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     ABSTRACT 

Blood vessel tissue engineering has arisen to serve the problem of vascular 
diseases. The blood vessel tissue engineering process requires stem cell technology for 
autologous transplantation. There are many sources of stem cells in adult humans but 
the most popular are bone marrow stem cells (BMSCs) or mesenchymal stem cells.  In 
this study, for further tissue engineering application, the BMSCs have been induced 
by TGF-β and/or retinoic acid (RA) for differentiation into smooth muscle cells. The 
smooth muscle alpha actin (SM α-actin), the earliest smooth muscle cell marker, was 
observed in induced BMSC in all treatments. The TGF-β1 treatment showed 
morphological change appearing as a ribbon shape with intracellular stress fiber. The 
RA treatment showed spindle shaped cells with a tendency to cluster which is similar 
to the combination and serial addition of TGF-β1 and RA. The expression of SM α-
actin was demonstrated using immunofluorescent technique and Western blot 
analysis. Using TGF-β1 and 0.01µM RA a highly positive reaction for SM α-actin 
was shown in immunofluorescent analysis. The expression level of SM α-actin was 
evaluated by Western blot and densitometric analysis. It was shown that TGF-β1 can 
promote a high expression of SM α-actin. The RA showed good enhanced protein 
expression at 0.01 µM dose. The BMSCs treated with TGF-β1 for 24hrs and then 
followed by RA treatment on day 3 promoted expression of SM α-actin at higher 
degrees than other treatments but on day 5 this protein became lower. The 
combination at TGF-β1 and RA showed the lowest expression of SM α-actin. This 
data shows that both TGF-β1 and 0.01µM RA can promote SMC characteristics from 
BMSC. The study shows that TGF-β1 and RA may regulate SM α-actin expression 
differently.  

The BMSCs have shown to be a good source for SMC differentiation. The 
retinoic acid is another factor which can promote this step.  
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     บทคัดยอ 

   เทคนิควิศวกรรมเนื้อเยื่อหลอดเลือดและเทคโนโลยีเซลลตนกําเนิดไดถูกพัฒนาขึน้
เพื่อที่จะใชในการปลูกถายใหกับผูปวยที่มปีญหาความบกพรองของหลอดเลือด มีเซลลตนกําเนิด
หลายชนิดที่สามารถพบไดในวัยเจริญพันธแตที่นิยมศกึษามากคือ เซลลมีเซนครายจากไขกระดูก ซ่ึง
ไดนํามาใชในการศึกษาครั้งนี้เพื่อสงเสริมลักษณะของเซลลกลามเนื้อเรียบซึ่งเปนองคประกอบสํา 
คัญของหลอดเลือดภายใตการเติม TGF-β1 และ หรือ RA และประเมินลักษณะของเซลลกลามเนื้อ
เรียบดวยการแสดงออกของ SM α-actin ซ่ึงเปนลักษณะของเซลลกลามเนื้อเรียบระยะเริ่มตน
พบวา เมื่อเล้ียงเซลลตนกําเนิดจากไขกระดูกดวย TGF-β1 เซลลมีการเปลี่ยนแปลงรูปรางเปนแบบ
คลายริบบิ้นและมี stress fiber ภายใน ขณะที่กลุมของ RA จะมกีารเปลี่ยนแปลงรูปรางเปนแบบ
กระสวยและมกีารจับกลุมกนัของเซลล ซ่ึงลักษณะนี้สามารถพบไดในกลุมที่ใส TGF-β1 รวมกับ 
RA และกลุมที่เติม TGF-β1 24 hrs ตามดวย RA. การแสดงออกของ SM α-actin ไดถูก
ประเมินทั้งจากเทคนิค immunofluorescent and Western blot analysis  พบวาจากการเตมิ 
TGF-β1 และ 0.01µM RA สามารถเพิ่มการแสดงออกของ SM α-actin เมื่อศึกษาดวย 
immunofluorescent  ระดับของ SM α-actin จากแตละกลุมไดถูกประเมินโดย Western blot 

and densitometric analysis พบวา การเติม TGF-β1 สามารถเพิ่มการแสดงออกของ SM α-

actin เชนเดียวกับการเติม RA ในความเขมขัน 0.01 µM ขณะทีก่ารรวมกันของ TGF-β1 และ 
RA กลับลดการแสดงออกของ SM α-actin ตางจากกลุม TGF-β1 24 hrs ตามดวย RAสามารถ
สงเสริมการแสดงออกของ SM α-actinไดมากกวากลุมอ่ืนในวันที่ 3 และ ลดลงในวนัที่ 5 ซ่ึง
สามารถบงบอกไดวา ทั้งสองปจจัยอาจจะควบคุมการแสดงออกของ SM α-actin  แตกตางกนั จาก
การศึกษาครั้งนี้พบวาเซลลตนกําเนดิจากไขกระดูกเปนเซลลที่ดีสําหรับการสงเสริมการสรางเซลล
กลามเนื้อเรียบและ RA เปนอีกปจจยัหนึง่ซ่ึงสามารถสงเสริมลักษณะของเซลลกลามเนื้อเรียบจาก
เซลลชนิดนี้ได  
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CHAPTER 1 

INTRODUCTION 

 

 
Stem cells have been widely studied because of their pluripotency (can give 

rise to any cells of body) and self renewal (proliferate) capacity. Stem cells are 

induced by differentiated factors to promote stem cell alteration into an expectant cell. 

Not only stem cell can provide very useful application (repair the damaged cell or 

tissue) but they also provide the knowledge of cellular differentiation and 

proliferation. The capabilities of stem cells depend on their types which are as follows; 

embryonic stem cells (ES), a class of stem cell from human embryo which have full 

potential to differentiate into all cell types of body; adult stem cell, a class of 

undifferentiated cell which can be found in differentiated tissue. The ES cell is more 

pluripotent and has greater potential to proliferate than adult stem cell but difficult to 

recover from the ethical crisis. The adult stem cell is less pluripotent but they are 

easiser to recover. From this fact, many investigators realized that it would be more 

helpful for taking adult stem cell from the patient who suffered from tissue or organ 

damage.  The adult stem cells have capability of pluripotent  but more limitation in 

differentiation than the embryonic stem cells, they  are considered to have very useful 

for therapeutic potential involving autologous transplantation [1, 2]. Various sources 

of adult stem cells have been shown in many organs, peripheral blood, umbilical cord 

blood and bone marrow. Bone marrow cells are extensively studied due to their 

plasticity and their variety including 3 sources of adult stem cell: hematopoietic stem 

cells (HSCs), endothelial progenitor cells (EPCs), bone marrow stromal (stem) cells 

(BMSCs)  which can be found in bone marrow [2-5].  

 The BMSCs are different from EPCs  and HSCs due to their marker (CD34 

negative) and the adherence capability to the substrate [3, 5].  The BMSCs which can 

differentiate into various cell types, have been studied for other application especially 

tissue engineering application [6] . The benefit of BMSCs for therapeutic potential is 
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their availability directly from patient who need tissue or organ reconstitute, then 

amplification their number and differentiate into target cells. Some studies have been 

shown that BMSCs themselves express smooth muscle α-actin under in vitro studies 

both in medium containing serum and serum free medium [7-9]. The expression level 

of  smooth muscle α-actin (SM α-actin) was increased under treatment of 

transforming growth factor-beta 1 (TGF-β1) and they can perform function under in 

vitro assay [8]. 

 Growth factors, internal cell fate and the environment have been proved to be 

important factor to modify stem cell into the particular cell type. For SMC 

differentiation, the influenced growth factor and environment will be described briefly 

here. Platelet derived growth factor-BB (PDGF-BB) has shown ability to induce ES 

cells [10]  to differentiate into smooth muscle with marker expression as well as stem 

cells from peripheral blood [11]. The embryonic stem cell at the stage of embryoid 

body, retinoic acid (RA) including with dibutyryl cyclic-AMP (db-cAMP) were added, 

they showed in contraction and smooth muscle marker expression [12]. For the work 

of Hirschi and colleagues [13], they showed that both TGF-β1 or cell to cell 

interaction between endothelial cell and mesenchymal cell, can promote smooth 

muscle cell characteristic. Moreover, TGF-β1 has been shown to increase expression 

of SM α-actin and contraction of smooth muscle induced from human mesenchymal 

stem cell [8]. About the cell fate, there are many investigators gave a significant 

knowledge about the appropriate cell fate for SMC differentiation. Yamashita and 

colleagues [10] culture ES (E-Cad+) into collagen IV coated gel to induce flk1+ cells, 

these cells are capable to differentiate into endothelial cells under vascular endothelial 

growth factor (VEGF) treatment and smooth muscle cells under treatment of PDGF-

BB. Confirmed the similar results by study of Simper and colleagues [11], using 

mononuclear cell from peripheral blood cultured in collagen I coated dishes under 

EGM-2 medium until reaching confluence. The endothelial outgrowth cell (EOC) 

which had endothelial cell characteristics can be obtained from maintaining culture in 

EGM-2 medium. The smooth muscle outgrowth cell (SOC) can be maintained under 

EGM-2 supplemented with PDGF-BB 50 ng/ml. Both SOC and EOC have been 

proved by Western blot analysis showing positive results for flk1 and flt1. This finding 

has been elaborated by Carmeliet [14].  
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 The study in this thesis will emphasize on external factors that play role on 

bone marrow stromal cells which represent as mesenchymal stem cell (MSC). Both 

TGF-β1 and RA can affect differentiated function of stem cell as we described in 

review literature. In brief, TGF-β1 has shown to promote smooth muscle 

differentiation from mesenchymal cell (10T1/2 ) [13] and mesenchymal stem cell [8]. 

For RA, The association between the development of the cardiovascular system  and 

vitamin A has been recognized in mammals; Vitamin A Deficiency (VAD) produces a 

variety of aortic arch malformations [15, 16]. Retinoic acid (RA), the metabolite form 

of vitamin has been shown as an inducible differentiation system for smooth muscle in 

P19, mouse embryonal carcinoma cell line and mouse embryonic stem cells [12, 17]. 

Moreover, RA plays biological role in both cell proliferation and maintaining 

differentiated phenotype of smooth muscle cells [18]. The role of RA in bone marrow 

stromal cell, one of adult stem cell for the tissue engineering application has not been 

studied yet.  

 Combination of growth factors to promote cellular differentiation has been 

studied.  In this study, combination of TGF-β1 and RA for smooth muscle cell 

differentiation from adult stem cell have been designed. 
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CHAPTER 2 

OBJECTIVES 

 
1. To study the morphology and ultra structure of  tunica media of saphenous vein 

2. To study characteristic of smooth muscle cells from tunica media of saphenous 

Vein under cultured condition to provide as basic knowledge of blood vessel 

Tissue engineering. 

3. To study the effect of TGF-β1 and/or retinoic acid on the expression of SM α- 

actin in mesenchymal stem cell. 
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CHAPTER 3 

 LITERATURE REVIEW 

 

 
The Stem Cells 

A stem cell is an unspecialized cell that can give rise to specialized cell.  They 

have the ability to divide for indefinite periods in culture and to give rise to specialized 

cells. They are best described in the context of normal human development. Human 

development begins with a sperm fertilizes an egg and creates a single cell that has the 

potential to form an entire organism. This fertilized   egg is totipotent, meaning that its 

potential is total. These cells begin to divide immediately. Approximately four days 

after fertilization and after several cycles of cell division, these totipotent cells begin to 

specialize, forming a hollow sphere of cells, called a blastocyst. The blastocyst has an 

outer layer of cells and inside the hollow sphere; there is a cluster of cells called the 

inner cell mass. The inner cell mass cells will go on to form virtually all of the tissues 

of the human body. Although the inner cell mass cells can form virtually every type of 

cell found in the human body, they cannot form an organism. These inner cell mass 

cells are pluripotent — they can give rise to many types of cells necessary for fetal 

development. The pluripotent stem cells undergo further specialization into stem cells 

that are committed to give rise to cells that have a particular function. These more 

specialized stem cells are called multipotent.    While stem cells are extraordinarily 

important in early human development, multipotent stem cells are also found in 

children and adults. The brief history of stem cells was initiated in 19th century and 

was listed in the table 1.1 
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Table 1.1: The history of the stem cells in 19th century (2) 

Year Experimental finding Reference 

1878 The first attempts were made to fertilize 

mammalian eggs outside the body 

(19) 

1959 The First animals made by in-vitro fertilization 

(IVF) 

 

(19) 

1960s Teratocarcinomas determined to originate from 

embryonic germ cells in mice. Embryonal 

carcinoma cells (EC) identified as a kind of 

stem cell. 

 

(20) 

1968 The first human egg is fertilized in vitro 

 

(19) 

1970s EC cells injected into mouse blastocysts make 

chimeric mice. Cultured stem cells are explored 

as models of embryonic development in mice 

(21) 

1978 The first IVF baby is born in England 

 

(19) 

1981 Mouse ES cells are derived from the inner cell 

mass of blastocysts. Mouse ES cells are grown 

in vitro. ES cells injected into mice form 

teratomas. 

 

(19, 21, 22) 

1984-

1988 

Pluripotent, clonal cells called embryonal 

carcinoma (EC) cells are developed. When 

exposed to retinoic acid these cells differentiate 

into neuron-like cells and other cell types. 

 

(23, 24) 

1989 A clonal line of human embryonal carcinoma 

cells is derived that yields tissues from all three 

(25) 
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primary germ layers. They have limited 

replicative and differentiative capacity. 

 

1994 Human blastocysts are generated and the inner 

cell mass is maintained in culture. ES like cells 

form in the center and retain stem cell like 

morphology. 

 

(26) 

1995-

1996 

Non-human primate ES cells are maintained in 

vitro from the inner cell mass of monkeys. 

These cells are pluripotent and differentiate 

normally into all three primary germ layers 

(27, 28) 

1998 ES cells from the inner cell mass of normal 

human blastocysts are cultured and maintained 

normally for many passages. Embryonic germ 

cells (EG) are also derived and grown in vivo 

(29, 30) 

2000 Scientists derive human ES cells from the inner 

cell mass of blastocysts. They proliferate in 

vitro for a long time and form all three germ 

layers and teratomas when injected into 

immune deficient mice.  

