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 At present, WJ-MSCs are considered as promising tool for clinical application based 

on their several advantages. These include extensive in vitro expansion, multi-lineages 

differentiation potential, immunomodulatory properties including easy accessibility with little 

or no ethical concern. This study aimed to investigate appropriate culture conditions for        

in vitro expansion of WJ-MSCs including development of hepatic lineage differentiation in   

WJ-MSCs. Here, we cultured the cells in various conditions as followed, C1 (Dulbecco’s 

modified Eagle’s medium with 1.0 g/L glucose (DMEM-LG) + 10% FBS under 20% O2 and 

5% CO2), C2 (DMEM-LG + 10% FBS under 5% O2 and 5% CO2), C3 (Embryonic stem cells 

conditioned medium (ESCM)), and C4 (ESCM + 10 ng/mL EGF). Cells in C3 and C4 were 

cultured under 5% O2 and 5% CO2. Our results revealed that cells in C1 had low proliferation 

and fast senescense. On the contrary, cells cultured in C2, C3, and C4 yielded significant 

proliferations as 113.77  7.89, 204.66  10.39, and 424.88  14.62 folds at day 12, 

respectively. These findings indicate that C4 is the best culture condition and hypoxic 

condition is more suitable for in vitro WJ-MSC expansion than normoxic condition. 

Furthermore, we observed that the expanded cells from C3 and C4 had faster mean population 

doubling time (PDT) than that from C2. These results demonstrate that ESCM with or without 

additional EGF provided greater potential of WJ-MSCs expansion than conventional medium 
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(DMEM-LG + 10% FBS). The expanded cells from C2-4 could preserve common 

characteristics of MSCs including cells morphology, cell surface marker expressions (CD29
+, 

CD44
+, CD90

+, CD34
-, CD45

-), differentiation potential (osteoblasts, chondroblasts, adipocytes), 

and stemness marker expressions. However, it was remarkable that the expanded cells from 

C3 and C4 could maintain the expression of stemness gene markers, Oct-4 and Nanog, more 

than that from C2. Moreover, the expanded cells from C2-4 had ability to differentiate into 

hepatic lineage or hepatocyte-like cells (MSCDHC) which had evidenced by morphological 

changing including hepatic-specific gene and protein expressions. The MSCDHC cells 

contain hepatic functions, such as, glycogen storage, LDL uptake, albumin secretion, and urea 

production. Interestingly, capacity of hepatocyte differentiation of cells from C3 and C4 is 

higher than that from C2. Taken together, ESCM with or without additional EGF is not only 

appropriation for in vitro WJ-MSCs expansion but also promoting WJ-MSCs differentiation 

into hepatic lineage. Additionally, this study revealed that ethanolic leaves extract of

Gynura procumbens or paetumpung could accelerate MSCDHC production. This study, thus, 

opens a new insight at least three points. Firstly, ESCM serves as a rich source of several 

factors required for supportive WJ-MSCs expansion, especially in a short period of time 

which is crucial for clinical use. Secondly, WJ-MSCs can serve as an alternative source of 

hepatocyte-like cells generation which can be applied for treatment of liver diseases in the 

future. Thirdly, G. procumbens leaves extract provides a benefit in supportive hepatogenic 

differentiation capacity of WJ-MSCs.    
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CHAPTER I 

INTRODUCTION

1.1  Introduction 

The liver is one of vital organs of the body that performs many essential 

functions such as producing bile for lipid digestion, generating plasma proteins and 

metabolic enzymes, detoxifying toxic substances, storing glycogen, and regulating 

blood clotting system. Therefore, numerous effects on the liver can cause the loss of 

liver functions that lead to liver failure and death. Liver disease is a common term 

describing any diseases that cause liver inflammation, tissue damage, and affect liver 

functions. Causes may include by various factors such as viral infection, injury, 

exposure to drugs or toxic compounds, an autoimmune process, and a genetic defect. 

These causes can lead to hepatitis, cirrhosis, obstruction of bile ducts by stones 

blockages, fatty liver, and liver cancer (American Association for Clinical Chemistry, 

2011). Liver disease is a serious problem and widely impacts the economy and public 

health worldwide. To date, orthotopic liver transplantation is proved to be an effective 

therapeutic choice for patients with end stage of liver disease (Wedro, 2011). 

Although the patients have benefited from liver transplantation, the shortage of donor 

organs is still a limitation of this treatment. Moreover, the recipient has at risk of side 

effects by taking immunosuppressive drugs that are required for transplantation. 

Because of these limitations, other alternative therapeutic approaches are needed. 

Recently, Mesenchymal stem cells (MSCs) are interested as stem cells-based therapy 

 

 

 

 

 

 

 

 



 

2

in several diseases including liver disease. Since, MSCs possess several 

characteristics which make them variable applying in various clinical trials. These 

include self-renewal capacity, multi-lineages differentiation potential, homing and 

migration ability, immunomodulatory properties, and paracrine effect (Newman, Yoo, 

LeRoux, and Danilkovitch-Miagkova, 2009).  

Mostly, bone marrow derived mesenchymal stem cells (BM-MSCs) are widely 

used for research and clinical application because they are extensively expanded       

in vitro and broadly differentiation capacity. However, numbers of isolated cells from 

bone marrow are rather low and their differentiation capacity depends on the age of 

donor (Hass, Kasper, Bohm, and Jacobs, 2011). Recently, umbilical cord      

Wharton’s jelly has been revealed as an attractive source of MSCs. This tissue is 

derived from more primitive origin than other sources and enrichment with MSCs. 

Several studies found that Wharton’s jelly derived mesenchymal stem cells           

(WJ-MSCs) have common characteristics of MSCs similar to those obtained from 

other sources as mentioned above (Baksh, Yao, and Tuan, 2007; Wang et al., 2004). 

Additionally, WJ-MSCs have multi-lineages differentiation potential into various cell 

types such as hepatocyte-like cells (Zhang, Lie, and Wei, 2009), cardiomyocyte 

(Pereira, Khushnooma, Madkaikar, and Ghosh, 2008), nerve cells (Peng, Wang, 

Zhang, Zhao, Zhao, Chen, Guo, Liu, Sui, Xu, and Lu, 2011), and insulin-producing 

cells (Chao, Chao, Fu, and Liu, 2008). Based on differentiation capacity of MSCs, 

generation of a new hepatocytes or hepatocyte-like cells for replacing the old damage 

cells is a one alternative choice to overcome the scarcity of donor livers. To date, 

several studies have successfully generated functional hepatocyte-like cells in vitro. In 

addition, MSCs-derived hepatocyte-like cells also could improve the liver function of 
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animal models both acute and chronic liver injury (Puglisi et al., 2011). These 

findings indicate that MSCs are promising cells for therapeutic purpose in liver 

disease.  

In clinical use, however, large scale expansion of cells is necessary before 

transplantation. Thus, in vitro expansion is still needed to obtain an enough cells for 

therapeutic purpose. Normally, MSCs are difficult to expand and maintain stem cells 

properties in a culture under normoxic condition (20% oxygen). Interestingly, recent 

study has reported that MSCs could proliferate more rapidly at hypoxic condition or 

lower oxygen tension (Dos Santos et al., 2010). Thus, the influence of oxygen tension 

is importance for an in vitro expansion. Regarding culture medium,             

Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum 

(FBS) has commonly used as a conventional medium for culturing MSCs. However, 

the risk of using FBS must be concerned for prion or xenogeneic proteins 

transmission in clinical use. Thus, new supplementary growth needs to be substituted 

the use of animal serum. Interestingly, xeno-free expansion medium for Embryonic 

stem cells (ES) showed four to five fold higher proliferation rate of MSCs than those 

cultured in conventional medium (Battula et al., 2007). However, the effect of 

embryonic stem cells conditioned medium (ESCM) on proliferation rate of MSCs has 

not been investigated yet. Actually, culture medium for ES cells is quite expensive 

and need to be changed and discarded every day for preserving their pluripotency 

capacity. Thus, a lot of ESCM will be discarded every day as a waste. Here, this is the 

first study that investigated whether ESCM can be reused as in vitro supportive 

culture medium for WJ-MSCs expansion. This study aims to investigate the benefit of 

ESCM for WJ-MSCs expansion in vitro in comparison with the most commonly used 
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basal culture medium for MSCs as DMEM supplemented with 10% FBS under 

hypoxic condition. In addition to WJ-MSCs expansion, the expanded cells were 

further determined the liver lineage differentiation potential in vitro by using a novel 

cytokine-based cocktail medium with or without medicinal plant extract from 

Gynura procumbens leaves. The achievement of these goals may serve as an 

exploration of a new expansion medium for WJ-MSCs that can save the cost of cell 

culture by reusing the discarded medium from ES culture system. Additionally,     

WJ-MSCs may serve as a novel source of hepatocyte-like cells that can be used as 

cell-based therapy in liver disease. This study also opens a new insight of using 

G. procumbens leaves extract in combination with a novel differentiation medium for 

promoting liver lineage differentiation of WJ-MSCs.  

 

1.2  Research objectives 

1.2.1  To investigate the efficacy of ESCM with or without additional epidermal 

growth factor (EGF) on supportive proliferation of WJ-MSCs in vitro in comparison 

with the most commonly used basal culture medium for MSCs as DMEM 

supplemented with 10% FBS and the expanded cells will be further characterized both 

in cellular and molecular levels.  

1.2.2  To determine the in vitro liver-lineage differentiation potential of the 

expanded cells by using a new cytokine-based cocktail medium and further 

characterize both phenotype and functions of the differentiated cells. 

1.2.3 To investigate the effect of medicinal plant extract from 

Gynura procumbens leaves on WJ-MSCs differentiation into liver-lineage in vitro and 

both phenotype and functions of the cells will be further characterized. 
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CHAPTER II 

LITERATURE REVIEW 

2.1  Liver disease 

2.1.1  Epidemiology 

Currently, the incidence of liver disease is rising and trends to be a 

serious public health problem in worldwide. The epidemiology study of non-alcoholic 

fatty liver disease (NAFLD) between in 1980-2010 showed that 10-35% of 

prevalence rates were found in the United States population. In the rest of the world, 

prevalence rates ranged from 6-35% (Vernon, Baranova, and Younossi, 2011). Other 

study revealed that patients with NAFLD and type II diabetes were at risk for liver 

related mortality (Rafiq et al., 2009). Cirrhosis was the twelfth leading cause of death 

in the United States (U.S.). Additionally, the etiologies of liver disease were found to 

relate with chronic viral hepatitis, alcoholic liver disease and NAFLD. In the U.S, the 

most of leading cause of mortality was accounted for 40% by Hepatitis C-related 

cirrhosis and led to liver transplantation (BMJ Evidence Centre, 2011). Incidence 

rates of liver cancer were increasing in worldwide including the U.S. and central 

Europe (Bosetti et al., 2008; Kohler et al., 2011). In the U.S., liver cancer was the 

ninth leading cause of cancer death (Altekruse, McGlynn, and Reichman, 2009). 

Chronic hepatitis B and C virus infection were associated with the majority cases of 

liver cancer (Perz, Armstrong, Farrington, Hutin, and Bell, 2006). In worldwide, 

hepatocellular carcinoma (HCC) that is a one type of liver cancer showed various 
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incidence rates depending on geographic location. For instance, high-incidence 

regions were sub-Saharan Africa, the People's Republic of China, Hong Kong, and 

Taiwan. Intermediate-incidence areas included several countries in eastern and 

western Europe, Thailand, Indonesia, Jamaica, Haiti, New Zealand (Maoris), and 

Alaska (Eskimos). Low-incidence areas were north and south America, most of 

Europe, Australia and parts of the Middle East (Schwartz and Carithers, 2011). 

In Thailand, Bureau of Epidemiology reported that morbidity rate of 

hepatitis cases was found 16.44 per 100,000 of population in 2011. In addition, 

morbidity rates of viral hepatitis A, B, and C cases were 0.71, 9.93, and 2.16 per 

100,000 of population, respectively (Center of Epidemiological Information, Bureau 

of Epidemiology, Ministry of Public Health, Thailand, 2011). Prevalence rate of 

cirrhosis cases was found 75.3 per 100,000 of Nakhon Nayok population in 2007. 

Moreover, the cause related with alcohol was more prevalent than non-alcohol about 

2.6 folds (Rattanamongkolgul, Wongjitrat, and Puapankitcharoen, 2010). In northeast 

part of Thailand, liver flukes (Opisthorchis viverrini) infection is one of the major 

causes of hepatitis and subsequent liver cancer (cholangiocarcinoma) (Sripa et al., 

2007). The incidence rate of liver fluke infection was 21.6% person-years in a rural 

community of Thailand (Rangsin et al., 2009). The prevalence of nonalcoholic 

steatohepatitis was found in 76.1% of Thai patients. Most patients exhibited 

unexplained chronic hepatitis that caused by other factors excluding viral hepatitis B 

and C infection such as obesity, diabetes mellitus, and dyslipidemia (Kladchareon, 

Treeprasertsuk, Mahachai, Wilairatana, and Kullavanijaya, 2004). The retrospective 

study in patients diagnosed with thrombosis of the portal system during 2000-2009 at 

Siriraj hospital, Thailand found that these patients associated with hepatocellular 
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carcinoma (52.5%), liver cirrhosis (9.3%), and abdominal infections or inflammations 

(9.3%). Among the patients with cirrhosis, the common causes were hepatitis B viral 

infection (38.8%), alcohol (15.3%), hepatitis C viral infection (12.2%), and the 

combination of hepatitis B and C viral infections with alcohol intake (11.2%) 

(Lertpipopmetha and Auewarakul, 2011). These data indicate that many kinds of liver 

disease are still a serious problem in Thailand.  

