of the LCX arteries. PECAM-1 and vWF expression 

was detected at the intima of the endothelium-intact LCX arteries. 

Endothelium-denuded arteries displayed no expression of PECAM-1 or 

vWF in the intima (23B-C, 23F-H, 23N-P). These data demonstrate that the 

denudation process completely removes the endothelium of LCX arteries.  
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Figure 23: Immunofluorescence of PECAM-1 and vWF expression in 

normal and denuded circumflex branch of left coronary artery. DAPI was 

used to label the nuclei (A, E, I, & M). Normal (A-D, & I-H) and denuded 

(E-H, & M-P) were stained using goat anti- PECAM-1 antibody and donkey 

anti-goat FITC as secondary antibody (B & F), sections were also stained 

with rabbit anti- vWF antibody and donkey anti-rabbit FITC as secondary 

antibody (J & N). DAPI overlay with goat anti- PECAM-1 antibody and 

donkey anti-goat FITC as secondary antibody (C-D, & G-H) and DAPI 

overlay with rabbit anti- vWF antibody and donkey anti-rabbit FITC as 
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secondary antibody (K-L, & O-P). Strong expression of PECAM-1 and VWF 

was found in the intima in the normal circumflex branch of left coronary 

artery (N=12), however a weak expression was found in the denuded 

circumflex branch of left coronary artery (N=12). L: lumen, M: medial 

layer, IEL: internal elastic lamina, and EC: endothelial cells. 

The viability of fresh LCX artery rings was tested via wire myograph. 

The rings exhibited robust contraction in response to high-dose KCl (Fig. 

24A). Rings with intact endothelium exhibited dose-dependent relaxation in 

response to BK (Fig. 24C) or calcium ionophore A23187 (Fig. 24D) 

following pre-constriction with PGF2α (Fig. 24B). In contrast, endothelium-

denuded rings failed to relax in response to BK (Fig. 24C) or A23187 (Fig. 

24D). Relaxation in response to the nitric oxide donor SNP (Fig. 24E) was 

similar between endothelium-intact and endothelium-denuded rings. 
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Figure 24: Vascular reactivity of pig LCX artery. Isometric tension was 

measured on LCX artery rings freshly dissected from the hearts of domestic 

pigs. We studied endothelium-intact rings (filled square symbols) and 

endothelium-denuded rings (open square symbols). (A) Contraction was 

assessed in response KCl (n=12) or (B) PGF2a (n=12). (C) Dose-dependent 

relaxation was assessed in response to cumulative doses of BK (n=8), 

(D)A23187 (n=10) or (E) SNP (n=4) after initial pre-constriction with 

PGF2α (B). Data represent means ± SE. *p<0.05 LCX vs. LCX Denuded. 
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Cells were prepared in order to evaluate the ability of MSC-derived ECs 

to engraft onto endothelium-denuded LCX arteries. Control ADMSC were 

cultured in EBM and showed characteristic fibroblastoid morphology (Fig. 

25A). ADMSCs expressed MSC markers CD44, CD73, and CD90, but not 

CD11b, CD34 and CD45. ADMSCs also exhibited the ability to undergo 

mesodermal tri-lineage differentiation into osteocytes, chondrocytes, or 

adipocytes.  ADMSC stimulated for 10-12 days in EGM with VEGF (VEGF-

MSCs) or VEGF plus calcitriol (VEGF/Calcitriol-MSCs) showed increased 

cobble stone morphology, which demonstrates a change from ADMSCs to 

ECs morphology (Fig. 25B-C). We utilized CM-DiI dye to label the cell and 

produce red fluorescence (Fig. 25D-F).  
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Figure 25: Construction and set up of the LCx with ADMSC ex-vivo. 

Morphology of cells after 10-12 days of differentiation in EBM (A), 

EGM+VEGF (B), and EGM+VEGF+calcitriol (C). DAPI was used to label 

the nuclei (D), ADMSCs labeled with cell-tracker dye CM-DiI (E), and DAPI 

overlay with CM-DiI (F). LCx was placed in the arbor (G) connected to the 

cannula (H) in the reservoir (I) connected to the peristaltic pump and motor 

drive (J).  

Incubation experiments were performed in order to attempt to engraft 

cells to endothelium-denuded LCX arteries. Following overnight incubation 
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(24 hours) in EBM under static conditions, LCX artery rings with intact 

endothelium exhibited dose-dependent relaxation in response to BK or 

calcium ionophore A23187 (Fig. 26A) that was similar to fresh vessels. 