 

(35) 

2000-

2001 

As human ES cell lines are shared and new 

lines are derived, more research groups are 

focusing attention on the differentiation of cells 

in vitro. Many methods focus on making human 

tissues for transplantation. 
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Type of Stem Cells 

 For potential ability, stem cell can be classified into 4 types as follows; 

totipotent, pluripotent, multipotent and adult stem cell. Totipotent stem cells are the 

most versatile and the example of this type is the fertilized egg. This stem cell type can 

give rise to any organs in our body; the first few cell divisions in the fertilized egg 

produce more totipotent stem cells. After 4 days of embryonic cell division, the cell 

begins to be pluripotent stem cell. Pluripotent stem cell can give rise to type of cells 

that develop from 3 germ layers (ectoderm, mesoderm, and endoderm). The only 

known sources of human pluripotent stem cells are those isolated and cultured from 

early human embryos which form two layers, an outer layer which become placenta 

and an inner cell mass which will form the tissue of the developing human body. The 

inner cell mass can not form human tissue when they are lack of the outer layer. This 

is why this pluripotent is different from totipotent.  The multipotent stem cells are less 

plastic and more differentiated. This cell types can give rise to a limited of range 

within tissue type. For example, multipotent stem cells can develop into red blood 

cells, white blood cells and platelets. The adult stem cells are multipotent stem cells in 

adult human that is used to replace cells that have died or lost function. It renews itself 

and can specialize to yield all cell types present in the tissue from which it originated. 

 

1. Embryonic stem cells (ES) 

 Embryonic stem cells are derived from the inner cell mass, one of two layer 

forming during 4-5 days of embryo in the blastocyst stage (Fig 1.1).  In human, there 

are 2 kinds of stem cells from embryonic source; the embryonic stem cells and 

embryonic germ cells. These two cells are similar but not identical. The embryonic 

stem cells have been widely studied since 1994, by attempting to isolate stem cells 

from blastocyst (32).  In 1998, ES became more interesting from the work of Thomson 

and co-workers (30), they cultured ES recovered from the inner cell mass of blastocyst 

and ES can be cultured through many passages. Cell retained their normal karyotypes 

and high levels of telomerase activity, these cells can form teratomas when injected 

into immune-deficient mice. The teratomas was shown to compose of cell types 

derived from three germ layers. At the same time, Gearhart and colleagues (29) 

cultured human embryonic germ cells from gonadal ridge of 5-9 weeks fetal tissue. 



Fac. of Grad. Studies, Mahidol Univ.  Ph.D. (Med. Tech.) / 9  
 

These EG cells can grow through about 20 passages and maintained normal 

karyotypes including with spontaneous differentiation into all three germ layers but 

they cannot form teratomas.  

 Both ES and EG are would rather be similar in the ability of pluripotency (self 

renewal and differentiating) and no chromosomal abnormalities including expression 

of asset of markers regarded as characteristic of pluripotent cells. However, there are 

some differences between these two cells as follows; the source of ES and EG are not 

the same,  EG have less population doubling time than ES (33, 34) and ES can 

generate teratomas containing differentiated cell types but EG cannot (29, 30, 35). 

 Application of ES cells is variety; these cells can be applied for transplantation, 

studied on human development, tested for candidate drugs, used to develop new 

methods for genetic engineering (36). The study about ES cells has limitation due to 

the ethical problems of   ES cells’ origin. So another source of stem cells, the adult 

stem cells, has been emerged and unraveled the limitation of ES cells. 
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Figure 1.1 The diagram of embryonic stem cells (31) 

 The ES cells are derived from the inner cell mass which forming in the embryo 

during blastocyst stage. Another source of stem cell is the embryonic germ cells (EG). 

Both ES and EG have capability of pluripotency.  
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2. Adult stem cells 

 Adult stem cells are the another option for the stem cells due to the legal and 

moral controversies concerning the use of embryonic stem cells. The adult stem cells 

are the progenitor which harbored within the adult organism. They have capability of 

self renewal and differentiation into multiple cell lineages. Now, these stem cells can 

be discovered and characterized in a multitude of tissues (Table 1.2). Comparison of 

the advantages of embryonic stem cells and adult stem cell are listed in table 1.3. The 

adult stem cells are considered to be plasticity; stem cells from one adult tissue can 

generate the differentiated cell type of another tissue. Nowadays, the adult stem cells 

have been widely studied in several modes; capacity of differentiation, application in 

therapeutic, and application in tissue engineering. For this review, I will review only 

about bone marrow stromal cells. 

 
Table 1.2 Sources and differentiation potential of adult stem cells (37, 38)  
The adult stem 

cells 

Source Differentiation potential References 

Hematopoietic 

stem cells 

Bone marrow, 

peripheral blood, 

Cord blood 

Bone marrow and blood 

lymphohematopoietic cells 

(39) 

Mesenchymal 

stem cells 

Bone marrow, 

peripheral blood, 

Cord blood 

Bone, cartilage, muscle, 

adipose tissue,  marrow 

stroma, neural cells 

(40-49) 

Neural stem cells Ependymal cells, 

Astrocytes of CNS 

Neurons, astrocytes, 

oligodendrocytes 

(50-51) 

Hepatic stem 

cells 

In or near terminal 

bile ductules 

Hepatocytes and ductular 

cells 

(52) 

Pancreatic stem 

cells 

Intraislet, nestin-

positive cells, oval 

cells, duct cells 

Beta cells (53, 54) 

Skeletal muscle 

stem cells or 

Muscle fibers Skeletal muscle fibers (55-57) 
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satellite cells 

Stem cell of the 

skin(Keratinocyt

e) 

Basal layers of the 

epidermis, bulge 

zone of the hair 

follicles 

Epidermis, hair follicles (58-60) 

Epithelial stem 

cells of the lung 

Tracheal basal and 

mucus secreting 

cells, bronchiolar 

clara cells, alveolar 

type II pneumocyte 

Mucous and ciliated cells, 

type I and II pneumocytes 

(61-62) 

Stem cells of the 

intestinal 

epithelium 

Epithelial cells 

located around the 

base of each crypt 

Paneth’s cell brush- border 

cells, enterocytes, mucus 

secreting goblet cells, 

enteroendocrine cells of the 

villi. 

(63) 

 

 

Table 1.3 Comparison of advantages between adult stem cells and embryonic stem  

                 cells.  

 

Advantages Adult stem cells Embryonic stem cells 

Therapeutic potential Applicable Wider applicable 

Ethical issue Avoidable Unavoidable 

Autologous stem cell 

transplantation 

Highly potential Cannot be performed 

Source of tissue type Many types All cells 

Life span in vitro Mortal Immortal 
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Bone Marrow Stromal Cells (Mesenchymal Stem Cells) 

 Bone marrow is the soft, spongy material found inside bones. The bone 

marrow contains a network of blood vessels and fibers surrounded by fat and by cells 

that give rise to white blood cells, red blood cells and platelets. The production of 

blood cells is the chief function of the bone marrow. In children, the cells that give rise 

to blood cells can be found throughout the marrow. In adults, these cells are found 

mostly in the marrow of the bones of the chest, hips, back, skull, and of the upper arms 

and legs. All blood cells develop from very immature cells called stem cells. Most 

stem cells are found in the bone marrow such as hematopoietic stem cells (HSCs), 

marrow stromal cells, endothelial progenitor cells (EPCs) and multipotent adult 

progenitor cells (MAPCs) (64).  HSCs are the cells that can differentiate into every 

type of mature blood cell. EPCs possess the ability to mature into the cells that line the 

lumen of blood vessels and are characterized by expression of CD34 and flk-1 

(VEGFR-2) (65). Multipotent adult progenitor cells  (MAPCs) is population of highly 

plastic derived from bone marrow can be copurified with MSC but they can be 

cultured indefinitely in nutrient poor medium (66, 67). 

Stromal cell recovered from bone marrow was initially reported by 

Friedenstein (68). There were many groups studied the differentiation capacity of non-

hematopoietic cells which can adhere to the plastic. These cells can give rise to 

adventitial cells in the marrow and constitute the microenvironment for the 

hematopoietics cells (47, 68). The study of the capability of differentiation in these 

cells was performed especially potential of differentiation to be cells fabricates the 

connective tissue, produces cytokine, chemokine and extracellular matrix (70, 71). 

These progenitor cells can differentiate into myocytes (44) which is not the part of 

bone marrow microenvironmental. Nowadays, there are several investigators studied 

about differentiation potential of bone marrow mesenchymal cells, for example; 

hepatic cells, neuronal cells and glial cells (49, 72, 73).  All of these signify that the 

bone marrow mesenchymal stem cells serve as pluripotential stem cells. 

The marker definition of MSC has not yet conclusive due to the various reports 

about MSC surface markers (64). Many surface antigens have been reported to express 

on these cells as follow, STRO 1 (74-76), CD13, α-integrins (CD49a and CD49b), β1-

integrins (CD29), CD44 (hyaluronate), CD71 (transferrin), CD90 (thy-1), CD106 
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(vascular cell adhesion molecule-1 [VCAM-1]), and CD124 (interleukin-4 [IL-4] 

receptor) (47, 64). The MSC has no expression of hematopoietic markers: CD34 and 

CD 45. 

 

 Plasticity of Bone Marrow Stem Cell 

Plasticity for the stem cell means the ability of an adult stem cell of one tissue 

to generate the specialized cell type of another tissue (2). There are many reports about 

the plasticity of the adult stem cell especially in bone marrow stromal cells. For 

example the BMSC have their ability to differentiate into liver (77). The possibility of 

plasticity of these bone marrow stem cells are based on 4 mechanisms of 

differentiation models (Fig 1.2) (64). The first mechanism is cells in less 

differentiation stage (more pluripotency) can differentiate into more differentiation 

stage; hematopoietic stem cells and non-hematopoietic stem cells. The second model 

is indirect transdifferentiation, HSC itself can differentiate into non-hematopoietic 

cells via dedifferentiation or redifferentiation pathways by passed through unknown 

intermediate cell types. The third model is direct transdifferentiation, HSC can directly 

differentiate into another cell types by changing their gene expressions. In fusion 

model, the marrow derived cells may fuse with non-hematopoietic cells and this cell 

show expression of gene derived from non-hematopoietic cell. 

 

 

 

 

 

 

 



Fac. of Grad. Studies, Mahidol Univ.  Ph.D. (Med. Tech.) / 15  
 

 

 

 
Figure 1.2 Mechanisms of adult stem cell differentiation (64).  

A. Differentiation of pluripotent stem cell, cells in more pluripotency stage 

differentiate into HSC (purple) and non hematopoietic (green) 

B. Indirect transdifferentiation, HSC changes its gene expression pattern to that of 

an alternative cell type through a dedifferentiation/redifferentiation pathway 

that presumably passes through an as yet unidentified intermediate cell type 

(white). 

C. In direct transdifferentiation, an HSC may be able to directly change its gene 

expression pattern from that of a hematopoietic stem cell to an alternative cell 

type.  

D. Fusion, a marrow-derived cell (blue), fuses with a nonhematopoietic cell 

(yellow), and the nucleus of the marrow-derived cell takes on the gene 

expression pattern of the nonhematopoietic cell type. The two nuclei do not 

have to fuse.  
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Tissue Engineering 

 The definition of tissue engineering was initiated in 1988 as “application of the 

principles and methods of engineering and life sciences toward fundamental 

understanding of structure function relationship in normal and pathological 

mammalian tissues and the development of biological substitutes for the repair or 

regeneration of tissue or organ function” (78). In 1993 (79), the field of tissue 

engineering was developed and newly defined as “an interdisciplinary field and 

defined tissue engineering and life sciences toward the development of biological 

substitutes that restore, maintain or improve tissue or organ function.”  Nowadays, The 

population of patient under tissue or organ dysfunction from many serious problems 

were raised as a major health problem of USA (80). Then, tissue engineering field is 

widely accepted as a challenge technique which can provide a lot of benefit for 

medical used.  Including with the ability of tissue engineering to overcome event of 

immune response after transplantation and lacking of donors, so there are many tissue 

engineering studied in various organs, such as; liver, pancreas, cornea, blood vessel, 

heart valve, cartilage, bone, etc. This review will focus on vascular tissue engineering. 

 

Tissue engineering system 

 Tissue engineering system compose of 3 major components (81) as follows 

(Fig. 1.3);   -    Cells 

- Biomaterials (scaffold) 

- Bioreactor vessels 

The cellular component for tissue engineering should be capable to proliferate,  

differentiate in vitro and can be reproducibly controlled.  The first choice of cell which 

is selected to seed into scaffold should match to the organ by extracting from patient 

and culturing to amplify the number without alterations of phenotype and function. 

But the limitation of cell from primary source is obvious so many alternate source of 

cells have been provided, for examples; genetic tranformed cells, xenogenic cells, 

allogenic cells, etc. Stem cell technology has been arisen together with the need of 

tissue engineering due to the pluripotency and self-renewal. Various sources of stem 

cell have been studied for the application in this field. 
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 The ideal biomaterial component of tissue engineering is 3D structure which 

reproducible processing into complex, highly porous structure and can control 

degradation rate matching between in vivo and in vitro.  The sources of biomaterials 

have been provided in both natural and synthetic types. For natural type, they are low 

toxicity and low chronic inflammatory response. The following materials are included, 

collagen, alginates, glycosaminoglycans, and chitosan. These materials can be 

combined or composed with other material to provide various mechanical strength 

which appropriate with various tissues. However, low mechanical strength and easy 

denatured including with chemical modification are major disadvantages of natural 

biomaterials. The synthetic types are provided in various forms, polymer, bioactive 

glasses and ceramic. The most favorite one is polymer both absorbable polymer 

include polyglycolide (PGA), polylactide (PLA) and polylactide-coglycolide (PLG) 

and non-absorbable polymers include polytetrafluoroethylene (PTFE) and 

polyethylene terephthalate (PET) (82).  The bioreactor vessels have been proposed in 

various types as follows; spinner flasks, the slow turning lateral vessel (STLV), the 

rotating wall perfused vessel (RWPV), perfused column and perfused chamber. These 

vessels have been reported to compose variety of tissue (83-86). 
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Figure 1.3   Flowchart of tissue engineering component. 

 Cells from tissue are collected and cultured to amplify then seed in matching 

biomaterial and are cultured under appropriate bioreactor system. The cultivation of 

cell/biomaterial is maintained until transferring into patient (87).  

 

 

Vascular tissue engineering 

The field of vascular engineering is growing rapidly parallel with the 

cardiovascular organ replacement which is provided as a major treatment of US people 

who suffered from cardiovascular disorders (87). The bypass technique was emerged 

as highly incidence of operation to cure people who injured from cardiovascular 

diseases. This technique needs vascular graft to insert as a new channel of blood flow 

and the most routine and ubiquitous source for vascular grafting is passivity graft. 

However, this graft may be removed from its site and lead to bacterial colonization 

and graft infections including the scar.  From these disadvantages, field of vascular 

tissue engineering have been growing to eliminate these limitations and promote the 

operation outcome. 