2.1.2  Type of liver disease 

Liver disease is the term of many diseases or disorders that affect 

the function of liver or cause abnormal function of the liver. Various causes may lead 

to damage of liver function including infection, injury, exposure to drugs or toxins, an 

autoimmune process, and a genetic defect. The types of liver disease are classified as 

followed (American Association for Clinical Chemistry, 2011). 

2.1.2.1  Hepatitis 

Hepatitis is an inflammation of the liver that is classified as acute 

and chronic forms. Acute hepatitis persists within six months whereas it takes time 

longer in chronic form. The major cause of hepatitis is infectious viruses, however, 

other factors may also lead to hepatitis such as toxin, alcohol, autoimmune,             

and other infectious pathogens. The three viruses mainly associated with hepatitis are 

hepatitis A, B, and C. Hepatitis A is spread through contaminated food and water    

that is common cause of acute hepatitis. Symptoms may include jaundice, nausea, 

diarrhea, and fatigue. Hepatitis B can be spread by exposure to contaminated blood, 

sexual transmission, and through infected mother to baby. Symptoms may be          

flu-like or acute hepatitis, however, some infected people about 1-3% will become 

carriers and chronically infected that may lead to chronic hepatitis. Hepatitis C           
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is spread by the same way of hepatitis B. Hepatitis C can result in acute                

hepatitis but less common than hepatitis B. The most of infected people        

commonly become to chronic hepatitis and may develop cirrhosis after prolonged 

infection.  

2.1.2.2  Cirrhosis  

Cirrhosis refers to advanced fibrous scar tissue in the liver after 

prolonged exposure to chronic liver diseases such as viral hepatitis infection, 

alcoholism, and fatty liver disease. Cirrhosis leads to irreversible loss of liver function 

and some case may develop to liver cancer. Cirrhosis can cause chronic liver failure 

and life-threatening complications including ascites, hepatic encephalopathy, and 

portal hypertension. 

2.1.2.3  Toxic or drug-induced hepatitis 

Many drugs, toxins, and chemical substances have a potential to 

cause hepatitis in some people. These factors can cause injury of the liver by 

obstruction a normal metabolism of the liver. Long term consumption of alcohol is a 

common cause of hepatitis and may lead to progressive damage the liver. About     

10-20% of heavy drinkers may develop to cirrhosis. Symptoms may be acute or 

chronic hepatitis depending on the cause and exposure time. 

2.1.2.4  Non-alcoholic fatty liver disease (NAFLD) 

NAFLD refers to excess fat deposition in the liver that finally 

leads to fibrous scar tissue and common causes chronic inflammation of the liver. 

This condition seems to be related with obesity, diabetes, metabolic syndrome, and 

hypertension. Typically, there are no obvious signs and symptoms of hepatitis, 

however, some cases can progress to chronic hepatitis and liver failure. 
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2.1.2.5  Liver cancer 

There are two forms of liver cancer that start in the liver and start 

in other organs but then spread to the liver. The most common type of liver cancer     

is hepatocellular carcinoma that develops in the liver cells. Cholangiocarcinoma            

is a rare type of liver cancer that develops in the bile ducts. Chronic viral hepatitis B 

and C infections including cirrhosis are high risk of progression in liver cancer. Liver 

cancer is usually asymptomatic at early stage and there are no specific symptoms. 

Therefore, patients that have risk of liver cancer should be screened for liver cancer as 

early.  

2.1.3  Treatment of liver disease 

2.1.3.1  Conventional treatment 

Prevention is the best choice for treatment in liver disease. For 

example, protection from the risk factors that lead to hepatitis such as viral hepatitis A 

and B vaccination, avoiding from excessive uptake of alcohol or some drugs and 

avoiding obesity condition. Moreover, limitation of further liver damage is needed for 

treatment as well as supporting remaining liver function. Normally, treatment of liver 

disease is focus on improvement in the consequence conditions of the liver. In 

patients with ascites fluid complication, removing of excess fluid is required to treat 

this condition. In a case of portal hypertension, it needs to minimize the risk of 

bleeding by operation. To date, orthotopic liver transplantation is the final effective 

choice for patients with end stage of liver disease (Wedro, 2011). Survival rate of 

liver transplanted patients has progressively improved over the decades. In the U.S., 

the percentage of one year graft survival among liver transplanted patients increased 

from 70% in 1991 to 85% in 2009 (Organ Procurement and Transplantation Network 
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and Scientific Registry of Transplant Recipients, 2011). Although this treatment is 

promising, the lack of donor organs is still a major limitation. To date, the current 

numbers of the U.S. patients waiting for liver transplantation are estimated more than 

17,000 people whereas the transplantation was performed about 6,300 cases (The 

Organ Procurement and Transplantation Network, 2012). In Thailand, a number of 

liver transplantation has increased by 3 times over the past 5 years. It has been 

reported that 230 cases of Thai patients have listed for liver transplantation in 2011, 

but only 26.1% of them were got this therapy (The Thai Red Cross, 2012). Other 

techniques, hepatocytes transplantation has shown as an effective treatment in some 

conditions such as liver-based metabolic disorders. However, this technique is limited 

by the lack of donor organs that can supply a sufficient cells number for 

transplantation as well as the limited replication potency of hepatocytes in vitro 

(Soltys et al., 2010). Recently, stem cells-based therapy is considering as a novel and 

promising therapeutic strategy to overcome this limitation. Stem cells display as an 

unlimited source of immature cells that have ability to self-renewal and differentiate 

into various cell types. Among adult stem cells, mesenchymal stem cells (MSCs) 

exhibit as a promising cells for applying in several diseases including liver disease. 

The detail of MSCs will be reviewed later in the next topic.   

2.1.3.2  Alternative treatment with herbal medicines 

The beneficial effects of herbal medicines have been applied for 

treatment of liver diseases for a long time. A number of herbs show effective 

activities to treat and prevent liver diseases in different ways such as anti-fibrosis and 

inhibit hepatitis viral replication. For example, Silybum marianum has been shown to 

inhibiting fibrosis formation in vitro and this effect also observed in vivo by reducing 
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hepatic collagen deposition which is a one factor of hepatic fibrogenesis. In clinical, 

Silybum marianum has been shown to attenuate progression of fibrosis in patients 

with chronic viral hepatitis C. Antiviral activity has been found in 

Phyllanthus amarus and Glycyrrhiza glabra that were evaluated by several studies.

Glycyrrhiza glabra has been shown to treat in patients with chronic viral hepatitis B 

and C by reducing enzyme markers of liver injury. Phyllanthus amarus had an 

effective impact on clearance of viral hepatitis B in clinical. The mechanism of this 

effect is still unknown but possibly exert by interference replication and transcription 

of hepatitis viral (Stickel and Schuppan, 2007). Another herb, Gynura procumbens 

(Lour.) Merr. is widely distributed and used as folk medicine in southeast Asia 

including Thailand (Figure 2.1) (Globinmed, 2012). The plant has been known as 

paetumpung in Thailand that is usually eaten their leaves as Thai salad with Nam 

phrik. The plant is a member of Compositae family which has been proved to treat in 

many disorders such as gastric ulcer, inflammation, rheumatism, viral diseases of 

skin, kidney diseases, rashes, fever, migraine, constipation, and cancer (Perry and 

Metzger, 1980). Its active chemical constituents are flavonoids and sterol glycosides 

which are found in their leaves (Akowuah, Sadikun, and Mariam, 2002; Sadikun, 

Aminah, Ismail, and Ibrahim, 1996). The biological effects of the plant are still 

unclear but it seems to involve in several activities including anti-inflammatory 

(Iskander, Song, Coupar, and Jiratchariyakul, 2002), anti-hypertensive (Hoe, Lee, 

Mok, Kamaruddin, and Lam, 2011), anti-ulcerogenic (Mahmood, Mariod, Al-Bayaty, 

and Abdel-Wahab, 2010), antioxidant, and antitumor (Maw, Mon, and Oo, 2011). 

Although the treatable effect of the plant is still not exist in liver disease, but it was 

evidence that the ethanolic extract of Gynura procumbens leaves not only restored 
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blood glucose level of streptozotocin-induced type 2 diabetic rats but also improved 

their liver function in previous study of Dr. Wilairat Leeanansaksiri’s Laboratory. 

Thus, these promising results may open a new insight of Gynura procumbens for 

treatment in liver disease.  

 

 

 

Figure 2.1  The leaves of Gynura procumbens (Lour.) Merr. 

Source: http://www.globinmed.com/index.php?option=com_content&view=article&i 

d=62750:gynura-procumbens-lour-merr&catid=371:g.html. 

 

2.2  Mesenchymal stem cells (MSCs)

2.2.1  Definition and history

Mesenchymal stem cells (MSCs) are multipotent adult stem cells that 

have characteristics as self-renewal and differentiation potency into several 

specialized cell types at least in mesodermal-lineages cells. MSCs were first isolated 

from rodent bone marrow by Friedenstein and their colleagues in 1976 (Friedenstein, 

Gorskaja, and Kulagina, 1976). These cells could adhere to plastic culture dishes and 

 

 

 

 

 

 

 

 



 

13

have feature as spindle-shape cells like fibroblast. Moreover, the adherent cells had 

clonogenic feature or clonal density form which was defined as colony-forming unit 

fibroblasts (CFU-F). Also, this group was named the cells as multipotent stromal 

precursor cells. Over the past years, subsequent studies found that these cells could 

differentiate into mesodermal-lineages cells such as oseteoblast, adipocytes as well as 

chondrocytes in vitro (Ashton et al., 1980; Bab et al., 1986; Castro-Malaspina et al., 

1980). Many research groups have been termed the cells in different names such as 

marrow stromal cells, multipotent stromal cells, bone marrow stromal stem cells, and 

multi-potent adult progenitor cells. However, it is notable that most studies are widely 

mentioned these cells as mesenchymal stem cells. This term was first proposed by 

Arnold Caplan in 1991 (Caplan, 1991). He named the cells based on their 

differentiation potential toward mesodermal tissues or all connective tissues such as 

adipose, bone, and cartilage.  

2.2.2  Sources, characteristics, and differentiation potential

Since pilot studies by Friedenstein and their colleagues in 1976, MSCs 

are extensively interesting in their biology, phenotypes, and characteristics. In 

addition to rodent bone marrow, further studies have been reported that MSCs could 

be isolated from other mammalian species including monkey, goat, sheep, dog, pig, 

and human (Rozemuller et al., 2010). Although MSCs were originally isolated from 

bone marrow, other adult connective tissues such as adipose tissue (Zuk et al., 2001), 

muscle (Asakura, Komaki, and Rudnicki, 2001), dental pulp (Perry et al., 2008), and 

peripheral blood (Chong, Selvaratnam, Abbas, and Kamarul, 2012) have been found 

as additional sources of MSCs. Furthermore, MSCs can be harvested from fetal origin 

such as placenta (In't Anker et al., 2004), amniotic fluid (Tsai, Lee, Chang, and 
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Hwang, 2004), umbilical cord Wharton’s jelly (Troyer and Weiss, 2008), and 

umbilical cord blood (Lee et al., 2004). Several studies have been reported variable 

immunophenotype of MSCs due to the fact that each laboratory has been studied 

MSCs from different sources and culture methods. According to these findings, MSCs 

have absence of unique specific antigens but slight different expression of cell surface 

antigens depending on their origins which were summarized in Table 2.1 (Hass, 

Kasper, Bohm, and Jacobs, 2011). To avoid the confusion, the International Society 

for Cellular Therapy (ISCT) has proposed minimal criteria for defining MSCs in 2006 

(Dominici et al., 2006). The characteristics of MSCs can be defined at least as 

followed. Firstly, MSCs must adhere to plastic culture flasks after cultured in standard 

culture conditions. Secondly, they must be positive staining for some surface antigens 

as CD44, CD73, CD90, and CD105 and negative staining for human haematopoietic 

stem cells surface antigens as CD34, CD45 including lack expression of human 

leukocytes surface antigens as CD11b, CD14, CD19, and CD79 as well as human 

major histocompatibility complex (MHC) class II antigen or HLA-DR. Thirdly, they 

must be able to differentiate into mesodermal-lineage cells including osteoblasts, 

adipocytes, and chondroblasts in vitro. 
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Table 2.1 Cell surface antigen expressions of MSCs isolated from various tissues  

origins. Modified from Hass’s study (Hass, Kasper, Bohm, and Jacobs, 

2011). 