Endothelium-denuded rings failed to relax in response to BK or A23187 

(Fig. 26A) following overnight incubation (24 hours) in EBM under static 

conditions.  
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Figure 26: Reactivity of arteries incubated with MSCs or MSC-derived 

MSCs in bioreactor. Isometric tension was measured on endothelium-

denuded LCX artery rings that were incubated under static conditions or 

bioreactor conditions with cells. (A) We examined endothelium-intact rings 

(filled square symbols) and endothelium-denuded rings (open square 

symbols) incubated under static conditions in EBM for 24 hours. Dose-

dependent relaxation was assessed in response to cumulative doses of BK 

(n=4-6) or A23187 (n=4-6) after initial pre-constriction with PGF2α. Data 

represent means ± SE. *p<0.05 LCX vs. LCX Denuded. (B) We examined 

endothelium-denuded LCX arteries incubated in bioreactor chamber for 24 

hours with circulating medium containing MSCs (squares), VEGF-MSCs 

(circles), or VEGF/Calcitriol-MSCs (triangles). Following the bioreactor 
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protocol, the artery ring intima was either left undisturbed (filled symbols) 

or intimal denudation was repeated (open symbols). Dose-dependent 

relaxation was assessed in response to cumulative doses of BK (n=4-6) or 

A23187 (n=4-7) after initial pre-constriction with PGF2α. Data represent 

means ± SE. *p<0.05 LCX Denuded; Bioreactor 24 hr (+) cell-type vs. LCX 

Denuded; Bioreactor 24 hr (+) cell-type; Re-denuded. 

The next step we took was to implement a bioreactor system to 

circulate the medium with ADMSCs-derived ECs through the lumen of the 

denuded LCX artery. LCX arteries were fitted onto the cannula supports 

(Fig. 25G-H) and placed in the bioreactor chamber (Fig. 25I). Cells were 

loaded into a syringe and injected into the co-axial conduit that runs through 

the bioreactor chamber wall into the lumen of the endothelium-denuded 

LCX artery mounted within the chamber. The LCX artery was kept in the 

bioreactor chamber for 24 hours with constant flow of 250 ml/minute 

provided by a peristaltic pump (Fig. 25J). This rate is similar to the resting 

coronary blood flow rate in humans (183). Following the bioreactor 

incubation protocol, LCX artery rings were then used for isometric tension 

experiments via wire myograph. Treatment of endothelium-denuded LCX 

artery with VEGF-MSCs or VEGF/Calcitriol-MSCs circulating in the 

bioreactor for 24 hours was able to partially restore vasodilation in response 
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to A23187 (Fig. 26B). Also, these relaxation responses were significantly 

reduced by re-denudation of the intimal surface following incubation 

ofendothelium-denuded LCX artery with VEGF-MSCs or VEGF/Calcitriol-

MSCs circulating in the bioreactor for 24 hours (Fig. 26B).  

Treatment of endothelium-denuded LCX artery with VEGF-MSCs or 

VEGF/Calcitriol-MSCs circulating in the bioreactor for 24 hours was 

minimally effective for restoring vasodilation in response to BK (Fig. 26B). 

Finally, treatment of endothelium-denuded LCX artery with MSCs 

circulating in the bioreactor for 24 hours did not affect vasodilation in 

response to BK or A23187 (Fig. 26B). These studies provide proof-of-

principle that MSC-derived ECs and a bioreactor system can be utilized to 

form a functional endothelium on an endothelium-denuded artery. 

The histology of LCX arteries treated with cells in the bioreactor was 

evaluated. The histological examination by H&E staining revealed very little 

information, however we were able to see a difference in intact endothelium 

LCX (Fig. 27A-C) and endothelium-denuded LCX (Fig. 27D-F). The 

remaining of the LCX that were stained with H&E showed that they were 

properly denuded.  
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Figure 27: Morphology of circumflex branch of left coronary artery 

before and after treatment. Representative histology of normal circumflex 

arteries (A-C), denuded (D-F), treated with treated with ADMSC in EBM 

(G-I), treated with ADMSC in EGM with VEGF (50 ng/ml) (J-L), or treated 

with ADMSC in EGM with VEGF (50 ng/ml) plus calcitriol (10 nM) (M-O). 
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OCT embedded thin sections were cut, and stained with H&E stain. Absence 

of endothelial cells was significantly observed in the denuded arteries 

(n=12) compared to the normal arteries (n=12). L: lumen, M: medial layer, 

IEL: internal elastic lamina, and EC: endothelial cells. 