The blood vessel was produced in 1986  by mixed cultured of bovine 

endothelial cells, smooth muscle cells together with fibroblast to construct artificial 

blood vessels (88). In 1998, Nicolas L’ Heureux and colleaques produced complete 
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biological blood vessel which using human cells with no synthetic or exogenous 

biological material. They cultured cells to form layer by supplementing with vitamin C 

for promoting of collagen synthesis. Then all layers were subsequently arranged into 

tube, transferring into bioreactor for cultivation. This complete blood vessel tissue 

engineering was grafted into canine and showed 50% of patency rate (3 out of six 

graft) (89). The blood vessel tissue engineering was demonstrated by using polyneric 

tube by Niklason and colleaques (90). They cultured bovine smooth muscle on 

polyglycolic acid scaffold and maintained under flow conditions.  After that, 

endothelial cells were coated on the surface, this work showed longer patency rate. 

Moreover, attempts on stem cells induction to endothelial cell and smooth muscle cells 

for providing in tissue engineering technique have been emerged. Up to now, field of 

endothelial progenitor cells (EPCs) have been recognized, they can differentiate into 

endothelial cells lining in the vascular lumen. EPCs can be found in bone marrow and 

circulation, expressing CD34+, AC 133+ and VEGF-R2+.  EPC might a valuable 

source of endothelial cell for tissue engineering technique. 

 

The Smooth Muscle Cells (SMCs) 

Smooth muscle is one of the three muscle types in our bodies, consisting of 1) 

striated muscle 2) cardiac muscle and 3) smooth muscle. All three types of muscle 

have the same function (contraction) but locate in different area. The major 

components of smooth muscle are smooth muscle cells (SMCs) and the extracellular 

matrix.  SMCs are arranged circumferentially or longitudinally in the wall of hollow 

organ, for example gastrointestinal tract, urogenital organ, blood vessel, airway, etc. 

Many types of SMCs have been widely studied such as VSMCs (vascular smooth 

muscle cells), ASMCs (airway smooth muscle cells). VSMC is a cell that many 

investigators are interested due to the relationship between the cell and vascular 

disease. The major vascular disorders are atherosclerosis, hypertension, thrombosis, 

etc (91-94). All of them have been studied and found linkage with vascular smooth 

muscle cell dysfunction. 

 

 

 



Aungkura Jerareungrattana  Literature Review / 20 
 

Blood Vessels 

Blood vessels are the most important structure of the vascular system. The function of 

blood vessel is to distribute of oxygen, nutrition material, hormones and signal 

molecules to tissues. Blood vessel is also collecting carbomonoxide and other 

metabolic waste products from tissue for elimination. 

 The basic structure of blood vessel is composed of as follows (Fig 1.4) 

1. Tunica adventitia (tunica externa): the outer most layer, consisting of 

fibroblasts and associated collagen fibers. The loose connective tissue often 

merges with blood vessel nerves in this layer. Some larger blood vessels have 

the small blood vessels, vasa vasorum, to supply the outer half of the vessel 

wall. 

2. External elastic lamina (elastic externa): the layer of elastic fiber located 

between tunica adventitia and tunica media. 

3. Tunica media: the middle layer consists of smooth muscle cells, collagen and 

elastic tissue. This layer functions in both vasodilation and vasoconstriction. 

4. Internal elastic lamina (elastic interna) : layer of elastic fiber located between 

tunica media and tunica intima 

5. Tunica intima : the inner most layer, consists of endothelial tube. Monolayer of 

endothelial cells whose squamous cells generally have their long axis oriented 

longtitudinally. 
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Figure 1.4   Diagram of principal structural component of medium sized artery (95). 

       The basic blood vessel structure from luminal surface composes of a layer of 

endothelial cell (tunica intima), internal elastic lamina, smooth muscle layer (tunica 

media), external elastic lamina and tunica adventitia. 

 

 

The Differentiation of Smooth Muscle Cells 

 The field of smooth muscle differentiation is intensively studied both in  

pathogenesis of atherosclerosis and  stem cell differentiation. Smooth muscle cells 

(SMCs) show phenotypic plasticity during the atherosclerotic process. The 

differentiated cells (contractile form) are appeared in normal tissue but under 

maintaining culture condition (serum-rich), SMC turned to be dedifferentiated form 

(synthetic form). This phenotype contains abundant organells for protein synthesis and 

have high proliferation rate (96). Moreover, the dedifferentiated phenotype expressed 

lower lever of the major cytoskeletal protein; SM α-actin and SM-MHC, which 

function as contractile apparatus of smooth muscle tissue. The migratory process is 
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one of the characteristic of SMC (synthetic form).  Many growth factors have been 

tested with the smooth muscle cells to study their roles on this phenotypic switching.  

 By based on the atherosclerotic process, involving of some cells like 

lymphocyte, platelet and macrophage, cytokine or growth factors which secreted from 

those cells were studied. The IL3 is produced predominantly by the CD4 subset of 

activated T lymphocytes infiltrating the inflammatory tissue. Under in vitro condition, 

the human SMC show increasing of migration and proliferation via MAP kinase 

cascade (97).  PDGF is produced by platelets, monocytes, endothelial cells, vascular 

SMC has mitogenic and chemotactic activity on SMC (98).  TGF-β1 is a 25-kDa 

heterodimeric growth factor that is secreted by numerous cell types, including SMCs 

and platelets, they can inhibit proliferation of SMC by exerted the inhibitory effect 

during the time of the G0/G1 transition irrespective and this effect was based on  the 

cell phenotype, growth conditions, and growth factors (99). Moreover, SMC culture 

under TGF-beta can proliferate while maintaining a differentiated phenotype(100). 

 For the field of stem cell differentiation into smooth muscle, the studies was 

occurred in various sources as follows; embryonic stem cell, bone marrow-derived 

stem cells, peripheral blood and peripheral tissue.  

 Yamashita and colleagues (102) studied differentiated capacity of embryonic 

stem cell by selecting the ES cells (E-cadherin+) which were cultured on collagen IV 

coated dish with 10%FCS to induce flk1+ cells. This flk1+/E-caherin- cells were 

cultured in VEGF or PDGFBB to induce endothelial cell or smooth muscle phenotype 

respectively. This study indicated that TGF-β1 could not induce SMC characteristic. 

Similar work of Simper (66) has been confirmed in peripheral blood.  For peripheral 

blood, they cultured peripheral blood mononuclear cells in collagen I coated dish by 

using EGM-2 medium to promote 2 cell population. Until reaching confluence, they 

add VEGF or PDGF BB to promote endothelial cell or smooth muscle cell 

differentiation, respectively. 
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Figure 1.5 The diagram of smooth muscle phenotypic plasticity. 

The contractile phenotype can modulate their phenotype to be synthetic 

phenotype during atherosclerosis process. This process is reversible under the specific 

modulators (101).  

 

  

 Bone marrow is another source to harbor true stem cells capable of self-

renewal, as well as commitment toward differentiated cell lineages. Three distinct 

types of stem cells; hematopoietic stem cell (HSC), mesenchymal stem cell (MSC) 

and endothelial progenitor cell (EPC). MSCs are as their name implies, thought to be 

committed to generating mesenchymal cell lineages, including stromal and bone cells 

needed for structural and functional integrity of their environment. Recent works 

suggested that bone marrow response to acute injury or during the progression of 

cardiovascular diseases by bone marrow cells which can serve as vascular progenitors 

in response. However, the actual vascular progenitors have not yet been characterized. 

Evidence of vascular smooth muscle regeneration from marrow-derived cells, is from 

Phenotypic plasticity 
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different studies including atherosclerosis, postangioplasty restenosis, and graft 

vasculopathy. Sata and colleaques showed that  cells derived from labeled whole bone 

marrow contribute 25–50% of the SMA-expressing cells that accumulate within the 

neointimal and medial layers of injured vessels(103). The similar studies to the work 

of Shimizu, showing aortic transplants into recipients that were stably engrafted with 

Lac Z-positive bone marrow,  11% of the SMA positive cells within the medial layer 

of vessels were found to be Lac Z positive and therefore bone marrow derived (104). 

 The studies about the smooth muscle stem cells from peripheral tissues have 

been shown that skeletal muscle can provide smooth muscle stem cells (105). They 

recovered two cells population after Hoescht staining, SP (hematopoietic) and non-SP 

cell (bone marrow stromal), and found that non-SP population have capability of 

forming endothelial cell and smooth muscle cells. According to this evidence, it is 

possible that there are vascular progenitor cells in peripheral tissue.  

 

 

Transforming Growth Factor-β (TGF- β) 

 The TGF- β was firstly reported by De Larco and Todaro (106). They found 

polypeptide growth factors released from murine sarcoma virus-transformed mouse 

fibroblasts into serum free medium. This growth factor was different from known 

growth factors due to ability to transform cell in a soft agar assay. The next decades, 

this growth factors was studied on rat kidney fibroblast by using similar approach. It 

was found that the  TGF- β was consisted of two distinct polypeptide growth factors, 

transforming growth factor-α and –β (107, 108). The TGF isoforms showed different 

activity. The TGF-α plays role in mitotic activity while TGF-β serves as a potent 

growth inhibitor in most cell types. 

 TGF- β Transforming growth factor - β (TGF- β) is the prototype of a large 

superfamily of secreted signaling polypeptides with diverse functions in development 

and adult tissue homeostasis of all metazoans (Table 1.4). The TGF-β ligands are part 

of a large superfamily of peptide hormones that are important in many different 

biological processes. Members of the superfamily include bone morphogenic proteins 

(BMPs), activin, decapentaplegic Vgrelated proteins (DVR), dorsalin, nodal, 

Mullerian-inhibiting substance (MIS), inhibin, growth and differentiation factors 



Fac. of Grad. Studies, Mahidol Univ.  Ph.D. (Med. Tech.) / 25  
 

(GDF), and glial-cell derived neurotrophic factor (GDNF). This review will focus only 

on the TGF-β ligands. Five TGF-β ligands have been cloned (TGF-β1–5) (109). These 

ligands are secreted as 100-kDa inactive complexes. The inactive form consists of a 

dimer of the N-terminal peptide, noncovalently associated with the 25-kDa dimer of 

the biologically active form. Structurally, the ligands exhibit a high degree of amino 

acid identity (64–82%) with nine invariant cysteine residues. The structures of TGF-

β1 and β2 have been demonstrated (110-112). Eight of the nine cystein residues make 

four intramolecular disulfide bonds, while the ninth cysteine (amino acid 77) forms an 

intermolecular disulfide bond with the corresponding ninth cysteine of the other 

monomer. The distinguishing feature of the TGF-β structure is the cysteine knot, 

formed from three of the four intramolecular disulfide bonds that maintain structural 

integrity for the monomer. Aside from the nine invariant cysteines, superfamily 

members share less than 40% amino acid identity. This may account for the diversity 

of responses elicited from different superfamily members. 

 

Table 1.4 The transforming growth factor β (TGF-β) family and representative 

activities (113). 

Names (Homologues) % Representative activities 

 

BMP2 subfamily 

BMP2 (DPPD) 

 

BMP4 

 

100 

 

92 

 

Gastrulation, neurogenesis, chrondrogenesis, 

interdigital apoptosis; in frog: mesoderm 

patterning; in fly: dorsalization, eyes, wings (114-

116)  

 

BMP5 subfamily 

BMP5(60AD) 

BMP6/Vgr1 

BMP7/OP1 

BMP8/OP2 

 

61 

61 

60 

55 

 

Along with BMP2 and 4, this subfamily 

participates in the development of nearly all 

organs; many roles in neurogenesis (115, 116)  

GDF5 subfamily   
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GDF5/CDMP1 

GDF6/CDMP2 

GDF 7 

57 

54 

57 

Chrondrogenesis in developing limbs (115, 117)  

 

VG1 subfamily 

GDF1(VG1X) 

GDF3/Vgr2 

 

42 

53 

 

VG1:axial mesoderm induction in frog and fish 

(117) 

BMP3 subfamily 

BMP3/osteogenin 

GDF10 

 

48 

46 

 

Osteogenic differentiation, endochondral bone 

formation, monocyte chemotaxis (118)  

Intermediate members 

Nodal(Xnr 1 to 3X) 

Dorsalin 

GDF8 

GDF9 

 

42 

40 

41 

34 

 

Pituitary follicle-stimulating hormone (FSH) 

production, erythroid cell differentiation; in frog, 

mesoderm induction (114, 119) 

TGF-β subfamilies 

TGF-β1 

TGF-β2 

TGF-β3 

 

35 

34 

36 

 

Cell cycle arrest in epithelial and hematopoietic 

cells, control of mesenchymal cell proliferation 

and differentiation, wound healing, extracellular 

matrix production, immunosuppression (120-122) 

Distant members 

MIS/AMH 

Inhibin α 

 

GDNF 

 

27 

22 

 

23 

 

Mǘllerian duct regression (123) 

Inhibition of FSH production and other actions of 

activin (119) 

Dopaminergic neuron survival, kidney 

development 

Drosophila (D),  Xenopus (X),Bone morphogenetic protein (BMP2),  growth and 

differentiation factor (GDF), cartilage-derived morphogenetic protein (CDMP), 

Mullerian inhibiting substance/anti-Mullerian hormone (MIS/AMH), glial cell–

derived neurotrophic factor (GDNF). 

 

 

 



Fac. of Grad. Studies, Mahidol Univ.  Ph.D. (Med. Tech.) / 27  
 

Transforming Growth Factor Receptors 

Like other members of its superfamily, TGF-β ligands signal by binding to 

specific receptors on the cell surface. A breakthrough in the field came with the 

identification (119-121) and cloning of these receptors (124, 125). Although four 

receptors have been cloned (type I, II, III, endoglin), only two of them, the type II and 

type I receptors, have been conclusively proven to mediate TGF-β signaling (126). 

The type II receptor is a 75- to 85-kDa glycoprotein composedof 565 amino acids. It 

contains a signal sequence, a 136-residue hydrophilic extracellular domain, a single 

transmembrane domain, and a large intracellular domain of 376 amino acids. Its 

cytoplasmic region contains 18 of 21 conserved conserved residues found in serine-

threonine kinases. A fusion protein comprised of the cytoplasmic region linked to 

glutathione-s-transferase was able to autophosphorylate its serine residues, with some 

threonine phosphorylation.The type I receptor is a 50- to 60-kDa protein composed of 

501 amino acids. It contains a 101-amino acid hydrophilic extracellular domain, a 

single 23-amino acid transmembrane domain, and a 355-amino acid intracellular 

domain. Like the type II receptor, the type I receptor contains conserved regions 

resembling serine-threonine kinases. The cytoplasmic region fused to glutathione-S-

transferase was able to autophosphorylate its threonine residues, with some serine 

phosphorylation. Unlike the type II receptor, the type I receptor does not bind 

independently to ligand. The cloning and identification of both mammalian type II and 

type I TGF-b receptors are discussed in details in other reviews (127). 

 Ligand binding induces the type I and type II receptors to associate, which 

leads to a unidirectional phosphorylation event in which the type II receptor 

phosphorylates the type I receptor, thereby activating its kinase domain. The activated 

type I receptor then signals to the SMAD family of intracellular mediators. SMADs 

can be classified into 3 groups as follows; R-SMAD, Co-SMAD, inhibitory SMAD. 