 

Tissues Positive markers Negative markers 

BM-MSCs CD13, CD44, CD73 (SH3), CD90,  CD14, CD34, CD45 

  CD105 (SH2), CD166, STRO-1   

   

AT-MSCs CD9, CD13, CD29, CD44, CD54, CD11b, CD14, CD19, CD31,  

 CD73 (SH3), CD90, CD105 (SH2),  CD34, CD45, CD79 , CD133,  

  CD106, CD146, CD166, STRO-1, HLA I CD144, HLA-DR 

   

PB-MSCs CD44, CD54, CD90, CD105 (SH2),  CD14, CD31, CD34, CD45 

  CD166   

   

WJ-MSCs CD10, CD13, CD29, CD44, CD90,  CD14, CD31, CD33, CD34,  

  CD73 (SH3), CD105 (SH2), HLA I CD45, CD56, HLA-DR 

   

DP-MSCs CD13, CD29, CD44, CD59, CD90,  CD11b, CD14, CD24, CD19, 

  CD73 (SH3), CD105 (SH2), CD146 CD34, CD45, HLA-DR 

   

 

BM-MSCs, bone marrow-derived MSCs; AT-MSCs, adipose tissue-derived MSCs;            

PB-MSCs, peripheral blood-derived MSCs; WJ-MSCs, Wharton’s jelly-derived MSCs;     

DP-MSCs, dental pulp-derived MSCs. 

   

Based on mesodermal differentiation potential of MSCs in vitro, the 

original mesengenic process pathway was proposed in responding to haematopoiesis 

lineage diagrams as shown in Figure 2.2 (Caplan, 2009; Singer and Caplan, 2011). 

This pathway attempts to describe function of MSCs in vivo that is responsible for 

maintenance of the turnover rate of adult mesenchymal tissues in the body such as 

 

 

 

 

 

 

 

 



 

16

bone, cartilage, muscle, fat, and other connective tissues. In addition to be as supply 

source of mesoderm lineage cells including cardiomyocyte (Pereira, Khushnooma, 

Madkaikar, and Ghosh, 2008), results from many studies found that MSCs have broad 

differentiation capacity into ectoderm and endoderm lineages in vitro such as neuron 

like cells (Liao, Gong, Li, Tan, and Yuan, 2010) and endothelial cells (Chen, Lie, Li, 

and Wei, 2009; Liang et al., 2005) in ectoderm lineage as well as insulin-producing 

cells (Chao, Chao, Fu, and Liu, 2008; Wu, Wang, Liu, and Wei, 2009) and 

hepatocyte-like cells (Banas et al., 2007; Zhang, Lie, and Wei, 2009) in endoderm 

lineage.  

 Overall, MSCs isolated from different tissues display similar phenotypic 

characteristics. However, fetal MSCs and adult MSCs have been shown some 

difference in proliferation and differentiation potential in vitro. Human first-trimester 

fetal MSCs showed higher proliferation rate in comparison with adult MSCs. This 

finding can be explained that fetal MSCs come from more primitive origin than adult 

MSCs which relate to fetal MSCs have longer telomeres than the other (Campagnoli 

et al., 2001; Guillot, Gotherstrom, Chan, Kurata, and Fisk, 2007). Additionally, MSCs 

isolated from umbilical cord blood showed lower adipogenic differentiation capacity 

than those harvested from bone marrow and adipose tissue (Kern, Eichler, Stoeve, 

Kluter, and Bieback, 2006; Rebelatto et al., 2008). Although there have some 

different features, MSCs from diverse sources remain share common characteristics 

according to the basic criteria for MSCs characterization.  
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Figure 2.2 The mesengenic process pathway of MSCs in bone marrow (Caplan,  

2009; Singer and Caplan, 2011). 

  

2.2.3  Stem cells niche 

To date, the native location or stem cell niche which MSCs reside is still 

unclear. In bone marrow, it is well known that MSCs play a role in supportive the 

haematopoietic stem cells niche which is crucial for maintaining haematopoietic stem 

cells in a quiescent state (Kiel and Morrison, 2008). In addition to bone marrow, 

various tissues of post-natal organs have been found as additional sources of MSCs. 

Recent researches showed increasing of evidences that MSCs may be derived from or 

identical to pericytes. Pericytes are described as the cells located surrounding small 

blood vessels (perivascular) including capillaries and microvessels that exist in entire 

body. The widespread of vascularized connective tissues throughout the body seems 
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to be a reason that why can be isolated MSCs from a various source of tissues and 

organs. The functions of pericytes play a role in blood vessel stabilization, tissue 

regeneration, immune system homeostasis, and reconstruction of injured tissue or 

blood vessel walls. Like MSCs, it has been shown that pericytes were similar to 

MSCs both in phenotypes and functions. For example, pericytes had ability to secrete 

diverse growth factors or cytokines similar to MSCs that seemed to support the 

regenerative capacity of them. Additionally, pericytes could express MSCs markers 

and exhibited multi-lineages differentiation potential into osteoblast, adipocytes, and 

chondrocytes as well as they had long term viability in vitro (Chen et al., 2009).  

In mice model, it has been found that the isolated cells from perivascular 

of capillary, aorta, and vena cava had common properties of MSCs. Moreover, the 

distribution of the MSCs-like cells was found in a variety of adult organs including 

kidney, brain, spleen, liver, bone marrow, lung, and muscle (da Silva Meirelles, 

Chagastelles, and Nardi, 2006). Similarity, perivascular cells purified from multiple 

organs of human including skeletal muscle, pancreas, adipose tissue, and placenta 

exhibited a phenotype similar to MSCs such as mesodermal-lineages differentiation 

potential and MSCs markers expression (Crisan et al., 2008). Taken together, these 

findings suggest that the wide distribution of MSCs in vivo relates with 

microvasculature system that presents throughout the entire body. This close 

relationship between pericytes and MSCs makes possibility hypothesis that pericytes 

may be a native ancestor of MSCs or equivalent of MSCs in vivo. Based on this 

knowledge, perivascular is believed to be specific location niche of MSCs in vivo that 

reserves precursors of progenitor cells for tissue regeneration especially mesenchymal 

tissues in response to tissue injury circumstance. 
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2.2.4  Self-renewal and expansion 

Typically, a variety of basal media containing 10% fetal bovine serum 

(FBS) can expand MSCs in a humid environment 5% CO2 at 37ºC. To avoid the 

clinical risk of prion or xenogeneic proteins transmission from animal serum, other 

substances are considered to replace it. For instance, human platelet lysates 

supplemented medium has been observed to promote proliferation of MSCs while still 

maintained their biological characteristics (Doucet et al., 2005; Schallmoser et al., 

2007; Xu et al., 2011). Other factors such as recombinant human platelet-derived 

growth factor-BB (PDGF-BB), basic fibroblast growth factor (bFGF), and 

transforming growth factor (TGF)- 1 could enhance proliferation of MSCs under 

serum-free condition (Chase, Lakshmipathy, Solchaga, Rao, and Vemuri, 2010). In 

addition, some studies have supported that epidermal growth factor (EGF) stimulated 

MSCs proliferation while still retained their stemness properties (Tamama, Kawasaki, 

and Wells, 2010). Although many cytokines or growth factors have been identified as 

inducer of MSCs proliferation, the exact underlying mechanism of signaling pathways 

that regulate their self-renewal is not fully understood. Among several signaling 

pathways, the Wnt and BMP signalings are the most candidates for regulation of 

MSCs fate. Currently, Wnt and BMP signalings are well known to regulate MSCs 

differentiation into bone and cartilage (Lin and Hankenson, 2011). It has evidences 

that these two pathways also play a role in regulation of MSCs proliferation, although 

available data are not enough to elucidate the network of molecular mechanisms. 

2.2.4.1  Wnt signaling 

Wnt signaling is a conserved pathway that regulates several 

processes of various organisms including development, cell proliferation, cell 
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polarity, cell fate decision, and cell adhesion. This pathway is activated by the specific 

bindings between Wnt proteins and their receptors, Frizzled (Fz) family of proteins, 

on the plasma membrane. Wnt signaling can be categorized into canonical and                 

non-canonical Wnt pathways depending on their specific ligands. It has been 

reviewed that Wnt1, 2, 3, 3a, 8, and 8b involved in canonical Wnt signaling whereas 

Wnt4, 5a, 5b, 6, 7a, and 11 involved in non-canonical Wnt signaling. Previous studies 

have been found that non-canonical Wnt signaling did not involve in -catenin 

activation but associated with several pathways. Planar Cell Polarity (PCP) and 

Wnt/Calcium pathways have shown to associate with non-canonical Wnt signaling 

which plays an important role in regulation of cell migration. However, the molecular 

mechanism of non-canonical Wnt signaling is poorly understood and needs to be 

further investigated. Thus, the molecular mechanism of canonical Wnt signaling is 

reviewed here. 

Canonical Wnt signaling is induced through Frizzled (Fz) 

receptors with LRP5/6 co-receptor and further suppresses the degradation of -catenin 

in cytoplasm leading to initiate transcription of target genes. Actually, -catenin is 

constitutively degraded by the Axin complex which is consist of Axin, casein kinase 

1  (CK1 ), glycogen synthase kinase 3 (GSK3), and the tumor suppressor 

adenomatous polyposis coli (APC). The degradation of -catenin is rendered by the 

phosphorylation through their amino terminal side by GSK3  and CK1 . 

Consequently, phosphorylated -catenin is target for destruction by           

proteasome-mediated degradation. In the absence of -catenin, the target genes are 

still inactivated by Groucho which plays a role as inhibitor of transcription factors T 

cell factor/lymphoid enhancer factor (TCF/LEF) of the target genes. Once Wnt 
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signaling is activated, it activates Dishevelled (Dsh) scaffolding protein to 

phosphorylate the receptors and further degrades the Axin complex as a result in 

accumulation of -catenin in cytoplasm. Consequently, -catenin translocates into the 

nucleus and further displaces transcription inhibitor Groucho which allows to mediate 

transcription of the target genes (Figure 2.3) (Eisenmann, 2005). 

  

 

Figure 2.3  Regulation of canonical Wnt signaling pathway (Eisenmann, 2005).   

 

It has been evidenced that undifferentiated MSCs maintained 

their stemness by endogenous canonical Wnt signaling. This finding was confirmed 

by the expression of several Wnt ligands and Fz receptors in MSCs. Previous study 

has been assumed that Wnt3a could activate the canonical Wnt signaling by            
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up-regulation of cell cycle regulator genes, cyclin D1, and c-Myc, as a result in 

promoting cells growth (Baek et al., 2003). Conversely, Wnt5a could activate the  

non-canonical Wnt signaling by down-regulation of cyclin D1 leading to suppress 

MSCs proliferation (Baksh, Boland, and Tuan, 2007; Baksh and Tuan, 2007). Further 

study found that the effect of canonical Wnt signaling on MSCs proliferation related 

to intensity of the signal. Low signal showed stimulating proliferation while high 

signal exerted to the opposite role (De Boer, Wang, and Van Blitterswijk, 2004). 

However, some studies have been reported the inhibition effect of canonical Wnt 

signaling on MSCs proliferation (Alfaro et al., 2008; Gregory, Singh, Perry, and 

Prockop, 2003; Qiu et al., 2007). Thus, additional studies are needed to complete the 

answer of these discrepancy findings.  

2.2.4.2  Bone morphogenic protein (BMP) signaling 

BMP signaling is transduced through ligands-specific receptors 

binding. BMP is a member of the superfamily of TGF- . This signaling is involved in 

several processes in various organisms such as cell growth, differentiation, and 

apoptosis. BMP signaling is activated by the heteromeric complex formation of BMP 

ligands, BMP2, 4, and 7, and their receptors as type I and type II serine/threonine 

kinase subunits. Consequently, the serine/threonine kinase of the type II subunit 

phosphorylates intracellular domain in GC box of the type I receptor. This binding 

leads to further phosphorylation of R-Smad1, 5, and 8 which are members of the 

receptor-regulated Smad proteins. Further downstream, the complex of R-Smads with 

Smad4 is formed and translocates into the nucleus leading to control transcription of 

the target genes in association with transcription factors. Negative regulation of this 

signaling includes competitive binding to their receptors by BMP antagonists as 
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gremlin, noggin, chordin, and cerberus as well as inhibition of intracellular 

phosphorylation processes by Smad6 and Smad7 (Figure 2.4) (Robin and Durand, 

2010).  

Interestingly, previous studies have found that endogenous BMP 

signaling was involved in survival of MSCs under serum-free condition (Solmesky, 

Abekasis, Bulvik, and Weil, 2009). Recent study revealed the effect of BMP4 on 

biological activities of MSCs as dose dependent manner. High dose of BMP4 showed 

increasing apoptosis and reducing proliferation whereas low dose converted these 

activities. Although MSCs were extensive proliferation when treated with low dose of 

BMP4, they still be preserved the expression of stemness genes such as Nanog and 

Oct-4 (Vicente Lopez et al., 2011). Also, BMP3 was shown to promote MSCs 

proliferation through TGF- /Activin signaling pathway (Stewart, Guan, and Yang, 

2010). In addition, recent study found that high dose of BMP7 could enhance both 

proliferation and osteogenic differentiation of MSCs (Pountos et al., 2010). Although 

these data seem to be promising, a few evidences are reported about the role of BMP 

signaling in self-renewal and proliferation of MSCs. Therefore, further studies are 

required to support the regulation effect of BMP signaling on MSCs proliferation.  
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Figure 2.4  Regulation of BMP-Smad signaling pathway (Robin and Durand, 2010). 