Immunohistofluorescence was used to further evaluate the attachment 

of MSC, VEGF-MSCs or VEGF/Calcitriol-MSCs to endothelium-denuded 

LCX arteries after circulating in the bioreactor for 24 hours. The evaluation 

of differentiation was also observed using endothelial markers PECAM-1 

(Fig. 28) and vWF (Fig. 29).  

We observed the red fluorescence of CM-DiI-labeled cells in 

endothelium-denuded LCX arteries treated with MSCs in the bioreactor for 

24 hours (Fig. 28A-C). However, there was no expression of PECAM-1 on 

the CM-DiI-labeled cells (Fig. 28B-E). These results indicate that MSC 

attached to the denuded intima of the coronary artery but did not express the 

endothelial cell marker PECAM-1.  

We also observed the red fluorescence of CM-DiI-labeled cells in 

endothelium-denuded LCX arteries treated with VEGF-MSCs in the 

bioreactor for 24 hours. Expression of PECAM-1 co-localized to the CM-

DiI-labeled VEGF-MSCs. Upon merging the images, co-localization of 
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PECAM-1 and CM-DiI produced yellow fluorescence (Fig. 28G-J). Similar 

results were found between LCX arteries treated with VEGF-MSCs and 

those treated with VEGF/Calcitriol-MSCs in the bioreactor for 24 hours 

(Fig. 28L-O). We also noted the presence of single positive cells for CM-DiI 

(Fig. 28M-O). These results indicate that differentiated ECs and non-

differentiated MSC can attach to the denuded intima of the coronary artery.  

 

 

 

 

 

 

 

 

 

 

 



129 

 

 

 

 

 

 

 

 

Figure 28: Immunofluorescence of PECAM-1 expression in denuded 

circumflex branch of left coronary artery treated with EBM, EGM with 

VEGF (50 ng/ml), or EGM with VEGF (50 ng/ml) plus calcitriol (10 nM) 

ADMSC. We examined endothelium-denuded LCX arteries incubated in 

bioreactor chamber for 24 hours with circulating medium containing CM-DiI 

tagged MSCs (A-E), VEGF-MSCs (F-J), or VEGF/Calcitriol-MSCs (K-O). 

DAPI was used to label the nuclei (A, F, & K,). The sections were stained 

using goat anti- PECAM-1 antibody and donkey anti-goat FITC as secondary 

antibody (B, G, & L), sections also contained cells that were CM-DiI tagged 

with red excitation/emission spectra (C, H, & M). DAPI overlay with goat 

anti- PECAM-1 antibody and donkey anti-goat FITC as secondary antibody 

and tagged CM-DiI tagged cells (D-E, I-J, & N-O). Strong expression of 
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PECAM-1 and CM-DiI tagged cells was found in the intima in the 

endothelium-denuded LCX arteries incubated in bioreactor chamber for 24 

hours with circulating medium containing VEGF-MSCs (N=6), or 

VEGF/Calcitriol-MSCs (N=6), however a weak expression of PECAM-1 was 

found in the endothelium-denuded LCX arteries incubated in bioreactor 

chamber for 24 hours with circulating medium containing CM-DiI tagged 

MSCs (N=4). L: lumen, M: medial layer, IEL: internal elastic lamina, and 

dMSC: differentiated Mesenchymal Stem Cells. 

We also found similar results with another endothelial marker, vWF. 

Again, we observed the red fluorescence of CM-DiI-labeled cells in 

endothelium-denuded LCX arteries treated with MSCs but not expression of 

vWF (Fig. 29A-E). We observed the red fluorescence of CM-DiI-labeled 

cells in endothelium-denuded LCX arteries treated with VEGF-MSCs or 

VEGF/Calcitriol-MSCs with or without co-localization of vWF positive 

staining (Fig. 29F-J) (Fig. 29K-O). Together, these results indicate that 

differentiated ECs and non-differentiated MSC can attach to the denuded 

intima of the coronary artery.  
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Figure 29: Immunofluorescence of vWF expression in denuded circumflex 