R-SMAD or the receptors regulated SMAD is composed of SMAD-1, -2,-3,-5 and  -8, 

these SMADs can be directly phosphorylated by type I receptor on the two conserved 

serine at C-terminus. After phosphorylation R-SMAD can serve many functions for 

example induction of releasing of SMAD from receptor complex and from SARA 

(SMA anchor for receptor activation),  stimulation of cooperation with Co-SMAD 

before enter into the nucleus (128).  SMAD-4 is only one member of Co-SMAD, this 
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protein is essential for the assembly of transcriptional complexes (129).  Smad-4 

contains a nuclear export signal (NES) that keeps it out of the nucleus in the absence 

of agonist stimulation (130). 

 

 

 
 

 

 

Figure 1.6 The Basics of TGF-β signaling (113) 

TGF-β signaling initiated by ligand-induced receptor complex phosphorylates 

a member of the R-Smad class (Smads1, 2, 3, 5, or 8), enabling its association with 

Smad4 (Co-SMAD) and accumulation in the nucleus. The third group is the inhibitory 

SMADs (Smad6 and -7), counteract the effects of the R-Smads and thus antagonize 

TGF-β signaling. 
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Role of TGF-β 

 

Cell cycle 

Much of the information on cell cycle regulation has been derived from studies with 

fibroblastic and epithelial cell lines. On the basis of these studies, the eukaryotic 

cell cycle is divided into four distinct phases: G1, S, G2, and M phases. At least five 

candidate G1-phase cyclins, termed cyclins C, D1, D2, D3, and E, have been 

identified in mammalian cells (131-135). Each of these cyclins can associate with one 

or more of the cyclin-dependent kinase (cdk) family. Cyclin D1- and D2-associated 

cdk4 and/or cdk6 kinase activities have been detected in mid-G1, prior to the 

activation of any other known cdk (136-138). Cyclin D3-associated cdk4 or cdk6 

and cyclin E-bound cdk2 exhibit kinase activities at the G[INF]1[INF]/S transition 

(139-143), followed by cyclin A, cdk2, cyclinA-cdc2, and cyclin B-cdc2 kinase at the 

late stages of the cell division cycle (144-147). Study of constitutive expression of 

cdk4 suggests that cyclin D/cdk4 may operate temporally upstream from cyclin 

E/cdk2, as part of a mechanism that is responsible for cyclin D/cdk2 activation (148). 

The cdk/cyclin complex is regulated by both phosphorylation on a conserved 

threonine residue and dephosphorylation on a tyrosine residue (149). G1 cyclin–cdk 

complexes are assumed to modify critical proteins by phosphorylation, thereby 

promoting cell cycle progression toward DNA replication (140, 142). The effects of 

TGF-βon G1 cyclins and cdks are widely reported. Treatment of epithelial cells with 

TGF-β leads to inhibition of cdk2, cdk4, cyclin A, and cyclin E. In these cases, 

phosphorylation of pRb was inhibited and the cell cycle was arrested at G1 stage (150, 

151). Over-expression of cdk4 can reverse the G1 arrest induced by TGF-β. cdk 

inhibitors play an important role 

 

Cell differentiation 

 TGF-β factors have been shown to promote epithelial to mesenchymal 

transdifferentiation process (EMT). By using technique of ligand binding specificity, 

receptor immunoprecipitation and pathway-sensitive gene report assays, the EMT 

process of murine mammary epithelial cells was shown to depend primarily on the 

signaling activity of TGFβ.  In this decade, TGF-β has been shown to be inducer of 
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mesodermal cell lineage. For induction of chondrogenesis, TGF-β have been applied 

in mesenchymal stem cells and cultured in 3 dimensional condition, those cells 

become differentiate into chondrogenesis character confirmed by reverse transcriptase-

polymerase chain reaction (RT-PCR), Western blotting and immunohistochemistry 

revealed the expression of COL2A1 and COL10A1(152, 153). For induction of SMC, 

bone marrow stromal cells isolated from human adult were cultured in medium 

supplemented with TGF-β1. These were observed for SM α-actin by using 

immnohistochemistry, Western blotting technique. TGF-β1 can increase expression of  

SM α-actin and can support contractility function of differentiated cells (8). 

 

Retinoic Acid 

 Retinoic acid (RA) is a small lipophilic molecules and physiologically active 

ingredients of vitamin A. Two forms of retinoic acid, all-trans and 9-cis retinoic acid 

are described. These molecules were widely studied since they have known the 

biological receptors of retinoic acid (154, 155). Retinoic acid receptors are nuclear 

receptors consisted of two mains receptor superfamilies, RARs and retinoid X 

receptors (RXRs). There are many isoforms of RA receptor family, RARα, RARβ, 

RARγ, RXRα, RXRβ, RXRγ. RXRs which can bind specifically only to 9-cis RA but 

RARs can bind both all trans- and 9-cis RA. Mutant of these receptors has been 

widely studied and they showed that single mutant of receptor gene in mice displaying 

one or some aspects of VAD syndrome but mice were viable. But double mutant of 

these receptor genes show dying in utero or at birth in experimental animal.  

 The functional unit of these receptors is a dimer of one RARs and one RXRs. 

After dimerization of receptor, this dimeric molecules binds to a specific RARE (RA 

response elements) which located in the regulatory regions of RA target genes. The 

activity of vitamin A varies due to many isoforms of RA receptors, functional unit of 

dimerization of receptor, so they can combine various receptors pair to function. 

 The characteristics of RARs and RXRs would rather be similar; they share 

common modular domains (Fig 1.7) 
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A/B C D E AF-2 F 

 

Figure 1.7 The functional domains of RAR and RXR.  

The A/B segment shows the N-terminal domain which encodes the activation 

function-1(AF-1) domain. The C segment encodes DNA binding domain (DBD). The 

D segment encodes the Hinge region domain. The E segment encodes the ligand 

binding domain and the activation function-2 (AF-2) domain. The F segment shows 

the C-terminal domain which is present in some receptors. 

 

 

The N-terminal A/B domains are the least conserved and contain an 

autonomous activation function, named AF-1. The C domain, the DNA-binding 

domain (DBD), is the most highly conserved domain and contains two zinc finger 

modules responsible for DNA binding. The D domain, or hinge region, is variable and 

connects the zinc finger DBD to the variable E region, which encompasses the ligand-

binding domain (LBD). It is also known that the hinge region contains a nuclear 

localization signal and is probably responsible for the interaction with certain nuclear 

receptor coregulators (156, 157). The LBD is a multifunctional domain that is 

responsible for ligand binding, receptor dimerization, and interaction with other 

proteins such as coactivators.  The most C-terminal, F domain is found in certain 

members and participates in the action of a second activation domain named AF-2. 

The AF-2 is composed of an amphipathic α helix that is also highly conserved and is 

responsible for the agonist-induced conformational change of receptors. Upon agonist 

binding, the receptor undergoes a conformational change and the structure becomes 

much more compact. This conformational change results in changes in protein 

interaction and stimulates the recruitment of coactivators, leading to the activation of 

gene transcription. 

 The functional receptor unit is a heterodimer, the dimerization is mediated 

primarily by the interacting surface of the LBD on each receptor. In the in vitro 

situation, those receptors are present in oligomeric states and ligand binding induces 

dissociation of receptor oligomers and facilitates the formation of heterodimers (159, 

160). It is the heterodimeric receptors that bind a specific RARE with a high affinity. 
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Additionally, after receptor is occupied by an agonist, it can induce a conformational 

change of the AF2 domain in the dimeric receptor unit, thereby recruiting associate 

proteins and leading to the activation of the transcription machinery.  
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CHAPTER 4 

MATERIALS AND METHODS 

 
 

4.1 Materials 

 

Culture 

- 0.05% trypsin EDTA 

- 0.25% trypsin EDTA 

- 1X Hank’s balance salt solution (HBSS) 

- 1X Phosphate buffer saline (PBS) 

- Ficoll Hypaque 1077 (Histopaque) 

- Trypan blue 

- Dimethylsulfoxide (DMSO) 

 

Growth media 

- M199 powder 

- DMEM-high glucose powder 

- Fetal bovine serum (Hyclone) 

- 10X  insulin-transferrin-selenium supplements (ITS) 

- Penicillin (10,000 units)-Streptomycin (10,000 µg) solution 

 

Growth factors 

- Transforming growth factor β1 (TGF-β1) 

- Retinoic acid (all trans retinoic acid) 

 

Immunofluorescent 

 -    Methanol 
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 -    Primary antibody monoclonal anti smooth muscle α-actin (clone 1A4) 

 -    Primary antibody monoclonal anti-myosin (smooth) (clone HSM-V) 

 -    Secondary antibody anti-mouse immunoglobulins conjugated FITC 

 -    Secondary antibody anti-mouse immunoglobulins conjugated RPE 

-    1X Phosphate buffer saline (PBS) 

 

Light microscopic study 

- Bouin fluid 

- 70%, 80%,  90%,  95%,  and 100%  ethanol 

- Xylene 

- Paraffin 

- Heamtoxylin and Eosin 

 

Transmission electron microscopic (TEM) study 

- 2.5% glutaraldehyde 

- Cacodylate buffer 

- 1%Osmiumtetroxide 

- 1%Uranyl acetate 

- 50%, 70%, 90% and 100% ethanol 

- Propylene oxide 

- Epoxy resin 

- Toluidene blue 

- Uranyl acetate 

- Lead citrate   

 

Protein concentration determination 

- 2M Borate Buffer 

- Reagent A ( 0.1N NaOH+2%Na2CO3 W/V) 

- Reagent B, Reagent B1  1ml+Reagent B2  1ml 

- Reagent B1 (1% CuSO4) 

- Reagent B2 (2%NaK tartrate) 
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- Reagent C (50 ml of Reagent A + 1 ml of Reagent B) 

- Folin-Ciocalteu phenol reagent 

 

 

SDS-PAGE 

- Lysis buffer (50 mM Tris, 150mM NaCl, 10mM EDTA, 0.1%SDS, 

1%Triton X-100, 1%Deoxycholate, aprotinin 25µg/ml) 

- Prestained SDS-PAGE standards(Biorad) 

- 5X sample loading buffer 

- 3% crosslinker-(10%, 12%) separating gel in 0.375 M tris-HCl, pH 8.8, 

0.1% SDS 

- 3% crosslinker-(3%, 5%) stacking gel in 0.125 M tris-HCl, pH6.8, 

0.1%SDS 

- TEMED, 10%APS 

- Tris-glycine buffer (25 mM Tris, 192 mM glycine, 0.1%SDS) 

- Simply blue safe stain 

 

Western transfer and blotting 

- PVDF membrane 

- Filter paper  

- Blotting pads 

- Methanol 

- DI water 

- Tris-glycine transfer buffer (12 mM tris base, 96 mM glycine, 20% 

methanol) 

- The WesternBreeze chemiluminescent immunodetection kit 

- Ultrapure water 

- Kodak medical X-ray film 
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4.2 Methods 
 

Preparation of Smooth Muscle Cell  

 The saphenous veins were obtained from the patient under bypass surgery. The 

blood vessels were dissected under stereomicroscope, removal of tunica adventitia, 

subendothelial layer and tunica adventitia. Perform washing the tunica media twice by 

using M199 to remove all debris. Pieces of tissue were immersed in 1xHBSS for 1 

minute then transferred tissue in to 5%dettol for 30 seconds. Removal of dettol by 

transferring tissue into 1xHBSS, triple washed 1 minute each.  The cleaned tissue was 

chopped into small pieces about 1mm cube. All chopped tissue were transferred to 50 

ml conical tube, add medium 20 ml, and centrifuge 1,200 RPM, 25oc for 5 minutes. 

Supernatant was removed and the tissue was transferred into 60 mm. culture dish. The 

growth medium (M199 with 10%FBS) was applied on tissue and leave for 24 hours.  

Growth medium was changed every other day.  Outgrowth of cell was observed after 

3-4 weeks later, after confluent, the explant was discarded from dish and transferred to 

the new 60mm culture dish and added growth medium for further expansion. The 

outgrowth cell was trypsinized by using 0.05% trypsin EDTA. Cells were added 

passage cell to the T75 flask for expansion of SMCs. The SMCs were confirmed 

expression of smooth muscle α actin (SM α-actin), smooth muscle myosin heavy chain 

(SM-MHC) and observed by immunofluorescent microscopy. 

 

Bone Marrow Stromal Cell Isolation 

Human bone marrow cells were obtained from healthy adult volunteers by iliac 

crest puncture and aspirated into preservative-free heparin under a protocol approved 

by the University of Michigan Human Investigaions Review Board. Isolation of 

mononuclear was performed after removal of platelet with two volumes of 1XPBS at 

400Xg for 5 minutes. Remove upper layer which contain platelets, the remaining part 

was employed to separate for mononuclear cells. Mononuclear cell isolation based on 

density gradient technique was performed by following methods of Boyum (161).  

One volume the remaining part after removal of platelets was applied to one volume of 
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histopaque-1077 (Sigma) (1:1) in centrifugal tube. Centrifugation at 600Xg for exactly 

30 minutes at room temperature, after that the separation of sample was shown as in 

figure 2.1. After removal of the supernatant carefully, the opaque interface which 

containing mononuclear cell was transferred to the centrifugal tube. The washing 

medium was added into the centrifugal tube and resuspended before centrifuge at 

250Xg for 5 minutes. The pellet was resuspended in complete medium, DMEM high 

glucose with 10% FBS, and transferred into 75 cm2 flask at a density of 5x106 cells/ml  

then incubated at 37oC in an atmosphere of  5%CO2 in air with extra humidity.  

 

Cell Differentiation Treatment 

 The bone marrow stromal cells passage 3-6 were cultured in T75 by using 

DMEM high glucose supplemented with 10%FBS, penicillin-streptromycin. After 

they reached confluency, all growth medium was aspirated and replaced by DMEM 

high glucose supplement with 2%FBS, ITS (insulin-transferrin-selenium), penicillin-

streptromycin for 24 hrs. Cells were trypsinized and counted; the appropriate number 

of cells was transferred into culture dishes as shown in Table 2.1. After treatment, 

cells were collected for further SDS-PAGE analysis and immunofluorescent study. 

 

Table 2.1 Table of the experimental treatment.  