 

2.2.5  Paracrine effects

MSCs can secrete a number of bioactive molecules that affect to 

biological changing of other cells or known as paracrine effect. These paracrine 

effects are categorized into six main activities as immunomodulation, anti-apoptosis, 

angiogenesis, supporting the growth and differentiation local stem and progenitor 

cells, anti-scarring, and chemoattraction which are summarized in Table 2.2 based on 

review study of Meirelles Lda et al. (2009). Several studies have shown that MSCs 
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secreted a variety of angiogenic factors including basic fibroblast growth factor 

(bFGF), vascular endothelial growth factor (VEGF),  placental growth factor (PIGF), 

monocyte chemoattractant protein 1 (MCP-1), and interleukin 6 (IL-6). These 

paracrine factors are shown to promote local angiogenesis or the formation of new 

blood vessels that is important for tissue repair process. Additionally, MSCs secreted 

large amounts of chemokines which play a role in recruitment of leukocytes to a site 

of injury and further initiating the immune response. MSCs can limit the area of tissue 

injury by their anti-apoptosis activity. VEGF, hepatocyte growth factor (HGF), 

insulin-like growth factor 1 (IGF-1), Stanniocalcin-1, transforming growth factor beta 

(TGF- ), bFGF, and granulocyte-macrophage colony-stimulating growth factor   

(GM-CSF) were found to reduce apoptosis of the normal tissues around the injured 

tissues. Anti-scarring or anti-fibrotic is a one activity of paracrine factors secreted by 

MSCs. It has been demonstrated that HGF, bFGF, and adrenomedullin involved in 

prevention of fibrosis in animal model. Moreover, MSCs could support the growth of 

haematopoietic stem cells in vitro via secretion of paracrine factors including stem 

cell factor (SCF), leukemia inhibitory factor (LIF), IL-6, and macrophage          

colony-stimulating factor (M-CSF). Furthermore, pericytes which are known as 

MSCs in vivo were recruited and supported neural progenitors in animal model. 

Finally, immunomodulatory effects of MSCs on the immune system were exerted by 

a number of paracrine factors. For example, secreted prostaglandin E2 (PGE-2),  

TGF- , HGF, indoleamine 2,3-dioxygenase (IDO), and LIF not only involved in 

suppression of T cell proliferation but also enhance secretion of anti-inflammatory 

cytokines. The secretion of M-CSF, PGE2, and IL-6 contributed to inhibition of 

dendritic cell maturation that led to defect in initiating T cell response. Additionally, 
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MSCs-derived paracrine factors as IDO, TGF- , and PGE2 also showed the inhibition 

effect on NK cell proliferation (Meirelles Lda, Fontes, Covas, and Caplan, 2009). 

Taken together, all these activities are believed to involve the therapeutic potency of 

MSCs that make them interesting for cell-based therapy.  
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2.2.6  Immunomodulatory effects 

MSCs have low immunogenic property because they have natural 

features as low expression of major histocompatability complex (MHC) class I 

antigens and lack of MHC class II including co-stimulatory molecules expressions. 

Additionally, MSCs also have ability to secrete paracrine factors that can regulate the 

immune systems. Several studies found that MSCs had immunomodulatory effects on 

both the innate and adaptive immune systems such as inhibition of T cell proliferation 

and cytokine secretion, inhibition of B cell proliferation and immunoglobulin 

synthesis including inhibition of monocytes differentiation to dendritic cells      

(Figure 2.5). The underlying mechanisms are still unknown, but it has evidences that 

paracrine factors secreted by MSCs and direct cell-to-cell contacts are involved in 

these effects.  

T lymphocytes or T cells play a major role of cell-mediated immune 

responses in adaptive immunity. Once stimulation by pathogens, the proliferation of T 

cells occurs and further releases inflammatory cytokines to destroy the pathogens. It 

has been demonstrated that MSCs were able to suppress T cells proliferation in vitro. 

This effect was involved inhibition of cell cycle by accumulation of cells in the G0/G1 

phase. A number of paracrine factors secreted by MSCs such as TGF- , HGF, PGE2, 

IDO, LIF, IL-6, and NO as well as cell-to-cell interactions were found to effect on T 

cells in different manner including suppression of T cells proliferation, suppression of 

pro-inflammatory cytokine secretion, inhibition of cytotoxic T cells activation, and 

promotion of anti-inflammatory cytokine secretion. Moreover, MSCs can generate 

and expand regulatory T cells (Treg) which are important for regulating immune 

responses by their anti-inflammatory effect. HLA-G5 secreted by MSCs exhibited as 
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key factor that was required for Treg generation. B lymphocytes or B cells play a role 

in humoral immune response and response to produce antibodies against antigens. 

Several studies revealed the regulatory effects of MSCs on B cells including 

inhibition of B cell proliferation and immunoglobulin synthesis. Like T cells, MSCs 

could arrest B cell proliferation at G0/G1 cell cycle phase. Additionally, all of these 

effects are believed to associate with the interactions of paracrine factors and direct 

cell-to-cell contacts (Newman, Yoo, LeRoux, and Danilkovitch-Miagkova, 2009).  

Natural killer cells or NK cells are a one of effector cells in innate 

immunity. NK cells response to destroy the target cells, virus-infected cells and tumor 

cells, by releasing cytotoxic cytokines that makes the lysis of target cells. IDO,    

TGF- , HLA-G5, and PGE2 secreted from MSCs are found to affect on NK cells both 

inhibition of cell proliferation and cytokine secretion. It has evidences that MSCs 

could suppress cytotoxicity function of NK cells through downregulated expression of 

NK cells receptors. This effect was associated with both paracrine factors as well as 

direct cell-to-cell contacts. Dendritic cells act as antigen presenting cells that are 

derived from monocytes. The major role of dendritic cells is initiation of immune 

response by presenting antigens to naïve T cells which further stimulate T cells 

activation and proliferation. Several studies demonstrated the inhibition effects of 

MSCs on dendritic cells including dendritic cells maturation, co-stimulatory receptors 

expression, and inflammatory cytokine secretion. MSCs-derived paracrine factors as 

M-CSF, PGE2,  and IL-6 including direct cell-to-cell contacts were involved in these 

effects (Newman, Yoo, LeRoux, and Danilkovitch-Miagkova, 2009). Although most 

findings are come from in vitro studies, some results from in vivo studies in animal 

models also support the capacity of MSCs to regulate the immune systems. 
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Additionally, these immunomodulatory effects could be observed in patients who 

have applied MSCs-based therapy according to clinical trials regimen in several 

diseases. Taken together, all evidences confirm the immunomodulatory effects of 

MSCs that provide a superior benefit in cell-based therapy.  

 

Figure 2.5 Immunomodulatory effects of MSCs on various immune cells both in  

innate and adaptive immune systems (Newman, Yoo, LeRoux, and 

Danilkovitch-Miagkova, 2009). 

2.2.7  Homing and wound healing 

MSCs have ability to migrate to the injured tissue or called homing 

process. This ability is shown to be crucial roles in wound healing and tissue 
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regeneration (Mansilla et al., 2005). It has been purposed that MSCs can improve 

damaged tissues by engraftment at the site of injury and differentiation toward the 

new cells instead of injured cells. In addition, paracrine factors secreted by MSCs are 

believed as a major mechanism responding to tissues repair. These factors exhibit as 

mediators of wound healing that regulate inflammation, angiogenesis, and 

epithelialization as well as recruit native inflammatory cells in response to tissues 

repair (Hocking and Gibran, 2010).  

Both local and systemic infusions of MSCs demonstrated that MSCs 

could selectively home to the site of injury in various animal models (Chen et al., 

2010; Mouiseddine et al., 2007; Rojas et al., 2005). Systemic infusion of MSCs has 

believed to mimic the trafficking of endogenous MSCs from bone marrow to injured 

site through vascular system. It is well known that MSCs appear at perivascular along 

blood vessels throughout the body, thus, it has been questioned whether the homing of 

MSCs from other distant sources is still needed. Here, the trafficking of MSCs from 

bone marrow is reviewed as a model of the homing process to the site of injury. The 

mechanism of MSCs homing is still unclear but it has been purposed similar to the 

homing process of leukocytes toward the site of inflammation (Luster, Alon, and von 

Andrian, 2005). First, MSCs are mobilized from bone marrow via blood circulation to 

home to injured site in response to inflammatory cytokines or chemokines. 

Subsequently, circulating MSCs adhere to the endothelium of blood vessel and 

transmigrate across extracellular matrix into injured site.  

Homing process is involved in several factors including inflammatory 

cytokines or chemokines, specific receptors, growth factors and extracellular matrix 

components. MSCs have been reported to express different profiles of chemokine 
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receptors such as CCR1, CCR7, CCR9, CXCR4, CXCR5, and CXCR6 (Honczarenko 

et al., 2006). These chemokines play essential roles in mobilization and homing 

regulation of stem cells and progenitor cells. Many studies have been found that the 

interaction of CXC chemokine stromal derived factor-1 (SDF-1) and their CXCR4 

receptor are involved in MSCs migration. In vitro experiment, the migration of MSCs 

corresponding to SDF-1 was observed in dose-dependent manner (Wynn et al., 2004). 

In vivo studies showed the crucial effect of SDF-1 ligand and CXCR4 receptor on 

MSCs migration to injured tissue which further enhancing tissue repair in various 

conditions of animal models such as bone injury (Kitaori et al., 2009) and 

myocardium infraction (Cheng et al., 2008). Altogether, these evidences have proved 

that the interaction of SDF-1 ligand and CXCR4 receptor is crucial for migration of 

MSCs. In addition to chemokines, some growth factors could trigger the migration of 

MSCs to injured site including bFGF, IGF-1, HGF, EGF (Ozaki et al., 2007), and 

matrix metalloproteinase 2 (MMP-2) (De Becker et al., 2007).  

Adhesion molecules such as integrin are found to facilitate strong 

adhesion of leukocytes to vascular endothelial cells. Like leukocytes, MSCs have 

shown to express a member of integrins including integrin 1 and integrin 4 which 

are important role in firm adherence of cells to endothelial ligand, the vascular cell 

adhesion molecule 1 (VCAM-1) (Fox, Chamberlain, Ashton, and Middleton, 2007). 

The migration across vascular endothelial cells and extracellular matrix are a final 

step of MSCs invasion into injured site. Although the underlying mechanism of this 

process is still unknown, it has been evidence that matrix metalloproteinases (MMPs) 

enzyme involved in MSCs invasion. Previous studies showed ineffective MSCs 

invasion across extracellular matrix after exposure to synthetic MMP inhibitors 
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against to MMP-2, membrane type 1 MMP (MT1-MMP), and tissue inhibitor of 

metalloproteinase 2 (TIMP-2) (Ries et al., 2007). Actually, MMPs are a group of 

enzyme that participates in breakdown of extracellular matrix components in various 

conditions such as embryonic development, wound healing, angiogenesis, and tissue 

remodeling (Visse and Nagase, 2003). In this circumstance, MMPs may support 

MSCs invasion through extracellular matrix toward the site of injury in the same 

manner.  

2.2.8  Clinical applications 

MSCs are well known to possess several properties including extensive 

expansion in vitro, broad differentiation potential, immunomodulatory properties and 

other paracrine effects such as tissue repair and anti-inflammation. These superior 

effects make MSCs as promising cells for regenerative medicine. In recent years, 

several clinical trials with MSCs have registered on the United States National 

Institutes of Health’s clinical trial website (http://clinicaltrials.gov). Based on this 

database, MSCs have been widely applied for therapeutic purpose as many as 193 

clinical trials which are categorized by disease as shown in Figure 2.6 (The United 

States National Institutes of Health, 2012).  
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Figure 2.6  Classification of MSCs clinical trials which are categorized by disease  

(n = number of trials). 

Source: http://clinicaltrials.gov/ct2/results?term=mesenchymal+stem+cells&recr=&n 

o_unk=Y.html.  

 

The most of these clinical trials are being under investigation and are 

stayed in phase I and II which have aim to investigate safety and efficacy of the 

treatment, respectively. To date, the therapeutic effects of MSCs are investigated in 

both autogeneic and allogeneic transplantations. Based on this data, autogeneic MSCs 

(MSCs are isolated from patients themselves) were commonly used in various 

diseases including bone defect, myocardial infarction, spinal injury, critical limb 

ischemia, and multiple sclerosis. In addition, Allogeneic MSCs (MSCs are isolated 

from healthy donor) were preferred to apply in some conditions such as graft versus 

host disease and crohn’s disease. The most widely used MSCs are isolated from bone 

marrow and adipose tissue. Furthermore, around 5% of all studies have entered to 

phase III clinical trials which aim to investigate the efficacy of a new treatment 
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compared to standard treatment in a large number of patients. These included acute 

myocardial infarction, graft versus host disease, cartilage injury, diabetes mellitus, 

and crohn’s disease. Although around 25% of all clinical trials were completed, the 

results from some studies are available to access. Here, this review focuses on the 

published results only.  