branch of left coronary artery treated with EBM, EGM with VEGF (50 

ng/ml), or EGM with VEGF (50 ng/ml) plus calcitriol (10 nM). We examined 

endothelium-denuded LCX arteries incubated in bioreactor chamber for 24 

hours with circulating medium containing CM-DiI tagged MSCs (A-E), 

VEGF-MSCs (F-J), or VEGF/Calcitriol-MSCs (K-O). DAPI was used to label 

the nuclei (A, F, & K). The sections were stained using rabbit anti- vWF 

antibody and donkey anti-rabbit FITC as secondary antibody (B, G, & L), 

sections also contained cells that were CM-DiI tagged with red 

excitation/emission spectra (C, H, & M). DAPI overlay with rabbit anti- vWF 

antibody and donkey anti-rabbit FITC as secondary antibody and tagged CM-

DiI tagged cells (D-E, I-J, & N-O). Strong expression of vWF and CM-DiI 

tagged cells was found in the intima in the endothelium-denuded LCX arteries 
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incubated in bioreactor chamber for 24 hours with circulating medium 

containing VEGF-MSCs (N=6) or VEGF/Calcitriol-MSCs (N=6), however a 

weak expression of vWF was found in the endothelium-denuded LCX arteries 

incubated in bioreactor chamber for 24 hours with circulating medium 

containing CM-DiI tagged MSCs (N=4). L: lumen, M: medial layer, IEL: 

internal elastic lamina, and dMSC: differentiated Mesenchymal Stem Cells. 

We next evaluated the role of nitric oxide signaling in vasodilation 

induced by BK or A23187. LCX artery rings with endothelium-intact were 

pre-incubated with L-NAME to study the effects of nitric oxide synthase 

inhibition. L-NAME treatment caused a significant decrease in dose-

dependent relaxation in response to BK (Fig. 30A) or A23187(Fig. 30B) but 

not SNP (Fig. 30C). Therefore, BK- or A23187-stimulated relaxation was 

partially dependent on nitric oxide.  
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Figure 30: Role of nitric oxide in endothelium-dependent relaxation of LCX 

artery. Isometric tension was measured on LCX artery rings freshly dissected 

from the hearts of domestic pigs. We studied endothelium-intact rings (filled 

square symbols) versus endothelium-intact rings pre-incubated with L-NAME 

(10 mM) (open square symbols). Dose-dependent relaxation was assessed in 

response to cumulative doses of BK (A: n=4-8), A23187 (B: n=4-6) or SNP 

(C: n=4) after initial pre-constriction with PGF2α. Data represent means ± 

SE. *p<0.05 LCX vs. LCX (+) L-NAME. 
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4.5 Discussion  

 

Percutaneous coronary interventions including angioplasty with 

stenting damage the endothelium. The human body harbors endogenous 

stem cells that replenish and repair damaged endothelium. Despite this, 

atherosclerosis is still a chronic and prevalent disease. When coronary 

intervention become necessary for a person, it often results in the 

development of restenosis. Furthermore, endothelial wasting is a byproduct 

of using drug-eluting stents containing anti-proliferative agents such as 

sirolimus or paclitaxel (184). MSC-based therapies have potential to 

ameliorate cardiovascular diseases (157,185,186). However, more studies 

are needed to standardize the differentiation and treatment methods. 

In the current study, we investigated the properties of ADMSCs since 

MSC are abundant in adipose tissue (187) and obtaining adipose tissue is a 

less invasive procedure for the patient (188). We demonstrated that then 

endothelium of fresh LCX arteries is immunopositive for PECAM-1 or 

vWF. Endothelium denudation results in loss of immunopositivity for 

PECAM-1 or vWF. We carried out cell engraftment experiments using a 3-

D culture MiniBreath Bioreactor System. The unit is maintained inside an 
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incubator and is designed to allow the possibility for exogenous cells to be 

seeded and cultured onto the intimal surface of a blood vessel under constant 

flow through the lumen. Treatment of endothelium-denuded LCX arteries 

with ADMSC-derived ECs in the bioreactor system for 24 hours resulted in 

engraftment of the CM-DiI-labeled cells to the intimal surface. A proportion 

of the labeled cells also co-expressed PECAM-1 or vWF. Thus, ADMSC-

derived ECs have the ability to repopulate the intima of endothelium-

denuded coronary arteries.  

Next, it was important to determine if the exogenous ECs and MSCs 

could produce a functional response and alter the reactivity of the artery. 

Endothelium-dependent vasodilation was assessed using the agonist 

bradykinin or the calcium ionophore A23187 (189). Smooth muscle-

dependent vasodilation was assessed using the nitric oxide donor SNP (190). 

Another agonist, acetylcholine, is commonly tested as an endothelium-

dependent vasodilator. However, in the case of porcine coronary arteries, 

acetylcholine elicits vasoconstriction as well (191). 