Group Treatment 

Control group DMEM high glucose, 2% FBS, ITS(insulin 5 mg/L, 

transferrin 2.75 mg/L, selenium 3.35µg/L) 

Treatment group 1 DMEM high glucose , 2% FBS, ITS(insulin 5 mg/L, 

transferrin 2.75 mg/L, selenium 3.35µg/L), TGF-β1 2 

ng/ml 

Treatment group 2 DMEM high glucose , 2% FBS, ITS(insulin 5 mg/L, 

transferrin 2.75 mg/L, selenium 3.35µg/L), 0.01 µM 

retinoic acid  

Treatment group 3 DMEM high glucose , 2% FBS, ITS(insulin 5 mg/L, 

transferrin 2.75 mg/L, selenium 3.35µg/L), 0.1µM 
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retinoic acid  

Treatment group 4 DMEM high glucose , 2% FBS, ITS(insulin 5 mg/L, 

transferrin 2.75 mg/L, selenium 3.35µg/L), TGF-β1 (2 

ng/ml) for 24 hrs, changing into medium supplemented 

with  0.01µM retinoic acid  

Traetment group 5 DMEM high glucose , 2% FBS, ITS(insulin 5 mg/L, 

transferrin 2.75 mg/L, selenium 3.35µg/L), TGF-β1 

(2ng/ml) for 24 hrs, changing into medium 

supplemented with  0.1µM retinoic acid  

Treatment group 6 DMEM high glucose , 2% FBS, ITS(insulin 5 mg/L, 

transferrin 2.75 mg/L, selenium 3.35µg/L) plus TGF-

β1(2 ng/ml)and 0.01µM retinoic acid  

Treatment group 7 DMEM high glucose , 2% FBS, ITS(insulin 5 mg/L, 

transferrin 2.75 mg/L, selenium 3.35µg/L) plus TGF-

β1 (2 ng/ml) and 0.1µM retinoic acid  

 

 

Cell Counting 

 Total cell count was performed by using hemacytometer (Bright Line 

Improved Neubauer, 0.1 mm deep, American Optical, buffalo, NY, USA). The cell 

suspension was transferred into an appendorf following by trypan blue in ration 1:1. 

The reaction was left for 1-2 min then load the sample into both chambers of 

hemacytometer by carefully touching the edge of the coverslip with the pipette tip and 

allowing each chamber to be filled by capillary action without overfilling or 

underfilling the chambers. Counting was done only for viable cells, and then the cells 

in four 1 mm corner squares and 1 mm center square of one chamber were counted, 

excluding the cells on the middle line at bottom and right sides. The average of cell 

counts per square is required for calculation since each square of the hemacytometer 

(with coverslip in place) represents a total volume of 0.1 mm3 or 10-4 cm3. The 

subsequent cell concentration per ml can be determined by the following formula: Cell 

per ml = the average counts per square x 104 x dilution factor 
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Total cell count = Cells per ml x the original volume of total cell  

      suspension from which cell sample was removed.  

 

Cell Storage and Thawing 

  Cell storage, the healthy and non-contaminated cells were trypsinized and 

counted. Cell suspension of about 1-2 x 106 cells/ml were spun down before removal 

of supernatant. The freezing medium containing 10%dimethylsulfoxide (DMSO) and 

10% fetal bovine serum were added to pellet then transferred into the cryotube. The 

cryotubes were transferred into the freezer subsequently as follows: at -20oC for 2 hrs, 

at -70oC for overnight and in liquid nitrogen. For thawing, the cryotubes containing 

cells were transferred from liquid nitrogen for rapid thawing 37oC. All cells were 

slowly poured into 15 ml conical tube containing washing medium, centrifuged at 4oC, 

1,500 RPM for 5 min. The cell pellet was resuspended in growth medium and 

transferred into plastic dish and incubated in 5% CO2 incubator at 37oC. 

  

  

Immunofluorescent Study 

Primary antibody for α smooth muscle actin (DAKO, clone 1A4) and Smooth 

myosin heavy chain (Sigma) were employed to identify SMC. After reaching 70-80% 

cell confluency, medium was aspirated from the dish and washed with PBS, and air 

dried. Adding of cold methanol to the sample for 15 minutes, the methanol was rapidly 

aspirated and completely air dried. The 1% BSA was applied to decrease effect of 

non-specific binding, and all 1% BSA was then removed from the sample. The 

primary antibody was added on to the sample, the adequate volume of antibody was 

added for protection of drying. The primary antibody was incubated for 1-2 hours at 

room temperature, after removal of all antibodies. Then washing step with PBS was 

performed twice.  The secondary antibody was added to cover cell layer, dry out of 

sample ought not to be allowed, incubated in room temperature for 1-2 hours, removed 

all the secondary antibodies. The PBS solution was applied to wash the sample twice, 

aspirated all solution and let the sample dry completely. The processed samples were 

observed by fluorescent microscopy and kept in 4oC and dark place. 
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Light microscopy 

 Saphenous vein before and after dissection in to three tunica layers were 

studied by light microscopy. The sample were chopped into small cubes and washed. 

The sample was submerged in Bouin fixative for at least 24 hrs in room temperature. 

After remove all of fixative, washing step was performed by using 70% ethanol. 

Dehydration step was done under graded ethanol series; 70%, 80%, 95% and 100% 

respectively. Xylene was applied to the sample for clearing step. Infiltration step and 

embedding step were performed by melted paraffin. The sample was sectioned into 6-

10 µm thickness before staining step by using Hematoxyllin & Eosin. The stained 

sample was studied under light microscopy and captured the photograph via CCD 

camera before analyzed by computer software 

 

Transmission Electron microscopy (TEM) 

 Smooth muscle from culture and some pieces of the tunica media from 

saphenous was kept for analyzed by TEM. Samples were fixed by using 2.5% 

glutaraldehyde as a primary fixative at 4oC for 24 hrs. All samples were triple washed 

by cacodylate buffer, 5 min each. 1% Osmium tetroxide was used as secondary 

fixative by incubating about 20 min, and then samples were triple washed by distilled 

water. The tertiary fixative was applied by using 1% uranyl acetate for 30 min, wash 

out of uranyl acetate by distilled water 3 times.  Dehydration step was perform under 

ethanol graded series; 50%, 70%, 90%, and 100 %( 10 min each), respectively. 

Infiltration step was done by using graded propylene oxide and epoxy resin ratio; 1:2, 

1:1, 2:1, respectively. Then the infiltrated sample was poured into mold and left in 

room temperature for 24 hrs. The mold was transferred to the oven for the step of 

polymerization at 45oC for 2 days and 60oC for 1 day.  The embedded sample was 

semithin sectioned by using glass knife under ultramicrotome to select appropriate 

area. The appropriate area was selected by trimming and followed by thin sectioning 

by using glass knife under ultramicrotome. Thin sections were laid into the copper grid 

before stained by using uranyl and lead citrate. The stained samples were studied by 

using transmission electron microscopy. 
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Preparation of Cell Lysate 

 Cell culture from the experiment was prepared for protein analysis by using 

RIPA buffer. Adherent cells in culture dish were washed twice with cold PBS, clearly 

aspirated PBS. 0.5 ml and 0.25 ml Ice-cold modified RIPA buffer were added into 

culture dish 60mm. and 35mm. respectively. The adherent cells were scraped off the 

dish with a plastic cell scraper. The cell suspension was transferred into disposable 

microcentrifugal tube and cell suspension was gently shaked by vortex in the cold 

room for 15 minutes.  The lysate was the spun under precooled centrifuge at speed 

14,000x g for 15 minutes. The supernatant was immediately transferred to a new 

microcentrifugal tube, aliquoted and stored at -20oC. 

 

Determination of Protein Concentration 

 Solution form of protein was determined for the protein concentration using 

Lowry’s method (162).The calibration curve was constructed from a standard protein, 

Bovine serum albumin (BSA). BSA standards were prepared by making dilution 

ranging from 0, 0.25, 0.5, 1.0, 1.4 mg/ml of BSA in distilled water. Each standard 

protein solution and sample was diluted with 2 M borate buffer into ratio 1:5 to get 

final 0.2 ml. One ml of reagent C was added into each sample, vortex and incubated 

for 10 minutes in room temperature. An aliquot of 0.1 ml folin reagent (Fisher) was 

added, vortex immediately and incubated for 30 minutes. The solution was transferred 

into disposable plastic cuvette and was measured at 750 nm absorbance on the Uvikon 

XS (Secomam). The protein concentration of sample was calculated from the standard 

curve. 

 
SDS-PAGE Analysis 

 Protein sample was prepared by mixing the sample with 2x sample loading 

buffer in ratio 1:1 and boiled 100oC for 10 minutes.  The heated samples were loaded 

in to each well of SDS-PAGE. The SDS-PAGE was performed by using the X Cell 

SureLock Mini-Cell (Invitrogen). The gel system in SDS-PAGE is composed of 

separating and stacking gels. The separating gel for detection of SM α-actin is 12% 
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gel. The stacking gel for this experiment is 3-5%gel. The gel was run under Tris-

glycine buffer. The electrophoresis was performed with constant voltage 120 V at 

room temperature. After electrophoresis, the protein band on the gel was visualized 

with color of coomasie blue by using Simply Blue Safe Stain (Invitrogen) 

 

 

Western Blot Analysis and Immunodetection 

 Protein in the gel after electrophoresis was transferred to PVDF membrane by 

using X Cell SureLock and Blot Module (Invitrogen). Preparation of Tris-Glycine 

transfer buffer were done and continued with soaking all blotting pads, PVDF 

membrane and filter paper before transferring process. During this process bubble 

formation has to be concerned.   The gel membrane sandwich (Fig 2.2) and blotting 

pads were laid in the cathode (-) core of the blot module then hold the blot module 

together firmly and slide into lower buffer chamber. The transfer buffer was filled in 

chamber to cover blot module. The power supply was operated at constant current 100 

mA. The blotted membrane was continued in process of immunodetection for smooth 

muscle α-actin by WesternBreeze (Invitrogen). The processed membrane was exposed 

to the X-ray film (Kodak).  
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Fig 2.1 Blood fraction derived from mononuclear cell separation process. The 

interphase white layer of mononuclear cells was collected and further cultured. 
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Fig 2.2   Gel membrane sandwich 

 After SDS-PAGE running, gel was performed for Western transfer into 

membrane by arranging of blotting pad, filter paper, gel, membrane as in figure to 

make gel sandwich. The protein was transferred from cathode to anode direction. 
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CHAPTER 5 

RESULTS 

 

5.1 Saphenous Vein Structure by Light Microscopy  

 

Saphenous vein collected from patient under bypass surgical operation, was 

studied to serve as smooth muscle cell origin. The tunica media of saphenous vein was 

dissected from blood vessel. Veins were chopped in to small pieces, washed and fixed 

in neutral formalin or 2%glutaraldehyde for light microscopic and TEM study. For 

LM study, cross section of saphenous vein was stained with H&E (Fig 3.1 A). 

Saphenous vein is medium size vein, from micrograph can define the vein into 3 

layers tunica intima, tunica media and tunica adventitia (Fig.3.1 B) The tunica intima 

consist of a layer of endothelial lining which show flattened and bulged into the vessel 

lumen These cells can be observed clearly from longitudinal section  showing 

elongated nuclei including with unclear cell boundary (Fig. 3.1 C). Tunica media is 

almost entirely composed of smooth muscle cells, they arranged circumferentially. 

These cells are embedded in high ordered connective tissue arranged around   6-7 

layers (Fig. 3.1 D). The smooth muscle nuclei are condensed and elongated in the 

direction of the connective tissue fiber. The boundary of smooth muscle cells was not 

cleared from the light micrograph study. The tunica adventitia may be as thick as 

tunica media. This layer is composed of longitudinally arranged thick collagen fiber 

merging with the surrounding connective tissue. The small blood vessels, vasa 

vasorum can be found in this layer to supply nutrient to the innermost layer of vessel. 

After dissection of tunica media, light micrograph was done for confirmation, the 

tunica media show highly ordered of smooth muscle cells embedded in highly 

organized tissue and purify from other layer of blood vessel. 
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Figure 3.1 Light micrographs of the saphenous vein. 

The saphenous vein structure under light microscopy in cross section stained 

by H&E (A) (4X). The vessel can be defined into 3 layers; tunica intima 

(arrow), tunica media and tunica adventitia (B) 10X. The tunica intima contains 

a layer of endothelial lining which can be observed by this longitudinal section 

(C) 40X.    The   tunica media, dissected for culture was performed for light 

micrograph (D) 40X. 
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The Ultrastructural Study of Tunica Media 

 The tunica media was employed to study by transmission electron microscopy 

(TEM). This tissue contains smooth muscle cells arranged parallel to form a smooth 

muscle bundle (Fig. 3.2A). Cytoplasm is largely filled with myofilament both thick 

and thin filament which associated with dense body (Fig 3.2 B). The major organelles 

are located near the nuclei (perinuclear region) such as endoplasmic reticulum (ER) 

and mitochondria (Fig. 3.3 A). The plasmalemma vesicles (Fig. 3.3 B) can be found 

along the cell membrane; this organelle is associated with the sarcoplasmic reticulum 

(SR), close tubular system located to the peripheral area of the cell. This imply to their 

functions, SR function to accumulate calcium for excitation-contraction and 

inhibition-relaxation coupling mechanism. The round nuclei contained single nucleoli 

and show heterochromatin along the nuclear membrane (Fig. 3.4 A). Each SMC in 

tunica media is surrounded by a discrete basal lamina (Fig.3.4 B), this membrane 

structure is function to form gap junction with the other SMC.   Some organelles such 

as mitochondria, rough endoplasmic reticulum, Golgi complexes are located at the 

nuclear pole area and along the cell membrane (Fig 3.4 B). The SMC is the cell that 

have a function to storage calcium and secrete to perform contraction via vesicle 

exocytosis(Fig. 3.5A). SMC are embedded in the complicated extracellular matrix 

which have collagen (Fig. 3.5 B) as a major component.  
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Figure 3.2  Transmission electron micrographs of tunica media from saphenous vein. 

A. Longitudinal section micrograph of tunica media showed SMC arranged 

parallel each other to form a smooth muscle bundle (5000X). 

B. The cytoplasm contains myofilament, both thick and thin filament, which is the 

major organelles together with the associated structure, dense body (arrow) 

(25000X). 
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Figure 3.3  Transmission electron micrographs of tunica media before culture. 

A. The most organelles are located near the nuclear area, there are 

mitochondria (M) and endoplasmic reticulum (ER) (25000X). 

B.  In the plasmalemmal showed numerous vesicles (arrow) along the cell 

membrane (25000X). 
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Figure 3.4 Cross sectional transmission electron micrographs of SMC. 

A. The cross section transmission electron micrograph showing oval nucleus 

(N) containing single nucleoli (nu) and showing heterochromatin along the 

nuclear membrane (5000X). 

B. The higher magnification showed he basal lamina (arrow) surrounded each 

smooth muscle can be observe from this cross section. The organelles are 

localized at the nuclear poles (7500X). 
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Figure 3.5  Transmission Electron Micrographs of  SMC. 

A. SMC is in exocytosis process by protuding vesicle (*) to secrete calcium 

storage to the environment, nucleus (N) (25000) 

B. SMC are embedded in the extracellular matrix to form smooth muscle 

tissue and the major composition is collagen fiber (col) (25000). 
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5.3 The Morphology of Smooth Muscle Cells under Culture. 