It has been demonstrated that autologous BM-MSCs transplantation could 

improve re

            

e II c i h e

   

gional contractility of a chronic myocardial scar in 8 patients with 

myocardial infarction (Williams et al., 2011). Recently, the safety and efficacy of 

intramyocardial injection with autologous BM-MSCs were observed in patients with 

stable coronary artery disease and refractory angina as long as one year after 

treatment. These effects included improvement in exercise capacity, Seattle Angina 

Questionnaire evaluations, decreasing angina attacks per week and reducing 

nitroglycerine consumption which is used for heart disease treatment    

(Haack-Sorensen et al., 2013). Phas  I/  clini al tr al wit  allogen ic MSCs 

transplantation showed effective treatment in patients with acute and chronic    

graft-versus-host disease. In acute graft-versus-host disease, complete response, 

partial response and no response were found in 1, 6, and 3 out of 10 patients, 

respectively. In chronic graft-versus-host disease, 1 out of 8 patients achieved 

complete response, 3 had a partial response, and 4 had no response (Perez-Simon et 

al., 2011). Recent study found the safety and improvement in type 2 diabetes patients 

with islet cell dysfunction after transplantation with human placenta-derived MSCs 

(PD-MSCs). 40% (4 out of 10 ) of all patients showed reducing of insulin requirement 

more than 50% after transplantation for 6 months (Jiang et al., 2011). Moreover, it has 

been demonstrated that intramuscularly BM-MSCs injection could improve the 
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patients with complications of type 2 diabetes including critical limb ischemia and 

foot ulcer (Lu et al., 2011). Regarding ulcerative colitis treatment, allogeneic   

BM-MSCs transplantation successfully improved clinical and morphological 

characteristics of the ulcers compared to standard therapy. Moreover, this therapy also 

reduced the cost of treatment by decreasing immunosuppressive drugs use (

     

er disease 

tocyte-like cells for 

replacing the old dam

2.2.9.1.1 Induction by soluble growth factors or cytokines-

defined medium 

A number of studies use the sequential exposure of 

exogenous growth factors or c

Lazebnik, 

Gusein-Zade, Kniazev, Efremov, and Ruchkina, 2010). Taken together, MSCs-based 

therapy trends to be safe and shows promising effect in several diseases. However, 

these therapeutic effects seem to be transient and need to be validated in a long term. 

Furthermore, routine follow-up is needed to monitor the side effects in a large group 

of patients before using MSCs as alternative treatment. 

2.2.9  Therapeutic potential in liver disease  

2.2.9.1  MSCs and in vitro studies in liv

Generation of new hepatocytes or hepa

aged cells is a one alternative choice to overcome the scarcity of 

donor livers. MSCs are capable of unlimited source of self-renewal cells that have 

ability to differentiate into many cell types including hepatocytes. To date, numerous 

studies have successfully generated hepatocyte-like cells in vitro by different ways as 

followed.

ytokines as a cocktail to induce MSCs differentiate into 

hepatocytes. These factors are applied following the understanding of liver 

development during mouse and human embryogenesis (Zorn, 2008). The most factors 
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that were commonly added into the first stage of induction are FGF-1, FGF-2, and 

FGF-4 which are required to initiate the early hepatogenesis. Subsequently, the 

combination of HGF, oncostatin M (OSM), and dexamethasone were widely used for 

hepatic maturation step. HGF is required for supportive fetal hepatocytes during  

mid-stage hepatogenesis. OSM is produced by the haematopoietic cells which play an 

important role in secreting the factor for maturation of fetal hepatocytes. 

Dexamethasone is a synthetic glucocorticoid hormone which is needed to induce liver 

enzymes involved in gluconeogenesis such as phosphoenolpyruvate carboxykinase 

(PEPCK) and tyrosine aminotransferase (TAT) (

 

GF 

were necessary in the first st

   

Lavon and Benvenisty, 2005). 

Several studies have successfully generated hepatocyte-like cells from MSCs by 

various cocktail media with different induction period ranging from 14-21 days.  

Dong et al. (2010) demonstrated that FGF-4 and H

ep of hepatic differentiation, because of early hepatic 

specific genes, -fetoprotein (AFP), and hepatocyte nuclear factor-3  (HNF3 ), were   

down-regulated after removing these cytokines from induction medium. Moreover, 

they also investigated that OSM was important for hepatic maturation by observing 

down regulation of late hepatic specific genes, albumin (ALB) and tyrosine 

aminotransferase (TAT), after withdrawing from the system. Pournasr et al. (2011) 

added FGF-4 and HGF in the first stage medium and used the cocktail of HGF, 

insulin-transferrin-sodium selenite (ITS), and dexamethasone in the last stage medium 

of differentiation. They successfully generated hepatocyte-like cells from human  

BM-MSCs after complete induction. The differentiated cells had functional ability as 

normal hepatocytes including glycogen storage, albumin secretion, urea 

detoxification, low-density lipoprotein (LDL) uptake, and hepatic specific markers 
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expression both gene and protein levels. Pulavendran et al. (2010) applied a novel 

technique to gradually deliver HGF to murine BM-MSCs by incorporating HGF into 

chitosan nanoparticles. This technique successfully induced cells to differentiate into 

functional hepatocytes via sustainable HGF releasing to the target cells. Saulnier et al. 

(2010) revealed the molecular mechanism underlying the hepatic differentiation of 

human AT-MSCs. The cells were exposed to HGF and FGF-4 in the early stage and 

the mixture of OSM with nicotinamide in the maturation stage. They found the down 

regulation of mesenchymal lineage genes relative to the over expression of  

epithelial-related genes during differentiation. These results indicate that the transition 

of molecular pathway occurs during differentiation from mesenchymal to epithelial 

lineage that is a feature of hepatocytes. Chivu et al. (2009) showed incomplete 

 

Dental pulp mesenchymal cells also had differentiation 

potency toward hepatic lineag

           

hepatogenic differentiation of human BM-MSCs when HGF, nicotinamide, and 

dexamethasone were separately added in differentiation medium. Conversely, 

hepatocyte-like cells features were observed after reunion all these factors in the 

culture.  

e after inducing by the cocktail medium as other studies 

used. They observed that the differentiated cells acquired the characteristics of 

hepatocytes both in morphology and function (Ishkitiev et al., 2010).   

Amniotic fluid-derived MSCs (AF-MSCs) could be induced into hepatocyte-like cells 

by using FGF-4 and HGF in early stage and combination of trichostatin A, 

dexamethasone, ITS, and HGF in last stage (Zheng et al., 2008). Umbilical cord 

matrix stem cells also had differentiation potential into hepatic lineage after treatment 

with the mixture of HGF, bFGF, ITS, and nicotinamide following by the mixture of 
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OSM, ITS, and dexamethasone. The differentiated cells exhibited functional 

hepatocytes such as expression of hepatic specific markers, production of urea, 

storage of glycogen, and induction of cytochrome P450 (CYP) 3A4 or CYP3A4 

activity (Campard, Lysy, Najimi, and Sokal, 2008). Similarly, mesenchymal cells 

derived from amniotic membrane could differentiate into hepatic lineage after 

treatment with induction medium as 10% FBS, HGF, bFGF, OSM, and 

dexamethasone. The differentiated cells acquired hepatocytes characteristics including 

glycogen storage and hepatic lineage expression both at gene and protein levels 

(Tamagawa, Oi, Ishiwata, Ishikawa, and Nakamura, 2007). Another study 

successfully promoted hepatic differentiation of mesenchymal stromal cells derived 

from umbilical cord Wharton’s jelly by one step protocol. After induction with 1% 

FBS, HGF, and FGF-4, the differentiated cells expressed hepatic specific markers 

both at gene and protein levels, stored glycogen as well as had ability to uptake LDL 

which is a one characteristic of functional hepatocytes (Zhang, Lie, and Wei, 2009).  

2.2.9.1.2  Induction by co-culture with other cell types  

Many studies have been shown that MSCs could be 

induced into hepatocyte-like cells by co-culture together with other cell types such as 

hepatic stellate cell (HSC) and mature hepatocytes. Secreting factors derived from 

these cells are assumed to induce hepatic differentiation (Antoine et al., 2007). Deng 

et al. (2008) observed the hepatocyte-like cells after co-culture rat BM-MSCs with 

activated HSC. The differentiated cells also had hepatocytes phenotypes both in 

morphology and function such as glycogen storage capacity. In addition to HSC, 

mature hepatocytes are commonly used for hepatic induction in MSCs. Qihao et al. 

(2007) showed the supportive effect of adult liver cells on the hepatic differentiation 

 

 

 

 

 

 

 

 



 

40

of rat MSCs. They observed spheroid formation of the differentiated cells which 

could express liver specific markers such as albumin, -fetoprotein, and cytokeratin 

18 at gene and protein levels. Moreover, the heterotypic interaction of porcine 

hepatocytes/MSCs at ratio 2:1 was found as optimal ratio for hepatic lineage 

induction. The differentiated cells were approved by testing liver function including 

albumin secretion, urea production, and CYP3A1 activity (Gu, Shi, Zhang, and Ding, 

2009).  

2.2.9.1.3  Induction by biomaterial scaffolds 

sing biomaterial 

scaffolds in combination with 

Recent studies are focusing on u

stem cells. Biomaterial scaffolds provide 3 dimensional 

structures resembling extracellular matrix environment in vivo (Willerth and 

Sakiyama-Elbert, 2008). Several studies observe promising outcomes of using 

biomaterial scaffolds associated with induction medium to promote MSCS 

differentiation into hepatocyte-like cells. Alginate scaffold is derived from natural 

polysaccharide-based biomaterials that provide extracellular matrix structure allowing 

for cells adhesion. Lin et al. (2010) showed the supportive effect of alginate scaffold 

on hepatic differentiation of rat BM-MSCs. The differentiated cells displayed 

hepatocytes phenotypes including albumin secretion, urea production, glycogen 

storage, and liver specific markers expression. However, natural biomaterials have 

some disadvantages especially the variability of materials between lot to lot. In 

addition to alginate scaffold, nanofibrous scaffold is a one of synthetic polymer-based 

biomaterials that are widely used for stem cells culture. These scaffolds are made 

from defined chemical materials allowing easy control the quality and reproducibility 

of product. Kazemnejad et al. (2009) investigated the hepatic differentiation potential 
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of human BM-MSCs seeded on 3 dimensional nanofibrous scaffold with 

differentiation medium compared to 2 dimensional culture system. They found that 

nanofibrous scaffold enhanced the cells to differentiate into functional hepatocyte-like 

cells more than 2 dimensional culture system. The differentiated cells derived from 

the scaffold could express liver specific markers such as albumin, -fetoprotein, 

cytokeratin 18, cytokeratin 19, and CYP3A4. Moreover, the levels of albumin, urea, 

transferrin, serum glutamic pyruvic transaminase, and serum oxaloacetate 

aminotransferase in culture medium of the differentiated cells derived from 

nanofibrous scaffold were greater than those cultured in 2 dimensional culture system. 

Another group also studied the hepatic differentiation efficacy of MSCs after seeding 

on synthetic extracellular matrix, ultraweb nanofibers. They observed significant 

increasing of albumin, urea, and -fetoprotein levels including CYP3A4 activity in 

conditioned medium derived from the differentiated cells seeded on ultraweb 

nanofibers coated plate compared to those derived from none coated plate (Piryaei, 

Valojerdi, Shahsavani, and Baharvand, 2011). The effect of collagen-coated poly 

(lactic-co-glycolic acid) (C-PLGA) scaffold on hepatic differentiation of rat   

BM-MSCs has been investigated. The researchers found that the differentiated cells 

derived from C-PLGA scaffolds more expressed liver specific markers both at gene 

and protein levels earlier than in the control group, a monolayer culture system. In 

addition, the differentiated cells derived from C-PLGA scaffolds could acquire 

hepatic function such as glycogen storage (

       

Li et al., 2010).  
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2.2.9.2  MSCs and in vivo studies in liver disease 

imal)

 that paracrine 

signals from MSCs seem to 

   

ned medium, direct 

infusion with adipose tissue-

2.2.9.2.1  Studies in preclinical models (an

Several studies have been hypothesized

be a crucial factor for improvement of liver injury in 

animal models. It has been shown that secreting factors from undifferentiated MSCs 

were likely to play important roles in regeneration and recovery of the damaged cells 

by stimulating the endogenous host cells repair. In a model of hepatotoxic  

chemical-induced acute liver injury, paracrine signals from MSCs exhibited as a 

major role in improvement the disease. One study demonstrated the effective 

treatment in rat model with fulminant hepatic failure by using MSCs conditioned 

medium. This medium consisted of MSCs-derived molecules including growth 

factors, chemokines, and cytokines involved in immunomodulation and liver 

regeneration which could prevent hepatocytes apoptosis and increasing survival rate 

of rat model (Parekkadan, van Poll, Suganuma, Carter, Berthiaume, Tilles, and 

Yarmush, 2007). Furthermore, van Poll et al. (2008) showed the evidence that 

systemic infusion of MSCs conditioned medium could promote the survival rate of rat 

model with acute liver injury. Based on in vitro study, they assumed that this effect 

was accompanied by reducing hepatocellular death and increasing hepatocytes 

proliferation which were mediated by MSCs-derived molecules.  