We found that endothelium denudation of LCX arteries abolished 

bradykinin-mediated or A23187-mediated vasodilation. Importantly, 

A23187-mediated vasodilation was partially restored in endothelium-
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denuded LCX arteries following treatment with ADMSC-derived ECs in the 

bioreactor for 24 hours. Previously, our group found that supplementation of 

VEGF with calcitriol enhances the differentiation of ADMSC in ECs in 

vitro. In this study, however, similar relaxation responses were found when 

comparing treatment of endothelium-denuded LCX arteries with ADMSCs 

that were differentiated into ECs in the presence of VEGF (VEGF-MSCs) or 

VEGF plus calcitriol (VEGF/Calcitriol-MSCs) for 10-12 days. Finally, 

treatment of endothelium-denuded LCX arteries with ADMSCs failed to 

improve relaxation responses.  

It has been demonstrated that bradykinin and A23187 mediate 

endothelium-dependent vasodilation in part through production of nitric 

oxide, which diffuses into the smooth muscle cells to increase cyclic 

guanosine monophosphate (cGMP) levels and activate  cGMP-dependent 

protein kinase (192). Indeed, pre-incubation of fresh LCX artery rings with 

L-NAME significantly decreased dose-dependent relaxation in response to 

BK or A23187 but not SNP. These results indicate that endothelium-

dependent relaxation to BK or A23187 is mediated in part through nitric 

oxide in porcine LCX artery. Conversely, we demonstrated that relaxation in 

response to BK or A23187 was almost completely dependent on the 

presence of endothelium. Hence, relaxation responses to BK or A23187 in 
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porcine LCX artery may be mediated by endothelium-dependent 

mechanisms apart from nitric oxide signaling. 

Intriguingly, it has been observed that adding endothelial-derived cells 

to a scaffold where the endothelium has been denuded in a 24 hour period, 

allows the adherence of a monolayer and the expression of endothelial cells 

(193–195). With viable vessels serving as a scaffold, further investigation is 

needed to characterize the adherence factors and growth factors that affect 

the interactions between exogenous cells and the vascular cells of the 

recipient vessel. 

 

4.6 Conclusion 

 

In conclusion, our findings indicate that the MiniBreath Bioreactor 

System allows the assessment of culturing MSCs and MSC-derived ECs 

onto the intimal surface of endothelium-denuded LCX arteries. This model 

can be further utilized to investigate pre-clinical approaches to stem cell-

based therapies. 
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Chapter 5 
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5.1 Overall Conclusion  

 

This study evaluates the contribution of ADMSC stimulated with 

VEGF and/or vitamin D as a stem cell therapy to re-endothelialize the 

coronary artery that has gone through the angioplasty and stenting procedure. 

The study involved identifying the cytotoxic levels of the active form of 

vitamin D, calcitriol, as well as the vitamin D machinery. The vitamin D 

machinery was tested by treating the ADMSC with calcitriol and analyzing 

the vitamin D machinery levels of, CYP24A1, CYP27B1, and VDR by 

evaluating the mRNA and protein levels.   The role of the vitamin D 

machinery was further assessed by adding the inactive form of vitamin D to 

the ADMSCs and analyzing the amount of the active form of calcitriol that 

was produced. Ketoconazole was also used to inhibit the CYP enzymes to 

further conclude if ADMSC contains the vitamin D machinery. The results 

provided strong evidence that ADMSC can handle up to 50 nM of calcitriol 

with 10 nM being the ideal treatment for the ADMSCs. The results also 

provided evidence that porcine ADMSC contains the vitamin D machinery. 

The ADMSCs were also able to produce calcitriol when they were treated 

with the inactive form of vitamin D. The cells failed to make the active form 

of vitamin D when the CYP inhibitor was introduced to the cells, suggesting 
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that the cell itself was able to take the inactive form and convert it to the active 

form.  

To further evaluate the role of vitamin D in the ADMSC and assess if 

vitamin D plays a synergistic role with VEGF in increasing the differentiation 

role, the involvement of VEGF and/or vitamin D was tested at the molecular 

level by utilizing porcine adipose- derived mesenchymal stem cells. Using the 

active form of vitamin D, calcitriol, and/or VEGF, the ADMSC were 

evaluated for the differences in the endothelial differentiation process at the 

mRNA and protein levels. The results showed that calcitriol along with VEGF 

significantly enhanced the differentiation of ADMSCs into endothelial cells 

compared to ADMSCs treated with VEGF alone. The functionality of the 

differentiated cells was also assessed using angiogenesis assay and acetylated 

low-density lipoprotein uptake assay. The results showed a significant 

increase in capillary tube sprouting and increased LDL uptake by 

differentiated cells in response to the cells treated with VEGF and calcitriol 

compared to ADMSCs treated with VEGF alone.  