After tunica media were removed from blood vessel, they were divided for 

morphological study and culture. For culture, tunica media were chopped into small 

cubes and fed with M-199 supplement with FBS 20% by using explants technique.  

Around 2 weeks, cellular outgrowth from explants was observed (Fig 3.6 A). This 

cellular outgrowth shows smooth muscle characteristics; spindle elongated shape or 

ribbon shape with oval nuclei and phase densed cytoplasm (Fig. 3.6 B). During this 

time, showing less cellular density and the SMC in ribbon shape can be observed (Fig 

3.6 C-D). After having cellular outgrowth around 1 week, SMCs were highly active in 

proliferation and increasing in number (Fig 3.7 A, B). There was heterogeneous 

population occurring during this time. Some SMCs show the spindle shape and ribbon 

shape which is the characteristic of contractile phenotype and fibroblast liked 

phenotype (Fig. 3.7 C, D). The fibroblast liked phenotype were predominate within 2 

weeks after cellular outgrowth from explants including with highly active in cell 

proliferation (Fig 3.8 A, B). These cells’ characteristic show increased in size and 

boarder, phase lucent cytoplasm (Fig 3.8 C). The SMCs in this phenotype show highly 

active in cell division and protein synthesis (96) and predominate after subculture (Fig 

3.8 D). The SMCs have increased cell density within 3 weeks after the occurrence of 

cellular outgrowth (Fig 17 A). Some areas show overlapping of growing cell (Fig 17 

B). About 80%-90% confluency,   the smooth muscles show the unique characteristic 

of “hills and valley” growth pattern, hills contained cells piles up each other  to form 

many cells layer while valleys contain lower cell layer number (Fig  17 C, D).  

 The SMCs from culture were taken to confirm their lineage by using technique 

immunofluorescent. Two antibodies were selected for this studies, smooth muscle α 

actin (early marker of SMC) and smooth muscle myosin heavy chain (the late marker 

of SMC). The SMCs showed SM α-actin localized in long, straight fiber located in 

cytoplasm along with longitudinal axis (Fig 18 A, B). For SM-MHC, SMC showed 

stained exclusively in cytoplasm which is not diffused pattern (Fig 18 C, D). 
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Figure 3.6 Phase contrast micrographs of tunica media in culture during the first 2 

weeks. 

(A) Explant with cell outgrowth was occurred within 2 weeks after culture (10X). 

(B) The smooth muscle cells show spindle elongated shape with phase dense 

cytoplasm (10X). 

(C) There were mixed phenotype of SMC (10X) and another characteristics is 

ribbon shaped SMC. 

(D) Mixed phenotype of SMC (20X).   
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Figure 3.7 Phase contrast micrographs of SMC about 1 week after cell outgrowth 

from explant.  

(A), (B)  SMCs became more active in proliferation, they show increasing in  

number. (10X) (10X) 

(C) and (D) The SMC contained the heterogenous population, spindle shape 

(arrow), ribbon shape (arrow head) and fibroblast liked cell (*).(10X)  
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Figure 3.8 Phase contrast micrographs of SMC with fibroblast liked phenotype. 

(A) SMC during culture show phenotype similar to fibroblast within 2 weeks after 

cell growing out from explant (10X). 

(B) They show highly active in cell proliferation (10X). 

(C) This cell is boarder, bigger and their cytoplasm show phase lucent 

characteristic (20X). 

(D) After subculture, SMC show homogenous population of fibroblast liked 

phenotype. 
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Figure 3.9 Phase contrast micrographs of SMC after cellular outgrowth around 3 

weeks. 

(A) SMC showed highly active in proliferation and higher in number (10X) as 

compared to figure 3.7 

(B) Some area showed cellular overlapping (20X). 

(C) and (D) The “hill and valley” growth pattern was shown after SMC reaching 

confluent 80-90% (C) 10X, (D) 20X 
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Figure 3.10 Phase contrast micrographs and immunofluorescence micrographs of 

smooth muscle cells 

(A) Phase contrast micrograph and immunofluorescence 

(B) Micrograph of SMC stained with Rhodamine-labeled antibodies against smooth 

muscle α actin (SM α-actin) 

(C) Phase contrast micrograph and immunofluorescence micrograph of SMC 

(D) The SMCs stained with rhodamine labeled antibodies against smooth muscle 

myosin heavy chain. 
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5.4 BMSC under Treatment of Conditioned Medium. 

To study differentiation of bone marrow stromal cell (BMSC) or mesenchymal 

stem cell, we decided to culture BMSC in serum free medium supplemented with 

conditioned medium. This conditioned medium was collected from SMC culture as 

previously described. The conditioned medium (CM) was collected from the 4th 

passage SMC. The medium was filtered for sterilization before used. After starvation 

for 24 hrs, the BMSC was cultured under DMEM+10% conditioned medium 

supplemented with ITS + antibiotics. The DMEM supplemented with ITS and 

antibiotics was used as a control. The morphology of cultured cells was compared 

from day 1-5 and day 7. On the first day, the controlled BMSC under control and 

BMSC in the conditioned medium were not morphologically different as shown by 

sharing heterogenous population (Fig 3.11 A, B). After 2 days, cells in control group 

had lower rate of cell proliferation with higher degree of cell heterogeneity (Fig. 3.11 

C, E). The BMSC in CM were more heterogenous with increasing number their shape 

is elongated and spindle (Fig. 3.11 D, F). The change starting from day 3, day 4 (Fig  

3.12), day 5 and day 7 (Fig 3.13).. The indirect immunofluorescence for SM α-actin 

was performed in both control and CM groups at day 2, day 4 and day 7 (Fig. 3.14, 

3.15).  Both control and CM groups showed the similar positive of SM α-actin on day 

2 and day 4 and were negative on day 7. This indicated that CM may affect the BMSC 

in the other criteria not for supporting SMC differentiation. 
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Figure 3.11 Phase contrast micrographs of BMSC cultured under control and 

conditioned medium. 

BMSC under control condition (A) and under conditioned medium (CM) (B). 

Both had similar morphology (Magnification 20X). On day 2, BMSC under CM (D) 

(10X) showing higher degree of cellular density as compared with control (C) (10X). 

Cells morphology is more elongated and spindle (D, F) (20X) than in control (C, E) 

(20X).  
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Figure 3.12 Phase contrast micrographs of BMSC under CM treatment for 3 and 4 

days (Magnification 20X) 

The control group on day 3 (A) and day 4 (C) shows cells with variable shape. 

Some cells lie flat with short end. The CM group on day 3 (B) and day 4 (D) showed 

cells with elongated end. 
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Figure 3.13 Phase contrast micrographs of BMSC under CM for 5 and 7 days 

(Magnification 20X) 

The CM group on day 5 (B) and day 7 (D) still shows cells with elongated end 

spindle. The control group on day 5 (A) and day 7 (C) still shows cells with variable 

shape. 
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Figure 3.14 Phase contrast and immunofluorescence micrographs of BMSC in the 

same field of control group on day 2, day 4 and day 7. 

BMSC in control group day 2(A, B), day 4 (C, D) and day 7 (E, F) were 

analyzed for antibody against SM α-actin. They show weakly positive and no 

appearance on day 7. 
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Figure 3.15 Phase contrast and immunofluorescence micrographs of BMSC in the 

same field of CM group on day 2, day 4 and day 7. 

BMSC under CM treatment on day 2 (A, B), day 4 (C, D) and day 7 (E, F) 

were analyzed for antibody against SM α-actin. They showed weakly positive. 
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5.5  Comparison of BMSC Culture Under Various Treatment of TGF-β1 and 

Retinoic Acid  

BMSCs have been shown their ability to be induced into different cell lineages. 

Some investigators suggest that these cells may differentiate via vascular smooth 

muscle pathway (163). Although these cells can express SM α-actin and SM-MHC 

(97) the degree of possitivity is lower than those in the smooth muscle cell in the 

natural tissue. The study about several inducing factors for smooth muscle cell 

differentiation have been reported, TGF-β1 and PDGF-BB have been shown to induce 

and decrease  SM α-actin expression, respectively (8). . The BMSCs under the 

condition of DMEM+10%FBS before the experiment were taken, show both ribbon 

and spindle shape (Fig. 3.16). They can proliferate actively during the first to the 

seventh passage. After that, the cells turn to be board flattened cells, poorly 

proliferated with secreted (Fig 3.16 E, F). 

 This study was performed to study the effect of TGF-β1 and retinoic acid to SM 

α-actin expression.  BMSCs passage number 3-6 was starved for 24-28 hrs. The cells 

were then trypsinized and counted for equally seeding density. The 1x105 BMSCs 

were applied for each treatment as follows: DMEM+2%FBS+ITS (control), 

DMEM+ITS+TGF-β1(2ng/ml), DMEM+ITS+0.01µM RA and DMEM+ITS+0.1µM 

RA. Cell morphology was been observed within 5 days after treatment. From day 1, 

all treatments including control did not show the morphological difference (Fig. 3.17). 

After 2 days, cell morphology was different. The control group (Fig. 3.18 A) had no 

their morphological change but the BMSC of TGF-β1 group became homogenous and 

flatten (Fig 3.18 B). For those retinoic acid treatment, 0.01 and 0.1 µM (Fig 3.18 C, 

D), cells tended to form grouping in clumping fashion. The cell morphology was more 

spindle than control and TGF-β1 group. On day 3, TGF-β1 group changed in to widen 

and more homogenous than in control (Fig 3.19 A, B). Both concentrations of RA 

(0.01 and 0.1 µM) had the similar result day 2 (Fig 3.19 C, D). However, the cells 

become clustering at increasing degree on day 4 (Fig 3.20 C, D). Most of the cells are 

spindle and elongated. No different in morphology was detected when the study was 

compared between these 2 doses. In TGF-β1 group, cells are spread with quadrangular 
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shape (Fig. 3.20 B). On day 5, cells in TGF-β1 treatment (Fig. 3.21 A, B) are similar 

to those in day 4 and cellular density is higher than in control and RA group. The cells 

in RA treatment group still showed in clustering characteristics with their spindle 

shape throughout the experiment (Fig. 3.21 C, D). 

 The comparison of each experiment during variable of time was shown to 

clarify their prominent characteristics during culture. Control group, BMSC show 

stable characteristics from day 1 to day 5 (Fig. 3.22) by showing heterogenous 

population both spindle and ribbon. The growth rate is lower than those from growth 

factors or RA treatment. From higher magnification, they look fibroblast-liked 

morphology as shown by being polygonal; phase lucent cytoplasm and nucleus with 1-

2 nucleoli. In TGF-β1 treatment, BMSC showed increasing cell density (Fig 3.23). 

From day 1 (Fig 3.23 A, B), they looked similar to control and they started to change 

their morphology on day 2 (Fig 3.23 C, D) as shown by having homogenous cell 

population with border shape (ribbon). The prominent stress fiber occurred around day 

3 (Fig 3.23 E, F) and the fiber persist throughout the experiment. On day 4 and day 5, 

the cell numbers were increased with unique characteristic (Fig 3.23 G-J).  In RA 

treatment group (Fig. 3.24, 3.25), there were no significant change in morphology in 

different dosage. The RA treated BMSC turned to be more spindle after treated with 

RA within day 2. These spindle shaped cell tended to form group within day 3. 

Increasing size of cell cluster was observed during cell culture. Cell distribution was 

observed using low magnification. Cells in control group (Fig 3.26 A) had normal 

distribution whereas cells in TGF-β1 treatment (Fig 3.26 B) had greater cellular 

density. Cells in RA treatment showed cell cluster in the culture dish then left some 

space area (Fig 3.26 C, D). 

For immunofluorescent micrograph for antibody against SM α-actin, cells in TGF-

β1 treatment, 0.01µM RA and 0.1 µM RA show the greater degree of SM α-actin 

expression than the control group (Fig 3.27). 
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Figure 3.16 Phase contrast micrographs of BMSC cultured under DMEM with 10% 

FBS.  

A, B They showed ribbon and spindle shaped cell (10X) mixed together. Their 

cytoplasm show phase lucent and nucleus with 1-2 nucleoli (C) (20X). The confluence 

phase of BMSC before trypsinization for the experiment showed growth overlapping 

(D) (10X). BMSC in the late passage turn their phenotype to be flatten and board, the 

proliferation rate was decrease and numerous granules occurred in culture dish (E, F) 

(10X).    
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Figure 3.17   Phase contrast micrographs of BMSC on day 1. 

The control condition (A), TGF-β1 (B), 0.01µM RA (C) and 0.01µM RA (D). 

They show similarity in morphology and cellular density. (A-D, 10X) 
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Figure 3.18 Phase contrast micrographs of BMSC on day 2 under various 

conditions. (A-D, 10X) 

A. Control group BMSC showed heterogenous population 

B. TGF-β1 treatment, BMSC showed more homogeneity with more flatten shape. 

C. 0.01µM RA and (D) 0.1µM RA, cells form grouping orientation.  
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Figure 3.19 Phase contrast micrographs of BMSC on day 3 under various 

conditions (A-D, 10X). 

(A) Control, (B) TGF-β1, (C) 0.01µM RA and 0.1µM RA (D). They show 

some appearance as shown in day 2. Cells in RA treatment showed high degree of 

cell orientation (C, D).  
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Figure 3.20   Phase contrast micrographs of BMSC on day 4 under various 

treatments (magnification, 10X). 

A. Control: they show similar morphology as shown in the previous day 

B. TGF-β1: they show more quadrangular and wider 

C. RA treated BMSCs at 0.01µM  and 0.1 µM (D) cells are relatively formed their 

orientation.  

 

 

 

 

 

 

 

 

 

A B

C D



Fac. of Grad. Studies, Mahidol Univ.  Ph.D. (Med. Tech.) / 71  
 
 

 

 
 

Figure 3.21 Phase contrast micrographs of BMSC on day 5 under various 

treatments. 

BMSC under TGF-β1 treatment (B) differed from the control group (A) by 

showing boarder cells. For RA treatment 0.01 µM and 0.1µM (C, D), cells showed 

grouped characteristics and maintained the spindle shape. 

 

 

 

 

 

 

 

 

 

 

A B

C D



Aungkura Jerareungrattana  Results / 72 
 
 
 

 

 

A B

C D

E F



Fac. of Grad. Studies, Mahidol Univ.  Ph.D. (Med. Tech.) / 73  
 
 

 
 

Figure 3.22 The micrographs of BMSC in control group from day 1 to day 5. 

BMSC in control group from day 1 (A, B 10X) day 2 (C, 10X; D, 20X) day 3 

(E, 10X; F, 20X) day 4 (G, 10X; H, 20X) and day 5 (I, 10X, J, 20X). The cell 

morphology has no significant change from day to day. The cells were 

fibroblastoid morphology with polygonal shape (arrow) and phase lucent 

cytoplasm, their nucleus contains 1-2 nucleoli (arrow head). 
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Figure 3.23 The micrographs of BMSC in TGF-β1 group from day 1 to day 5. 