In addition to using the conditio

derived stem cells also had ability to improve liver 

function in mice with acute liver injury as soon as one day after transplantation. The 

researchers suggested that paracrine effects derived from undifferentiated cells may 

exert to ameliorate liver injury (Kim, Park, Lee, Kim, and Kim, 2011). Mice bone 
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marrow stem cells also had ability to home in recipient liver of acute liver injury mice 

as well as could improve liver function and survival rate (Jin et al., 2012). Similarly, 

Zhang et al. (2012) observed the therapeutic treatment in mice model with carbon 

tetrachloride (CCl4)-induced acute liver failure by using human MSCs from umbilical 

cord matrix. This study revealed that the effective treatment was likely to mediate by 

paracrine effects derived from MSCs which could stimulate endogenous liver 

regeneration rather than transdifferentiation into hepatocytes. This conclusion was 

supported by in vitro experiments which the regeneration and albumin secretion of 

mouse model with damaged hepatocytes were improved by MSCs. 

In addition to paracrine effects, transdifferentiation of 

the engrafted MSCs toward h

      

more than 5 months compared with control group.  

epatocyte-like cells in vivo is found to facilitate the 

improvement of disease. One recent study observed the effective treatment for   

D-galactosamine-induced fulminant hepatic failure in pig model by transplantation 

immediately with human BM-MSCs after liver failure induction. The transplanted 

cells contributed to liver regeneration and transdifferentiation into hepatocytes in 

recipient liver which accounted as 30% of the total hepatocytes. Moreover, surviving 

animals were found in transplanted group for more than 6 months while control group 

died within 96 h (Li et al., 2012). Similarly, Cao et al. (2012) also demonstrated the 

therapeutic potential of transplanted human placenta-derived MSCs (PD-MSCs) in 

pig with D-galactosamine-induced acute liver failure. The transplanted cells could not 

only differentiate into hepatocyte-like cells in vivo but also improving the liver 

function as well as reducing liver inflammation and increasing liver regeneration in 

recipient host. The survival rate of transplanted group was prolonged significantly as 
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In a model of hepatotoxic chemical-induced chronic 

liver injury, several studies have been shown the anti-fibrosis effect of transplanted 

MSCs on the recipients. The putative mechanism underlying the anti-fibrotic effect of 

MSCs may involve in the expression of matrix metalloproteinases (MMPs). MMP-2 

and MMP-9 were shown to degrade the extracellular matrix and induce apoptosis of 

hepatic stellate cells (Higashiyama et al., 2007; Parekkadan, van Poll, Megeed, 

Kobayashi, Tilles, Berthiaume, and Yarmush, 2007). Transdifferentiation of the 

engrafted MSCs toward hepatocyte-like cells in vivo is shown as a one strategy to 

improve the liver function. Many studies showed evidences that MSCs could engraft 

into liver and committed toward hepatic lineage cells in vivo ranging from 4-8 weeks 

post-transplantation. Zhang et al. (2011) observed the therapeutic effects of human 

amniotic membrane-derived MSCs (AM-MSCs) after transplantation into mice model 

with CCl4-induced liver cirrhosis. These effects included reducing hepatic stellate 

cells activation which can enhance fibrosis, decreasing hepatocytes apoptosis, and 

promoting liver regeneration. Moreover, the engrafted cells could differentiate into 

human albumin or -fetoprotein-expressing hepatocyte-like cells in the damaged 

liver. This finding is similar to the results of Jung et al. (2009) study. They found that 

human umbilical cord blood-derived MSCs (UB-MSCs) could improve liver fibrosis 

in rat model with CCl4-induced liver cirrhosis by decreasing expression of 

transforming growth factor- 1 (TGF- 1), alpha-smooth muscle actin ( -SMA), and 

collagen type I which are mediators of liver fibrosis. In addition, the engrafted cells 

could differentiate into human albumin or -fetoprotein-expressing hepatocyte-like 

cells which may improve the liver function by decreasing serum alanine 

aminotransferase (ALT) and aspartate aminotransferase (AST) levels. 
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MSCs from human umbilical cord also had therapeutic 

effect on liver injury mice by decreasing serum AST and ALT levels, inflammation, 

apoptosis, and denaturation of

 

    

lantation instead of undifferentiated 

cells. Several studies generated hepatocyte-like cells in vitro by chemically defined 

 hepatocytes (Yan et al., 2009). Similarly, Abdel-Aziz 

et al. (2007) observed that rat BM-MSCs could differentiate toward hepatocyte-like 

cells in rats with CCl4-induced liver injury and further improvement the liver function 

through increasing albumin level and decreasing ALT level. Moreover, they also 

found the relation of anti-fibrotic effect with the low expression of collagen type I 

which is a marker of liver fibrosis. Interestingly, human adipose tissue-derived 

multilineage progenitor cells infusion could reduce total cholesterol in rabbit model of 

familial hypercholesterolemia within 4 weeks after transplantation. This effect was 

maintained for 12 weeks correlated with hepatic differentiation of the engrafted cells 

in recipient liver (Okura et al., 2011). Conversely, Tsai et al. (2009) did not observe 

the transdifferentiation toward hepatocyte-like cells of human MSCs from umbilical 

cord Wharton's jelly while the percentage of liver fibrosis was significantly reduced in 

rat model with CCl4-induced liver fibrosis. This study suggested that bioactive 

cytokines released from undifferentiated MSCs may play important roles in reducing 

hepatic inflammation and restoring liver function in recipients. Notably, these studies 

have shown a low percentage of engrafted MSCs at maximum level of 20% in 

recipient liver of animal model. These results led to the question whether  

hepatocyte-like cells differentiation of MSCs in vivo have enough to compensate the 

liver function and improvement in liver injury.  

Recently, some studies are focusing on using  

MSCs-derived hepatocyte-like cells for transp

 

 

 

 

 

 

 

 



 

46

cocktail medium before adm

               

n

f these clinical trials 

stay in phase I or II tment. All studies 

have shown the efficacy of MSCs-based therapy without serious side effects or 

inistration in vivo. Banas et al. (2009) successfully 

differentiated human AT-MSCs into hepatocyte-like cells under appropriate condition 

in vitro. The differentiated cells could restore the liver function of acute liver failure 

mice by decreasing serum ALT, AST, and ammonia levels within 24 h   

post-transplantation. Similarity, The hepatocyte-like cells clusters derived from 

human AT-MSCs had hepatic characteristics after exposure to hepatogenic inducer 

not only i  vitro but also in vivo. The improvement of serum albumin and total 

bilirubin levels were observed after transplantation the cell clusters into non-obese 

diabetic severe combined immunodeficiency (NOD-SCID) mice with chronic liver 

injury (Okura et al., 2010). Recent study demonstrated the reducing liver fibrosis 

effect of intravenous injection with rat bone marrow MSC-derived hepatocyte-like 

cells in rats with CCl4-induced liver fibrosis. This study suggested that the 

transplanted cells may induce host immune response to rescue the disease by 

increasing expression of interleukin 10 (IL-10) which can further decrease the 

accumulation of liver fibrosis (Zhao et al., 2012). Hepatic lineage cells derived from 

pretreated mice MSCs with injured liver tissue provided promising therapeutic 

potential in CCl4-induced liver fibrosis mice. This result was confirmed by reducing 

liver fibrotic area as well as improving serum levels of bilirubin and alkaline 

phosphatase (ALP) in transplanted group (Mohsin et al., 2011). 

2.2.9.2.2  Studies in clinical models (human) 

MSCs-based therapy has shown as promising tool for 

chronic liver diseases especially in cirrhosis condition. Most o

 that verified the safety and efficacy of the trea
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complications. Autologous B

       

i

M-MSCs were successfully transplanted into patients 

with decompensated liver cirrhosis. The cells could improve the overall of disease 

particularly decreasing the model for end-stage liver disease (MELD) score. 

Moreover, the quality of life of all patients was improved that was observed by 

increasing the mean physical component scale and the mean mental component scale 

at 1 year post-transplantation (Mohamadnejad et al., 2007). Another study showed the 

therapeutic effect of autologous BM-MSCs transplantation in patients with end-stage 

liver disease. The liver function of all patients was improved within 24 weeks after 

transplantation that was monitored by decreasing MELD score as well as serum 

creatinine level (Kharaziha et al., 2009). Recently, El-Ansary et al. (2012) compared 

the therapeutic effect of autologous transplantation between undifferentiated  

BM-MSCs and differentiated cells (hepatocyte-like cells) in patients with liver 

cirrhosis. The improvement of liver function was observed in patients after 

transplantation with both undifferentiated and differentiated cells such as increasing 

prothrombin and serum albumin levels ncluding decreasing bilirubin and MELD 

score. Additionally, they did not observe significant difference in clinical 

improvement between two groups of patients. In consistency with El-Ansary’s study, 

Amer et al. (2011) demonstrated the safety and short-term therapeutic effect of 

autologous transplantation with BM-derived hepatocyte-like cells in patients with 

end-stage liver failure. Clinical improvement was verified by Child score, MELD 

score, fatigue scale, performance status, and serum albumin level. Recent study 

investigated the safety and efficacy of umbilical cord-derived MSC (UC-MSC) in 

patients with decompensated liver cirrhosis. During 1 year follow-up period, the 

significant reduction of ascites volume and the improvement of liver function were 
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observed in transplanted patients compared with control group (Zhang et al., 2012). 

Similarly, recent study observed the short-term efficacy of autologous BM-MSCs 

transplantation in liver failure patients caused by viral hepatitis B. The liver function 

and MELD score were significantly improved in the transplantation group compared 

with control group for 2-3 weeks post-transplantation and these effects could extend 

for 36 weeks (Peng, Xie, Lin, Liu, Zhu, Xie, Zheng, and Gao, 2011). All data indicate 

that MSCs can be used as regenerative medicine in liver disease, although it seems to 

exert effective treatment in a short term. Furthermore, increasing studies are required 

to design experiments that can complete define the therapeutic effects of MSCs in 

clinical use.  
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CHAPTER III 

MATERIALS AND METHODS 

3.1  Isolation and expansio

3.1.1  Isolatio

Fresh human umbilical cords were collected after birth by cesarean 

section in the Department of Obstetrics and Gynecology at Por-Pat Hospital, St. Mary 

asima, Thailand. Written inform 

of co e approval of Institute of Research 

and Develo

           

a

n of WJ-MCSs 

n and culture of WJ-MSCs

Hospital, and Fort Suranari Hospital, Nakhon Ratch

nsent was obtained from the mother under th

pment of Suranaree University of Technology, Suranaree University of 

Technology, Nakhon Ratchasima, Thailand. The umbilical cords were collected in 

phosphate buffer saline (PBS) supplemented with 200 U/mL penicillin  

(Sigma-Aldrich), 200 µg/mL streptomycin (Sigma-Aldrich), and 4 µg/mL 

amphotericin B (E.R. Squibb & Sons) prior to restore at 4ºC for further WJ-MSCs 

isolation. After removal of blood vessels, tissues were dissected into small pieces and 

then washed with an equal volume of PBS (200 U/mL penicillin (Sigm -Aldrich),  

200 µg/mL streptomycin (Sigma-Aldrich), and 4 µg/mL amphotericin B (E.R. Squibb 

& Sons). The suspension was centrifuged at 1200 rpm, 4ºC for 5 minutes and 

supernatant was discarded. The precipitate (mesenchymal tissue) was digested with 

collagenase type I (2 mg/mL) (Gibco-Invitrogen) at 37ºC for 16-18 hours with 

agitation. An equal volume of Dulbecco’s modified Eagle’s medium with 1.0 g/L 

glucose (DMEM-LG) (Gibco-Invitrogen) containing 50% fetal bovine serum (FBS) 
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(HyClone) was added and centrifuged at 1200 rpm, 4ºC for 10 minutes. Cell pellet 

was then resuspended, counted and equally seeded into T25 cm
2
 culture flask (Greiner 

Bio-One) and cultured them in various media and conditions as followed   

1) C1 : DMEM-LG supplemented with 10% FBS (HyClone), 100 U/mL penicillin 

(Sigma-Aldrich), 100 µg/mL streptomycin (Sigma-Aldrich), and 2 µg/mL 

amphotericin B (E.R. Squibb & Sons), in 20% O

                

A

 and further cultured for 12 days. Cell proliferation 

was d . Moreover, fold 

increase in 

2 and 5% CO2, 2) C2 : DMEM-LG 

supplemented with 10% FBS (HyClone), 100 U/mL penicillin (Sigma- ldrich), 100 

µg/mL streptomycin (Sigma-Aldrich), and 2 µg/mL amphotericin B (E.R. Squibb & 

Sons), in 5% O2 and 5% CO2, 3) C3 : Embryonic stem cells conditioned medium 

(ESCM), in 5% O2 and 5% CO2 and 4) C4 : ESCM supplemented with 10 ng/mL 

epidermal growth factor (EGF, Peprotech) in 5% O2 and 5% CO2. After 3-4 days of 

seeding, non-adherent cells were discarded while adherent cells were replaced with 

their respective fresh medium and incubated at 37ºC with 20% O2 and 5% CO2 for C1 

and 5% CO2 and 5% O2 for C2-4. Primary culture was maintained for 8 days, 

thereafter, the cells were subpassaged every 3-4 days and expanded at a ratio of 1 to 3 

or 4 until passage 8 or 4 weeks.  