In order to fully understand how the differentiation process from 

ADMSCs to endothelial cells was occurring, we addressed the mechanism of 

differentiation. Findings from Wnt Pathway PCR array confirmed that the 

Wnt canonical pathway was involved. The results revealed that β-catenin was 
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being downregulated and in Kremen1 protein was significantly upregulated 

in the cells treated with VEGF and calcitriol. In order to further confirm the 

pathway, β-catenin was silenced, which resulting a significant increase in the 

expression of EC markers, the formation of capillary tubes, and LDL uptake. 

The silencing of Kremen1 significantly decreased the expression of EC 

markers, the formation of capillary tubes, and LDL uptake.   

The final objestcive in this study was to evaluate ADMSC in an ex vivo 

model. ADMSCs were differentiated into ECs in the presence of VEGF or 

VEGF plus calcitriol. Then the left circumflex (LCX) coronary artery was 

isolated from hearts of domestic swine. The endothelium from the LCX was 

denuded and then treated with ADMSCs or ADMSC-derived ECs for 24 hours 

using a bioreactor system. Next, the seeding of the cultured cells to denuded 

LCX arteries was examined by IHF for the EC markers PECAM-1 and vWF. 

The intima of fresh LCX arteries displayed a layer of cells immunopositive 

for PECAM-1 or vWF, whereas endothelium-denuded arteries were devoid of 

a signal for PECAM-1 or vWF. Coronary artery vasoconstriction and 

vasodilation was assessed via wire myograph. Fresh LCX arteries displayed 

dose-dependent vasodilation in response to the agonist bradykinin or calcium 

ionophore A23187, and these responses were completely abolished following 

endothelium denudation. Partial restoration of relaxation responses to A23187 
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was found after treating endothelium-denuded LCX arteries with 

differentiated ADMSCs. 

This study is unique since it is the first report to evaluate if porcine 

adipose-derived mesenchymal stem cells contain the Vitamin D machinery, 

as well as the pathway that includes β-catenin and Kremen1 playing a role in 

differentiating MSC into endothelial cells. Also, this is the first report to 

characterize the seeding and culture of differentiated MSCs onto an 

endothelium-denuded porcine coronary artery using a bioreactor system.  

 

5.2 Limitations 

 

Results from this study provide an exciting and new way of observing 

the mechanisms underlying the differentiation ADMSCs into ECs. There are 

some limitations to this study. In this report, all of the experiments were 

conducted in vitro or ex vivo. The study would have been ideal to do an in vivo 

study. The animal model would consist of animals that are fed vitamin D 

deficient, vitamin D sufficient, and vitamin D supplemented diets. The three 

groups would be divided even further to be treated with ADMSCs that have 

been differentiated with VEGF, calcitriol or VEGF plus calcitriol. Hopefully, 

these and similar studies will be carried out in the future.  Results from the ex 
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vivo model indicate it could be possible for differentiated ADMSCs to adhere 

and re-endothelialize damaged arteries. 

 

5.3 Remaining Questions 

 

A few outstanding questions still remain following this study. Why 

does VEGF-induced differentiation of ADMSCs into ECs occur at a lower 

rate than that of BMMSCs? More experiments will need to be performed to 

address this question. Also, do human MSCs act the same as porcine MSCs? 

Human MSCs may possess more/less differentiation capability than porcine 

MSCs. To address this, MSCs could be isolated from human adipose tissue or 

bone marrow. The MSCs would then be characterized according to the same 

protocols and the results could be compared between human and porcine 

MSCs.  

  

5.4 Future Directions 

 

The current study provides new information on how to enhance re-

endothelialization following vascular injury by stimulating mesenchymal 

stem cells with calcitriol and VEGF to up-regulate the differentiation of 
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adipose-derived MSCs into endothelial cells. The bioreactor system is a useful 

tool to assess the efficacy of stem cell therapy under different conditions ex 

vivo. Future studies will characterize the factors that promote or inhibit the 

adherence of MSCs to injured arteries in vivo. These include endogenous (i.e. 

cyotkines) and exogenous (i.e. anti-proliferative drug-eluting stents) factors.   
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