In this treatment, BMSC from day 1 (A, B 10X) day 2 (C, 10X; D, 20X) day 3 

(E, 10X; F, 20X) day 4 (G, 10X; H, 20X) and day 5 (I, 10X, J, 20X) show 

significant change from day to day. They started to form ribbon shape in day 2 

(asterisks, Fig. C and D) and stress fiber in day 3 (arrow). Cells in day 4 and day 5 

show higher cellular density with the appearance of ribbon shape. 
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Figure 3.24 The micrographs of BMSC in 0.01µM RA group from day 1 to day 5. 

The BMSC in 0.01µM RA group from day 1 (A, B 10X) day 2 (C, 10X; D, 

20X) day 3 (E, 10X; F, 20X) day 4 (G, 10X;H, 20X) and day 5 (I, 10X, J, 20X) 

show spindle shape on day 2. Some cells form group together into clump (D) or 

parallel (C). In day 3 (E, F) cells are elongated and form bigger clump. Some area 

show initial cluster of cell grouping (G, H) which can be found until day 5 (I, J). 
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Figure 3.25 The micrographs of BMSC in 0.1µM RA group from day 1 to day 5. 

The morphology of BMSC in 0.1µM RA from day 1 (A, B 10X) day 2 (C,10X; 

D, 20X) day 3 (E, 10X; F, 20X) day 4 (G, 10X;H, 20X) and day 5 (I, 10X, J, 20X) 

is similar to those in 0.01µM RA. On day 2, the morphology was spindle and form 

their orientation (C and D). On day 3 (E, F), cells were elongated and grouped into 

a bigger clump. Some area show initial phase of cell grouping (G, H), these 

character can be found until day 5 (I, J). 

 

 

 

 

 

 

 

 

G

JI

H



Aungkura Jerareungrattana  Results / 80 
 
 
 

 

 
 

Figure 3.26 Phase contrast micrographs of BMSC at low magnification. 

Various conditions of BMSC: control (A), TGF-β1 (B), 0.01µM RA (C) and 

0.1µM RA (D). It is noted that BMSC in TGF-β1 can proliferate with high cell 

density. In the presence of RA, cell orientation has been observed. 
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Figure 3.27 Phase contrast micrographs (A, C, E and G) and immunofluorescence 

micrographs (B, D, F and H) of BMSC under various treatments in the same field. 

A, B. BMSC in control condition show weakly positive for SM α-actin 

expression when compare with BMSC under TGF-β1 (C, D), 0.01µM RA (E, F) 

and 0.1µM RA (G, H). This positive signal showed in fiber pattern (arrow). 
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Western Blot Analysis 

 Protein from BMSC in control group and in the presence of: TGF-β1, 0.01 µM 

RA and 0.1 µM RA at day 3 and day 5 was processed for analysis by SDS-PAGE and 

immunoblot for SM α-actin. Ten micrograms of total protein lysate of each treatment 

was loading into 12% SDS-PAGE and transferred into PVDF membrane for blotting 

analysis, analysis process was performed by chemiluminescence technique.  

On day 3 (Fig 3.28), BMSC in control condition showed expression of SM α-actin at 

lowest degree and BMSC culture in TGF-β1 show the strongest expression of this 

protein. In RA group, 0.01µM RA can induce expression of SM α-actin at higher 

degree than 0.1µM RA. However, the treatment with TGF-β1 had stronger SM α-actin 

than both doses of RA treatment. From densitometric analysis, the SM α-actin 

expression in all treatment was shown into percentage and the result showed in control 

and 0.1 µM RA would rather be the same. The treatment with TGF-β1 shows the 

highest expression of SM α-actin. The treatment of 0.01 µM RA contained SM α-

actin lower than in TGF-β1 but higher than in control and 0.1 µM. On day 5 (Fig. 

3.29), the result was similar in day 3. 
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Figure 3.28  Western blot and immunodetection of BMSC on day 3. 

Band of SM α-actin (42kDa) was shown as follow:  control (lane1), TGF-β1 

(lane 2), 0.01µM RA (lane 3) and 0.1µM RA (lane 4). Each band was quantitated 

as illustrated in histogram below. 
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Figure 3.29 Western blot and immunodetection of BMSC on day 5. 

Band of SM α-actin (42kDa) was shown as follow: control (lane1), TGF-β1     

(lane 2), 0.01µM RA (lane 3) and 0.1µM RA (lane 4). Each band was quantitated 

as illustrated in histogram below. 
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5.5 BMSC in the Presence of TGF-β1 and/or retinoic acid.  

To study the effect of two factors on expression level of SM α-actin, TGF-β1 in 

combination with RA (0.01 and 0.1µM) was applied to BMSC. Treatment of TGF-β1 

24 hours were followed by 0.01 and 0.1 µM RA.  The morphology of them are 

different by the treatment of TGF-β1 for 24 hours followed by 0.01 RA  or 0.1 µM RA 

showed similar to TGF-β1 alone for the first 24 hours of culture (Fig 3.30 A, B) and 

they turned to be similar to RA treatment on the later day (Figure 3.31-3.33 A, B). But 

for TGF-β1 plus 0.01 or 0.1µM RA, they showed different phenotype, on day1 (Fig 

3.30 C, D) they show widen shape of cell than RA treatment and less of stress fiber 

than in TGF-β1 and RA alone. On day 2 (Fig 3.31 C, D), they showed cell shape 

similar to TGF-β1 group but less of stress fiber. They still showed cell shape similar to 

TGF-β1 group on day 3 (Fig 3.32 C, D) but tend to be grouped similar RA treatment. 

On day 5 (Fig 3.33 C, D), BMSC turned to have cell shape similar to RA treatment 

(more spindle) and they grouped into a big clumped cell, similar to form overlapping 

cell growth. For Immunofluorescent result, in all treatments showed positive for SM 

α-actin antibody and show stronger than in control (Fig. 3.34). 

 

Western Blot Analysis 

 BMSC in control group and under treatment; TGF-β1 for 24 hrs following by 

0.01 µM RA (group A), TGF-β1 for 24 hrs following by 0.1 µM RA (group B), TGF-

β1+0.01 µM RA (group C) and TGF-β1 +0.1 µM RA (group D) day 3 and day 5 was 

processed to keep as protein for analysis by SDS-PAGE and immunoblot for SM α- 

actin. Ten micrograms of total protein lysate of each treatment was loading into 12% 

SDS-PAGE and transferred into PVDF membrane for blotting analysis, analysis 

process was performed by chemiluminescence technique. On day 3 (Fig 3.35), BMSC 

in group A and group B show strong expression of SM α-actin on day 3 than in 

control. While in group C, D, they show lower expression of this protein than in 

control condition. Between group C and group D, showed that group D show less 

expression of SM α-actin than group C and lowest in this experiment. On day 5 (Fig 

3.36), group A show higher expression of SM α-actin than in control but group B-D 
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show less expression than in control condition. And the least expression of this protein 

was shown in group D. 
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Figure 3.30 Phase contrast micrographs of BMSC under various treatments on day1. 

The treatment was as follows: 

A. and B. TGF-β1 for 24 hrs. 

C.  TGF-β1 for 24 hrs before treat 0.01 µM RA  

D. TGF-β1 for 24 hrs before treat 0.1 µM RA 

E. TGF-β1+ 0.01µM RA for 24 hrs 

F.   TGF-β1+ 0.1µM RA for 24 hrs 

In C. and D they showed similar to TGF-β1 (A, B) treatment but in E and F they  

showed not the same by showing similar in cell shape but less of stress fiber 

(arrow in C). 

A B

E

C D

F
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Figure 3.31 Phase contrast micrographs of BMSC under various treatments on day 2 

The treatment was as follows: 

A (10X) and  B (20X) TGF-β1 for 48 hrs. 

C.  TGF-β1 for 24 hrs following by 0.01 µM RA for 24 hrs 

D.  TGF-β1 for 24 hrs following by 0.1 µM RA for 24 hrs 

E. TGF-β1+ 0.01µM RA for 48 hrs and  (F)TGF-β1+ 0.1µM RA for 48 hrs 

In C and D, they showed similar to TGF-β1 (A, B) treatment but became more 

spindle. In E and F they showed not the same by showing similar in cell shape 

but less of stress fiber (arrow in A, B). 

A

C

B

D

E F
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Figure 3.32 Phase contrast micrographs of BMSC under various treatments on day 3 

A. 0.01 µM RA and B.0.1 µM RA for 72 hrs. 

C.  TGF-β1 for 24 hrs following by 0.01.µM RA for 48 hrs 

D.  TGF-β1 for 24 hrs following by 0.1 µM RA for 48 hrs 

E. TGF-β1+ 0.01µM RA for 72 hrs 

F. TGF-β1+ 0.01µM RA for 72 hrs 

In C and D, they showed similar to RA treatment (A, B).In E and F they showed 

not the same by showing boarder in cell shape. 

 

A B

C D

E F
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Figure 3.33 Phase contrast micrograph of BMSC under various treatments on day 5 

A.  TGF-β on day 5  (B) 0.1 µM RA on day 5. 

C.  TGF-β1 for 24 hrs following by 0.01 µM RA for 4 days 

D. TGF-β1 for 24 hrs following by 0.1 µM RA for 4 days 

E. TGF-β1+ 0.01µM RA for 5 days 

F. TGF-β1+ 0.01µM RA for  5 days 

In all treatments, showed packs of cells and in E and F show tighter than C and D. 

 

A B

C D

E F
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Figure 3.34 Phase contrast micrographs and immunofluorescence micrograph in the 

same field of BMSC against SM α-actin antibody.  

A. TGF-β1 for 24 hrs following by  0.01 µM RA  for 4 days 

B. TGF-β1 for 24 hrs following by 0.1 µM RA for 4 days 

C. TGF-β1+ 0.01 µM RA for 5 days 

D. TGF-β1+ 0.01 µM RA for  5 days 

All treatments showed positive for SM α-actin expression. 
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Figure 3.35 Western blot and immunodetection of BMSC under various  

conditions in day 3 

  Western blot result showing the band of SM α-actin (42kDa) from 10 µg of 

protein lysate from BMSC cultured under  control(lane1), TGF-β1 (lane 2), TGF-β1 

24 hrs following by 0.01µM RA 48 hrs (lane 3), TGF-β1 24 hrs following by  0.1µM 

RA 48 hrs (lane 4), TGF-β1+ 0.01µM RA (lane 5) for 3 days and TGF-β1+ 0.1µM 

RA (lane 6) for 3 days . The expression shows higher than control in lane 2 lane 3 and 

lane 4 while lane 5 and 6 shows the lower expression. 
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Figure 3.36 Western blot and immunodetection of BMSC under various  

conditions in day 5  

Western blot result showing the band of SM α-actin (42kDa) from 10 µg of 

protein lysate from BMSC cultured under control (lane1), TGF-β1 (lane 2), TGF-β124 

hrs following by 0.01µM RA 4 days (lane 3), TGF-β1 24 hrs following by 0.1µM RA 

4 days (lane 4), TGF-β1+ 0.01µM RA (lane 5) for 5 days and TGF-β1+ 0.1µM RA 

(lane 6) for 5 days. From lane 3 to lane 6 showed expression of SM α-actin lower than 

in control. 

1     2      3     4       5     6 
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CHAPTER 6 

DISCUSSIONS 

  
 Human saphenous vein is long large caliber peripheral vein which is well 

known as graft for coronary artery bypass (164). But patency rate of saphenous vein 

graft still have to be evaluated due to the complication after surgery such as 

atherosclerosis (165). The arterial conduit was raised to be the better choice of graft 

due to higher patency rate than saphenous vein (166). However, the common 

complications after vascular grafts include graft occlusion, graft infection, true 

aneurysm and distal embolisation still be the important problem including with the 

painful from recovering graft from the patient.  The synthetic graft and tissue 

engineering of blood vessel (TEBV) have been raised to be an alternative. The 

advantage of TEBV is less painful operation and can be improved their efficiency to 

decrease complications that occur from natural graft type. In this study, the structure 

of saphenous vein was used as a model for the development of blood vessel tissue 

engineering technique. Saphenous vein structure would rather be not similar to the 

ordinary vein due to the good developing tunica media (95). These prominent 

characteristics including the less difficult harvesting process promote saphenous vein 

as a good graft in the first decade of bypass surgery. This vein shows variability found 

in each person (164). This may signify the tendency of the future complication. The 

saphenous vein contains a monolayer of endothelium and subendothelium layer. The 

tunica media of saphenous vein have both longitudinally and circumferentially 

oriented cells. Longitudinal fiber always located in the inner area and outer area of 

tunica media, some works show the longitudinal of smooth muscle fiber can be found 

in tunica adventitia of saphenous vein (164). From the structure of saphenous vein 

together with the complication after bypass surgery, this finding leads to the attempt of 

management of synthetic graft to prevent or limit the occurrence and progression of 

those complications.  The tissue engineering of blood vessel should have the same 

quality as the target, such as coronary in the case of bypass surgery.  This artery shows 
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atypical morphology different from other arteries which have the same size. The SMC 

from tunica media of coronary artery has unique characteristics. They have low 

proliferation rate, capability to adhere and synthesize collagen. While cells from 

coronary artery adventitia show myofibroblast characteristics by expressing SM α- 

actin and synthesizing many components of extracellular matrix (167). From these 

facts, the nature of this blood vessel should be investigated to support for the best 

outcome of future TEBV.  

 The SMCs from tunica media of saphenous vein have shown ultrastructural 

feature of typical smooth muscle cells.  The smooth muscle cells of saphenous vein lay 

parallel and arrange into circular or longitudinal fibers. The cell length is about 12-

15µm and 5-7 µm. Their nucleus show euchromatin in the periphery area and 

heterochromatin in the nuclear envelope area.  The unique organelle is the 

myofilament which is similar to typical smooth muscle cell characteristics. Dense 

bodies of saphenous vein show less prominent than in visceral smooth muscles (168). 

This is similar to small vesicles along the cell membrane of saphenous vein SMC 

which is lower in number than those of visceral smooth muscle (168). 

 As we know that BMSC itself can express smooth muscle characteristic after 

long term marrow culture (7). This cell may be the progeny of mesenchymal cell 

which follow the smooth muscle differentiation pathway (163).  Retinoic acid (RA) is  

reported  as  an inducer of smooth muscle like cell in P19, embryonic carcinoma cell 

line (169) and in mouse embryonic stem cells (12). Moreover, arterial smooth muscle 

cells under cultured in RA show maintenance of differentiation stage of smooth 

muscle cell by increasing of both alpha smooth muscle actin and myosin heavy chain  

expression and lowering of proliferation and ECM sythesis (170). The effect of RA on 

smooth muscle alpha actin (SM α-actin) expression in bone marrow stromal cell has 

been shown in this study.  BMSC after culture in retinoic acid can be induced to have 

SM α-actin expression even the expression level is lower than TGF-β1 treatment.  