3.1.2  Proliferation and population doubling times analysis 

To determine the effect of these different four conditions on WJ-MSCs 

proliferation in vitro, cells were plated at a low density of 5 × 10
3 

cells/cm
2
 in order to 

minimize surface area limitation

etermined using haemocytometer and vital Trypan blue staining

total cell number was calculated by dividing the number of cells of each 

day by the number of cells at day 0. To determine WJ-MSCs doubling time, cells 

were plated at a density of 5 × 10
3 

cells/cm
2
 in a 6-well plate (TPP) and fed with their 
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respective growth medium as described above. The cells were counted daily at the 

same time for 6 days by using haemocytometer and vital Trypan blue staining. The 

population doubling time (PDT) was calculated by using online formula for PDT 

(www.doubling-time.com) which based on the formula: PDT = tlg2/(lgNH-lgNI) 

where NI is the inoculum cell number, NH is the cell harvest number, and t is the time 

of the culture (in hours).  

3.1.3  Embryonic stem cells conditioned medium (ESCM) preparation 

ESCM were generated from culturing H9 human ES cells line on human 

foreskin fibroblast feeders with serum-free medium that was prepared by using 

Knockout-DMEM (Gibco-Invitrogen) containing 20% Knockout serum replacement 

(Gibc mine 

(Gibco-Invi

anti-human antibodies: CD29-phycoerythrin (PE), CD34-PE, 

CD44-PE, and CD45-fluorescein isothiocyanate (FITC) (all from BD Biosciences), 

and the un

o-Invitrogen), 1% non-essential amino acids (Sigma), 1 mmol/L L-gluta

trogen), 0.1 mmol/L -mercaptoethanol (Gibco-Invitrogen), and 5 ng/mL 

basic fibroblast growth factor (bFGF, Peprotech). After 24 hours later, the culture 

medium was removed to be used as conditioned medium for culture of WJ-MSCs. 

This conditioned medium was filtrated by 0.2 µm syringe filter and stored at -20ºC 

until used. Unconditioned medium was identically prepared as ESCM but it did not 

expose to the cells. 

3.1.4  Flow cytometry 

Cultured cells at passage 4 and 7 were washed twice with 2% FBS/PBS 

and suspended in 2% FBS/PBS with saturating concentration of the following 

conjugated mouse-

conjugated antibody: CD90 (BD Biosciences) for 1 hour at 4ºC. 

Unconjugated primary antibody was treated with a goat-anti-mouse-FITC-conjugated 
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secondary antibody (BD Biosciences) for 1 hour at room temperature. Thereafter, 

cells were washed twice with 2% FBS/PBS and fixed with 4% paraformaldehyde in 

PBS. Control samples were incubated with PBS instead of the primary antibody. 

Samples were analyzed using FACS Calibur (Becton Dickinson) collecting 20,000 

events and the data analyzed by Cell Quest Software (Becton Dickinson). 

3.1.5  RNA extraction and RT-PCR 

Cultured cells were subjected to total RNA extraction using Total RNA 

Mini Kit (Tissue) (Geneaid) and treated with RNase inhibitor (Gibco-Invitrogen) 

according to the manufacturer’s protocol. The cDNA was generated by RevertAid
TM

 

First ntas) according to the manufacturer’s 

protocol. T

Stand cDNA Synthesis Kit (Ferme

he cDNA was then added into PCR master mix containing 10X PCR 

buffer, 1 U Taq polymerase, 25 mmol/L MgCl2, 10 mmol/L dNTP mixed, and 10 

µmol/L of each primer set for the corresponding target gene. The primer sequences 

were shown in Table 3.1. Amplification conditions were as followed: initial 

denaturation at 95ºC for 5 minutes followed by 35 cycles of denaturation at 95ºC for 

45 seconds, annealing at 55-64ºC for 30 seconds (see table 3.1 refer to temperatures 

used), extension for 1 minute at 72ºC, and a final extension at 72ºC for 10 minutes. 

The samples were separated on a 2% agarose gel, stained with ethidium bromide and 

photographed under UV light. 

 

 

 

 

 

 

 

 

 



  
T

a
b

le
 3

.1
  
P

ri
m

er
 s

eq
u

en
ce

s 
an

d
 P

C
R

 c
o

n
d

it
io

n
s 

in
v

o
lv

ed
 i

n
 s

te
m

n
es

s 
g

en
e 

ex
p

re
ss

io
n

.

G
en

e
P

ri
m

er
 s

eq
u

en
ce

 (
5

' t
o

 3
')

 
A

n
n

ea
li

n
g

 t
em

p
. 
(º

C
) 

P
ro

d
u

ct
 s

iz
e 

(b
p

) 
R

ef
er

en
ce

 

O
ct

-4
 

G
A

G
C

A
A

A
A

C
C

C
G

G
A

G
G

A
G

T
 

6
0

3
1
0

 
(Y

ao
 e

t 
al

.,
 2

0
0

6
)

T
T

C
T

C
T

T
T

C
G

G
G

C
C

T
G

C
A

C
 

N
a

n
o
g

 
G

C
T

T
G

C
C

T
T

G
C

T
T

T
G

A
A

G
C

A
 

6
0

 
2

5
5

 
(Y

ao
 e

t 
al

.,
 2

0
0

6
)

T
T

C
T

T
G

A
C

T
G

G
G

A
C

C
T

T
G

T
C

 

O
ct

-3
/4

 
C

T
C

A
C

C
C

T
G

G
G

G
G

T
T

C
T

A
T

T
6

0
 

2
3
0

 
(D

ar
r,

 M
ay

sh
ar

, 
an

d
 B

en
v

en
is

ty
, 

2
0

0
6
)

C
T

C
C

A
G

G
T

T
G

C
C

T
C

T
C

A
C

T
C

 

C
-m

yc
T

G
G

T
C

T
T

C
C

C
C

T
A

C
C

C
T

C
T

C
A

A
C

 
5

5
 

2
6
5

 
(H

an
 e

t 
al

.,
 2

0
0

7
)

G
A

T
C

C
A

G
A

C
T

C
T

G
A

C
C

T
T

T
T

G
C

C
 

K
lf

-4
 

G
T

T
T

T
G

A
G

G
A

A
G

T
G

C
T

G
A

G
 

5
5

3
3
2

(C
h
ia

m
b

ar
et

ta
 e

t 
al

.,
 2

0
0
4
)

C
A

G
T

C
A

C
A

G
T

G
G

T
A

A
G

G
T

T
T

 

S
o

x-
2

 
G

C
C

C
C

C
A

G
C

A
G

A
C

T
T

C
A

C
A

6
4

 
1

7
0

 
(T

su
k
am

o
to

 e
t 

al
.,

 2
0
0
5
)

C
T

C
C

T
C

T
T

T
T

G
C

A
C

C
C

C
T

C
C

C
A

T
T

T

G
A

P
D

H
 

A
G

C
C

A
C

A
T

C
G

C
T

C
A

G
A

C
A

C
C

 
6

0
3

0
2

 
(Y

ao
 e

t 
al

.,
 2

0
0

6
)

G
T

A
C

T
C

A
G

C
G

G
C

C
A

G
C

A
T

C
G

 

53

 

 

 

 

 

 

 

 



 

 

 
54

 
3.1.6  Mesodermal-lineage differentiation assays 

WJ-MSCs were differentiated into adipocytes, chondroblasts, and 

osteoblasts by using STEM PRO Adipogenesis Differentiation Kit, STEM PRO 

Chondrogenesis Differentiation Kit, and STEM PRO Osteogenesis Differentiation Kit 

(all from Gibco-Invitrogen) according to the manufacturer’s protocol, respectively. 

The medium was changed every 3 days. For adipocyte differentiation, after induction 

for four weeks, cells were fixed in 10% formalin and stained with fresh oil red O 

solution (Sigma-Aldrich) to detect fat deposition in the cells. For chondrogenic 

differentiation, after induction for three weeks, cells were fixed in 4% 

paraformaldehyde and stained with 1% alcian blue solution (Sigma-Aldrich) to detect 

proteoglycan synthesis. For osteogenic differentiation, to detect mineralization 

(calcium deposits), cells were fixed in 4% paraformaldehyde and stained with 2% 

alizarin red S solution (Sigma-Aldrich) after induction for two weeks. The 

differentiated cells were visualized and photographed under inverted microscope 

(Olympus CKX41, Olympus Corporation). Negative controls consisted of expanded 

MSCs from the same passage number which cultured in expansion medium and did 

not treat with osteogenic, adipogenic, and chondrogenic differentiation media. 

3.1.7  Cytokine array analysis 

Embryonic stem cells conditioned medium (ESCM) was collected to 

determine their proteins component by using the human cytokine array panel A 

(proteome profiler™) (R&D Systems) according to the manufacturer’s instructions. 

The array includes 36 human cytokines panel of C5/C5a, CD40, G-CSF, GM-CSF, 

GRO , I-309, sICAM-1, IFN- , IL-1 , IL-1 , IL-1ra, IL-2, IL-4, IL-5, IL-6, IL-8,  

IL-10, IL-12 p70, IL-13, IL-16, IL-17, IL-17E, IL-23, IL-27, IL-32 , IP-10, I-TAC, 

 

 

 

 

 

 

 

 



 

55

MCP-1, MIF, MIP-1 , MIP-1 , Serpin E1, RANTES, SDF-1, TNF- , and sTREM-1. 

Unconditioned medium was used as control medium to compare the relative 

expression levels of each cytokine. Data were captured by exposure to Kodak BioMax 

Light film. Arrays were scanned into a computer and the detected signals were 

quantified as the pixel density by using Image J software (Image J, 1.45, NIH).  

3.1.8  Statistical analysis 

All data were presented as mean ± standard deviation (SD) calculation. 

Statistical analysis was done by statistical software SPSS17.0 and results were 

analyzed by Student’s t-test with significant difference at P  0.05. 

 

3.2  Induction of hepatic-lineage differentiation in vitro 

3.2.1  Induction of hepatic-lineage differentiation  

WJ-MSCs at 90-100% confluency were prepared for differentiation 

assays. Cells were cultured in stage 1 differentiation medium as DMEM-LG (serum 

free, 100 U/mL penicillin (Sigma), 100 µg/mL streptomycin (Sigma), and 2 µg/mL 

amphotericin B (Abbott)) supplemented with 20 ng/mL human hepatocyte growth 

factor (HGF, Peprotech), 10 ng/mL fibroblast growth factor-4 (FGF-4, Peprotech), 

and 5 mmol/L nicotinamide (Sigma) for 7 days. Subsequently, cells were further 

cultured in stage 2 differentiation medium as DMEM-LG (serum free, 100 U/mL 

penicillin (Sigma), 100 µg/mL streptomycin (Sigma), and 2 µg/mL amphotericin B 

(Abbott)) supplemented with 40 ng/mL oncostatin M (OSM, Sigma), 2 µmol/L 

dexamethasone (Sigma), and 20 µl/mL insulin, transferrin and selenium premix 

(ITS+premix, BD Biosciences) for up to 18 days. Differentiation medium was 
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changed twice a week. In this study, we termed the differentiated cells as 

mesenchymal stem cells-derived hepatocyte-like cells (MSCDHC).  

For additional medicinal plant extract, 200 ng/mL ethanolic leaves extract 

of Gynura procumbens was supplemented into the differentiation cocktail medium at 

various time points as day 1-7, day 8-13, day 8-18, and day 1-18 of differentiation 

period. The formula of differentiation cocktail medium was similar as described 

above but minor modification in stage 2 differentiation medium by decreasing the 

concentration of cytokines down to one fold. Moreover, the induction medium 

without additional the hepatogenic cytokines but supplementation with this extract 

only was used to confirm their effect on hepatic differentiation of WJ-MSCs.

Gynura procumbens leaves extract was kindly gifted from Asst. Prof. Dr. Wilairat 

Leeanansaksiri.  

         3.2.2  Preparation of plant extract  

                   Gynura procumbens leaves were collected from home-garden, Khon Kaen 

province, Thailand. The leaves were washed well three times by tap water and then 

wash one time again by distilled water. The fresh leaves (1 kg) were ground with 95% 

ethanol (1 L) by an electrical grinder. It was then filtered through a filter paper, 

evaporated and freeze-dried. The yield of G. procumbens was 9 g/ 1 kg. The dried 

powder was stored at -20ºC until further use.  