 Many factors have been reported to be involved in smooth muscle cell 

differentiation in different cells.  TGF-β1 is one growth factor which is shown to be 

inducer of smooth muscle differentiation in different cell types; such as bone marrow 

stem cells (170), 10T1/2 cell lines (179). But the negative result was shown when 
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TGF-β1 was applied in flk-1 positive cells derived from embryonic stem cells (102). 

This work showed that PDGF-BB can induce smooth muscle cell characteristic after 

application in this phenotypic marker. This work was confirmed by the study of 

Simper and colleagues (11) who selected peripheral blood mononuclear cells as a 

source of smooth muscle progenitor. The RA might be a good choice of growth factor 

which can enhance smooth muscle cell characteristic. After culture BMSC in RA, cells 

show characteristic of spindle shape than those cultured in TGF-β1. From the previous 

study, RA can promote differentiation SMC including with enhancing expression of 

elastin in VSMC (172). Both differentiated phenotype and expression of elastin are 

very important for blood vessel function and for tissue engineering application. Elastin 

synthesis in blood vessel tissue engineering has been believed that it can promote 

blood vessel strength. The dedifferentiated phenotype of VSMC is considered to be 

involved in atherosclerosis process which has to be aware for blood vessel graft. The 

further study about the function of BMSC under RA treatment has to be concerned.  

 The varying dose of retinoic acid has been designed. This study has shown that 

0.01 µM RA can enhance expression level of SM α-actin than 0.1 µM. This is similar 

to the work of Dorothea and colleagues (170) who studied varying dose of RA 

treatment in vascular smooth muscle cell (VSMC). Increased SM α-actin was formed 

upon RA treatment while higher molar dose showed inhibitory effect (170). The effect 

of RA dose to expression of SM α-actin have not yet been reported. This study has 

used 2 doses of RA for BMSC. The result shows obvious effect to SM α-actin in 

BMSC by 0.01 µM RA which can enhance the expression of SM α-actin than 0.1 µM  

RA.  

In the functional mode, Kinner and colleaques have proved the increase of SM 

α-actin expression after treatment BMSC with TGF-B1 including with promotion of 

contraction of cell, the major function of smooth muscle cells (171). 

 The treatment of BMSC for 24 hrs before treatment by RA was initiated to 

prove that the function of TGF-β1 is to control cell cycle From the concept that stem 

cell is the cell that can self renewal and differentiate, they will differentiate when the 

proliferation step is slowing down. TGF-β1 has been shown to stop proliferation in 

hematopoietic progenitor cells (173). Then this study was designed to use TGF-β1 for 
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slowing down cell proliferation. Then the differentiation was further induced by using 

RA treatment. The results showed expression of SM α-actin in the first 3. On day 5, 

the level of SM α-actin was decreased with lower expression than in control. The 

differentiation between dosage effects of RA was shown similar to treatment by using 

RA alone. This result indicates that genetic make up of BMSC might be different from 

the previous cell studies and TGF-β1 play role in this cell proliferation should be 

further studied. However, the dosage effect and time of induction for TGF-β1 should 

be concerned. 

The results from combination between 2 doses of RA and TGF-β1 enable us to 

consider the regulatory pathway of SM α-actin.  The role of TGF-β1 and RA to 

vascular development during vascular development have been shown from null mice 

TGF-β1 study, null mice TGF-β1 die in utero between 9.5 and 10.5 dpc from 

abnormalities in yolk sac vessel development caused, in part, by a failure of 

mesenchymal precursor cells to differentiate into vascular SMCs (174) and Vitamin A 

Dificiency (VAD) produces a variety of aortic arch malformations (175). However, 

how these two factors play role in SMC differentiation still need to be studied to 

clarify their roles.  

From the excellent schematic model of Kumar and Owen (Fig. 4.1) (176), 

TGF-β1 can regulate SM α-actin by activating a factor which can bind to TCE 

element. Moreover they need cooperation from the other 2 cis element, CArG A and 

CarG B to perform expression of SM α-actin (177). TGF-β1 has been recognized to 

promote SRF expression (178), binding to CarG A and CarG B, and expression of 

some kruppel-liked transcription factor, BTEB2, the positive regulation of SM α- actin 

;GKLF, the negative regulator of SM α-actin  and binding to TCE element of 

regulatory region of smooth muscle marker gene (179). How these trans and cis 

element cooperate to perform their functions have to be elucidated. Retinoic acid have 

been shown to induce P19 cells, mouse embryonal carcinoma cell, into smooth muscle 

lineage (17). P19 cells have capability to differentiate into many cell lineages 

involving glial cells, neurons, cardiac and skeletal muscle (180). After treatment with 

RA, P19 was selected for SM marker expression and dilutional cloning was performed 

to get the purified SMC lineage (17). This model was lead to study the effect of RA to 
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expression level of SRF; they found that P19 which differentiated into SMC lineage 

could express high level of SRF. The SRF requires abnormalities of the chromatin 

structure to access to CArG element (181). The results on this study, after treatment of 

MSC by TGF-β1 plus 0.01 or 0.1 µM RA, the cells showed decrease of SM α-actin 

than in control. TGF-β1 plus 0.01 µM RA show higher expression of SM α-actin than 

in TGF-β1 plus 0.1 µM RA which is the same as treatment of RA alone. How  these 

factors suppress expression of SM α-actin can not be explained. The above report 

showed that these two factors may promote each other. However, our system is not the 

same as in literature; we used human bone marrow stem cells including dosage of RA 

which was 0.01 and 0.1 µM while they used 1 µM for 3 days (181). 

 

 
Figure 4.1 Schematic diagrams of regulatory control of SM α-actin promoter (176) 

 

 This study has proposed that, 0.01 µM RA can be used as a new mediators for 

stem cell induction into SMC characteristics. The effect 0.01 µM and TGF-β1 on the 

expression of SM α-actin and the morphological changed of BMSC have been 

summarized in Figure 4.2. The BMSC from the former treatment showed the cluster 

formation and spindle shaped cell, this is different from TGF-β1 alone. The role of RA 

in morphological changing of BMSC is not known. However, RA has broad action 
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especially they perform function together with RA receptors to bind with RA response 

element (RARE) which located in regulatory region of many genes that RA can 

regulate. This binding recruit coactivator protein complex which has histone acetyl 

transferase (HAT) activity. This enzyme can acetylate histone protein and open up the 

chromatin, and then the transcription machinery can act on the promoter for active 

gene transcription (183).  From this study BMSC after treated with TGF-β1 for 24 hrs 

and followed by 0.01µM RA showed highest expression of SM α-actin on day 3 and 

became lower on day 5. This may indicate that RA and TGF-β1 may regulate 

expression of this protein by different mechanism, TGF-β1 plays role in promotion of 

SM α-actin by synthesizing transcription factors for binding with TCE element. This 

binding can promote expression of SM α-actin. Treatment of TGF-β1 24hrs might 

promote this transcription factor when removing of TGF-β1 and changing into RA 

which promote chromatin opening, this is possible that the newly synthesized 

transcription factor can directly binding to the SM α-actin then the highest expression 

of SM α-actin can be observed (Fig. 4.3). However, this assumption has to be 

elucidated further. The lower expression on day 5 could be from decreasing effect of 

TGF-β1. Moreover, the lowest expression of SM α-actin was shown in the treatment 

from treatment of BMSC with TGF-β1 plus 0.01µM RA. This suggested that these 

two factors upon simultaneous exposure are not appropriate to combine for promoting 

of SMC characteristics.  The sequence of chromatin opening and binding may not 

synchronize properly. 
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Figure 4.2 Summarized diagram of BMSC induction by using varying protocols of 

TGF-β1 and RA. The treatment shows comparison between day 3 and day 5. 

 The histograms show the levels of smooth muscle actin expression as related to 

cell morphology of induced BMSC. Lane number one is the control group. 
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Figure 4.3 The hypothesis of mode of growth factors TGF-β1 and RA on  controlling 

gene expression. 

 This diagram shows the possible effect of BMSC after treated TGF-β1 24 hrs, 

on promotion of synthesis of a transcriptional factor which can bind to the TCE 

element and subsequently promote SM α-actin. Treatment with RA can promote 

opening of chromation structure (183) and further promote binding of transcriptional 

factors. This process may enhance the highest expression of SM α-actin. 

TGF-β1 24hrs

 = a transcription factor

0.01µM RA

 
 = TCE element
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CHAPTER 7 

CONCLUSIONS 

 

 
1. The structure of human saphenous vein from H&E showed 3 layers, 

composed of tunica intima, tunica media and tunica adventitia. The tunica intima 

consists of a layer of endothelial lining which show flattened and bulged into the 

vessel. Tunica media is almost entirely composed of smooth muscle cells which 

arranged circumferentially. The tunica adventitia composed of longitudinally arranged 

thick collagen fiber, surrounding connective tissue and some vasa vasorum. 

 Tunica media under Transmission electron micrograph (TEM) observation has 

shown smooth muscle bundle. The cell width is about   5-7 µM and length is about 12-

15 µM. Each cell is surrounded by the basal lamina. Myofilament is major organelles 

in the cytoplasm including with endoplasmic reticulum (ER) and mitochondria which 

located in perinuclear area. The small plasmalemma vesicles can be found along the 

cell membrane. Their nuclei contains single nucleoli and show heterochromatin along 

the nuclear membrane.  

2. Tunica media of saphenous vein was employed to culture SMC by explant 

technique. Cells can grow from explant within 2 weeks and show SMC characteristics 

with spindle elongated shape or ribbon shape with oval nuclei and phase densed 

cytoplasm. After cellular outgrowth 1 week, cells proliferation was highly active and 

showed heterogenous population; spindle, ribbon and fibroblast liked cells. These cells 

became bigger including phase lucent cytoplasm. About 80%-90% confluency,   the 

smooth muscle showed the unique characteristic of “hills and valley” growth pattern. 

These cells were tested for SMC markers, SM α-actin and SM-MHC by using indirect 

immunofluorescent method, showing SM α-actin localized in long, straight fiber 

located in cytoplasm along with longitudinal axis. For SM-MHC, SMC showed 

exclusive staining in cytoplasm which is not diffused pattern. 
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3. The bone marrow stromal cells (BMSCs) under treatment of conditioned 

medium of SMC culture was detected for evidence of SMC differentiation. Culture 

condition was 10% conditioned medium, BMSC was observed their morphology 

within 7 days. They showed similarity as in control group in day one. After 2 days, 

cells in conditioned medium (CM group) showed increasing in number than in control. 

Cells had spindle and elongated shape. The cells in control group had low proliferation 

rate with heterogenous cell population. The indirect immunofluorescence study for 

SM α-actin was perform at day 2, day 4 and day 7, showing the positive pattern of SM 

α-actin after 2 days and 4 days and negative for 7 days.  

4. The BMSCs under treatment of TGF-β1 and 2 doses of retinoic acid were 

observed. Their appearance was summarized in table 3.1 using phase contrast micro 

scopy. The cells observed by indirect immunofluorescent antibody against SM α-

actin, under the treatment with TGF-β1, 0.01µM RA have shown positive of SM α-

actin staining higher than those in control. The positive stain was shown in fibered 

pattern. The Western blot analysis for SM α-actin antibody was performed on the 

cultured cells for 3 days and 5 days of treatment.  

On day 3 and day 5, the BMSCs culture in TGF-β1 showed the strongest 

expression of this protein. In RA group, cells showed the different results between 

dosage 0.01 µM RA can induce expression of SM α-actin higher than 0.1µM RA. 

When comparison between RA and control group, 0.01 µM RA can induce expression 

of SM α-actin than in control and 0.1 µM RA showed lower expression of this protein 

than in control group.   

 

Table 3.1    The comparison of MSC morphology micrograph under different 

treatments by phase contrast microscopic observation.  

Treatment Cell shape Distribution Stress fiber Cell density 

Control (Serum 

free media) 

Heterogeneity, 

Spindle ribbon

Equally Less Least 

Serum free media 

+TGFβ1 2ng/ml 

Homogeneity, 

more ribbon 

Equally Highest Highest 

Serum free Homogeneity, Grouped High High 
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media+RA 

0.01µM 

spindle and 

fusiform 

like 

Serum free 

media+RA0.1µM 

Homogeneity, 

spindle and 

fusiform 

Grouped 

like 

High High 

 

 

5. The BMSCs under treatment of TGF-β plus retinoic acid have been 

observed during culture. Two main types of treatment were designed (1) TGF-β1 plus 

RA (0.01 and 0.1µM) and (2) TGF-β1 24 hours followed by 0.01 and 0.1 µM RA.  For 

TGF-β1 plus RA group, they showed flat shape with low amount of stress fiber than 

those treated with TGF-β1 alone on day 1. On day 2, they turned to be similar to TGF-

β1 group but contain less stress fiber. This morphology was maintained in the further 

day but they tended to clump as in RA treatment alone. Until day 5, BMSC turned to 

have cell shape similar to RA treatment (more spindle) and they grouped into a big 

clumping cells. Cells under the treatment of TGF-β1 for 24 hours followed by 0.01 or 

0.1 µM RA showed similar to TGF-β1 alone for the first 24 hours of culture and they 

turned to be similar to RA treatment on the later day.  Indirect immunofluorescent 

staining showed positive for SM α-actin antibody. Western blot analysis showed that 

after 3 day BMSC in the treatment of TGF-β1 for 24 hrs following by 0.01 µM RA, 

TGF-β1 for 24 hrs following by  0.1 µM RA showed higher expression of SM α-actin 

than the control groups. But on day 5, treatment of TGF-β1 for 24 hrs following by  

0.01 µM RA showed higher expression of SM α-actin than in TGF-β1 for 24 hrs 

following by 0.1 µM RA. The latter has also lower intensity of SM α-actin than the 

control group. While in TGF-β1 plus 0.01µM and 0.1 µM RA show lower expression 

of this marker than control group in both 3 days and 5 days.  

 This study indicates that BMSC is a good source of SMC differentiation. The 

best protocol for induction is using TGF-β1 and 0.01µM RA. The differentiation of 

SMC is an early stage since only SM α-actin, the earliest marker of SMC has only 

been detected. For the tissue engineering application, BMSC after treatment with 0.01 

µM RA may be the appropriate induction because cells with spindle shape could be 
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obtained at higher yield. This appearance is similar to differentiated form of vascular 

smooth muscle.  Moreover, the combination of RA and TGF-β1 might be applied but 

the best pattern is serial adding of TGF-β1 for 24 hrs then following by RA for 1-2 

days alone. 
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