3.2.3  Immunocytochemical staining 

On day 7, 12, and 18 of hepatocytes differentiation, the differentiated 

cells were fixed with ice cold absolute methanol or 4% paraformaldehyde for 10 

minutes at room temperature and permeabilized thereafter with 0.3% Triton X-100 in 

PBS for 20 minutes. Nonspecific immunostaining was prevented by 30 minutes 
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incubation of cells in PBS solution containing 3% bovine serum albumin (BSA, 

Gibco-Invitrogen) at room temperature. Cells were incubated in blocking solution 

overnight at 4ºC with primary antibodies as followed: rabbit polyclonal anti-human 

albumin (ALB) and mouse monoclonal anti-human cytokeratin 18 (CK-18) (all 1:100, 

DakoCytomation). Cells were washed 3 times with PBS and incubated for 1 hour at 

room temperature with the secondary antibodies FITC-coupled polyclonal goat     

anti-mouse immunoglobulin G (1:100, BD Biosciences) or FITC-coupled polyclonal 

swine anti-rabbit immunoglobulin G (1:100, DakoCytomation). Nuclei was revealed 

by 3 minutes of staining with the nuclear dye 4’,6-diamidino-2-phenylindole (DAPI, 

Gibco-Invitrogen). After washing 3 times, preparations were mounted with           

anti-fading solution (Vector Laboratories) and examined under fluorescence 

microscope (Olympus BX51, Olympus Corporation). 

3.2.4  Periodic acid–schiff staining  

After 4% paraformaldehyde fixation, the differentiated cells at day 7, 12, 

and 18 were incubated for 5 minutes in 1% periodic acid (Sigma), washed with 

distilled water and incubated with Schiff’s reagent (Sigma) for 15 minutes. After 

washing with tap water for 5 minutes, the differentiated cells were then counterstained 

with Mayer’s hematoxylin (Sigma) for 1 minute. The preparations were washed and 

visualized under inverted microscope (Olympus CKX41, Olympus Corporation). 

3.2.5  Urea assay 

On day 7, 12, and 18 of differentiation, the differentiated cells were 

incubated with DMEM-LG (serum free) containing 5 mmol/L NH4Cl (Sigma) for 24 

hours. The supernatants were collected and measured urea concentration by 

colorimetric assay as QuantiChrom
TM

 Urea Assay Kit (BioAssay Systems) according 
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to the manufacturer’s instructions with an absorbance reader (Benchmark Plus,     

Bio-Rad Laboratories). Day 0 (refer to undifferentiated cells) was represented as 

negative control and human hepatocellular carcinoma cell line (HepG2) was 

represented as positive control. 

3.2.6  Albumin assay 

Conditioned media from the differentiated cells were collected at day 7, 

12, and 18 of differentiation period and frozen at -20ºC until determination. Human 

albumin concentration in supernatants was screened by ELISA assay by using 

AssayMax Human Albumin ELISA Kit (Assaypro) according to the manufacturer’s 

instructions with an absorbance reader (Benchmark Plus, Bio-Rad Laboratories). The 

conditioned media from day 0 or undifferentiated cells and HepG2 were represented 

as negative control and positive control, respectively. 

3.2.7  Uptake of 1,1 -Dioctadecyl-3,3,3 ,3 -tetramethylindocarbocyanine 

perchlorate-acetylated-low Density Lipoprotein (Dil-Ac-LDL)  

The capacity of low density lipoprotein uptake was determined in the 

differentiated cells at day 7, 12, and 18 using fluorescent probe conjugated             

Dil-Ac-LDL (Biomedical Technologies) according to the manufacturer’s instructions. 

The preparations were washed and visualized under fluorescence microscope 

(Olympus BX51, Olympus Corporation). 

3.2.8  RNA extraction and RT-PCR 

On day 7, 12, and 18 of differentiation, total RNA of the differentiated 

cells was isolated by using Total RNA Mini Kit (Tissue) (Geneaid) and treated with 

RNase inhibitor (Gibco-Invitrogen) according to the manufacturer’s protocol. The 

resulting products were amplified using primer sequences as shown in Table 3.2. The 
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cDNA was generated by using RevertAid
TM

 First Stand cDNA Synthesis Kit 

(Fermentas) according to the manufacturer’s protocol. The corresponding cDNA was 

added into PCR master mix containing 10X PCR buffer, 1 U Taq polymerase, 25 

mmol/L MgCl2, 10 mmol/L dNTP mix, and 10 µmol/L of each primer for the 

corresponding forward and reverse gene target. Amplification conditions were as 

followed: initial denaturation at 95ºC for 5 minutes followed by 35 cycles of 

denaturation at 94ºC for 30 seconds, annealing at 56-62ºC for 30 seconds (see table 

3.2 refer to temperatures used), extension for 45 seconds at 72ºC, and a final 

extension at 72ºC for 10 minutes. The samples were separated on a 2% agarose gel, 

stained with ethidium bromide and photographed under UV light. Undifferentiated 

cells and HepG2 were represented as a negative control and positive control, 

respectively. 
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       3.2.9   Statistical analysis 

All data were presented as mean ± standard deviation (SD) calculation. 

Statistical analysis was done by statistical software SPSS17.0 and results were 

analyzed by Student’s t-test with significant difference at P  0.05.
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CHAPTER IV 

RESULTS

4.1 Cell morphology, proliferation, and population doubling time of 

WJ-MCSs

To determine whether ESCM is an appropriate medium for supporting 

proliferation of WJ-MSCs, the cells were cultured with ESCM (C3) and ESCM 

supplemented with 10 ng/mL EGF (C4) in comparison with the most commonly used 

culture medium for MSCs as DMEM-LG supplemented with 10% FBS both in 

normoxic condition 20% O2, 5% CO2 (C1) and hypoxic condition 5% O2, 5% CO2

(C2). Furthermore, the expanded cells were examined cell morphology, proliferation 

and population doubling time (PDT) at early and late passages.  

This study successfully isolated and expanded WJ-MSCs in vitro by using the 

isolation protocol and various culture conditions as described in materials and 

methods. However, the cells cultured in C1 showed low proliferation capacity 

throughout in vitro culture period (Figure 4.1A). C1 could expand a maximum of cell 

numbers only 4.30  0.60 x 10
4
 at day 23 and the growth rate continually declined 

after that. Moreover, decreasing cell growth correlated with altered cell morphology 

from small spindle shape like fibroblast into large, flat, and broad shape after P6 

onward (Figure 4.1B). These findings indicate the limited life span and senescence of 

the expanded cells from C1. Based on these results, we excluded these cells for 
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further experiments because C1 could not maintain normal WJ-MSCs morphology 

and support WJ-MSCs expansion to reach enough cells for further characterization. 

These results demonstrate that normoxic condition is not appropriate for in vitro

expansion of WJ-MSCs. On the contrary, WJ-MSCs could be significantly expanded 

by C2-4 under hypoxic condition. Thus, the expanded cells from C2-4 were further 

characterized for cell proliferation, fold increase, and population doubling time during 

in vitro culture. To determine cell proliferation, WJ-MSCs at early passages (P2-4) 

were cultured in their respective medium for 2 weeks and counted every 3 days to plot 

proliferation curve. From a low initial cell numbers, these cells could be expanded in 

maximal cell numbers of 5.68  2.18 x 10
6
 from C2, 10.23  2.07 x 10

6
 from C3, and 

21.24  2.58 x 10
6
 from C4 within 12 days (Figure 4.2A). C4 could more promote 

WJ-MSCs proliferation than C2 and C3 throughout the culture period. Notably,     

WJ-MSCs grown in ESCM-based medium C3 and C4 had more proliferation level 

than those cultured in conventional medium C2. Greater proliferation potential of 

cells grown in C3 and C4 was confirmed by higher fold increase rate. C4 gave the 

highest fold increase of 6.49  0.16 (day 3), 24.11  1.50 (day 6), 99.56  3.00 (day 

9), and 424.88  14.62 (day 12) folds as compared with day 0. Subsequently, C3 gave 

the fold increase of 4.11  0.26, 15.29  1.19, 52.58  2.18, and 204.66  10.39 folds 

after cultivation for 3, 6, 9, and 12 days, respectively. The lowest fold increase was 

observed in the cultured cells from C2 which had capacity to expand on day 3 as   

2.93  0.40 fold, day 6 as 9.27  0.52 fold, day 9 as 32.67  1.73 fold, and day 12 as 

113.77  7.89 fold (Figure 4.2B). These results were consistent with mean population 

doubling time (PDT) calculation. The PDT data showed that WJ-MSCs cultured in C3 

(37.13  0.64 h) and C4 (33.57  1.00 h) had a shorter mean doubling time as 
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compared to those cultured in C2 (41.10  0.90 h) at early passage (P4). At late 

passage (P7), these cells had longer mean doubling time approximately 2 h from early 

passage as 43.30  0.89 h, 39.00  1.32 h, and 35.70  1.60 h when culturing in C2, 

C3 and C4, respectively (Figure 4.3A-C). Taken together, these data support the 

extensive increasing cell growth after expanding in C3 and C4 for 2 weeks which 

gave maximum cell yield in a short period of time.  

Although C2 poorly supported WJ-MSCs proliferation at early passage, the cells 

were continually expanded with time increasing to P15 whereas the expanded cells 

from C3 and C4 had slower cell growth after P8 onward (data not shown). These 

findings could be explained by the present of some cells aggregation into spheroid 

shape after long term maintaining in C3 and C4 from P8 onward (data not shown). 

Moreover, we found that these spheroid cells could be expanded as normal 

morphology as a monolayer after fed with C2. Based on these data, this feature may 

cause by long exposure to serum free-containing medium like C3 and C4. These 

results indicate that C3 and C4 are great for short term expansion but may not suitable 

for long term WJ-MSCs expansion. Focusing on cell morphology, primary culture of 

WJ-MSCs displayed as epithelioid cells in combination with short spindle shape in all 

conditions. Afterward, these cells transformed into long spindle shape like fibroblast 

cells (Figure 4.4). No significant difference of cell morphology was observed in the 

expanded cells from all conditions excluding at late passage which is described as 

above.
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Figure 4.1  Growth characteristic and proliferation of WJ-MSCs cultured in C1  

under normoxic condition (A). Cell morphology of WJ-MSCs    

cultured in C1 at P4 and P7 (B). All data are presented as               

mean  SD (n = 3). Magnification x40. Scale bar = 300 µm.

 

 

 

 

 

 

 

 



67

Figure 4.2  Proliferation and fold increase of WJ-MSCs cultured in C2-4 under 

hypoxic condition. Total cell numbers were determined throughout the 

culture time for 12 days (A). Fold increase values are presented as mean 

 SD (n = 3) (B). *P< 0.05 
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Figure 4.4   Cell morphology of WJ-MSCs cultured in C2 (A-C), C3 (D-F), and C4 

(G-I) at various passages. Magnification x40. Scale bar = 300 µm.
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4.2 Characterization of the expanded WJ-MSCs  

To determine the effect of ESCM on MSCs characteristics, the expanded cells 

from C3 and C4 were further characterized in comparison with those cultured in 

conventional medium C2. All common characteristics of MSCs including 

immunophenotypes, stemness gene expressions, and mesodermal-lineage 

differentiation potential were tested in the expanded cells at early and late passages. 

4.2.1  Immunophenotypes 

WJ-MSCs cultured in C2-4 were characterized for specific cell surface 

antigens by flow cytometry analysis. The expanded cells from all conditions were 

positive for CD29, CD44, and CD90 which are commonly expressed on MSCs. 

Moreover, these cells were negative for haematopoietic stem cells markers as CD34 

and CD45. Percent expression of these markers was quite similar in the expanded 

cells from different conditions (Table 4.1 and Figures 4.5-4.7). At early passage (P4), 

high positive percentages ranging from 89.87  2.44% to 98.90  0.20% were 

observed for CD29, CD44, and CD90. At late passage (P7), high positive percentages 

ranging from 94.98  2.13% to 98.36  0.29% were maintained for CD29 and CD44, 

whereas percent expression of CD90 was no significant decrease at C3 and C4 (Table 

4.1 and Figures 4.5-4.7).
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Table 4.1 Immunophenotypes characterization of WJ-MSCs cultured in C2-4 at               

P4 and P7 by flow cytometry analysis. The table shows mean values of 

percent positive cells ± SD to the total number of cells analyzed (n = 3). 

  Condition CD29 CD44 CD90 CD34 CD45 

C2 96.54 ± 1.63 94.33 ± 2.49 89.87 ± 2.44 0.61 ± 0.28 0.29 ± 0.08 

C3 95.64 ± 1.36 96.39 ± 2.16 94.83 ± 0.22 0.30 ± 0.04 0.27 ± 0.05 
P4

C4 98.90 ± 0.20 98.44 ± 0.17 96.15 ± 1.33 0.97 ± 0.31 0.63 ± 0.26 

C2 95.47 ± 1.98 94.98 ± 2.13 89.86 ± 2.98 0.47 ± 0.14 0.43 ± 0.21 

C3 97.56 ± 1.06 96.58 ± 0.46 87.11 ± 4.83 0.88 ± 0.11 0.43 ± 0.06 
P7

C4 98.36 ± 0.29 97.81 ± 0.05 88.30 ± 6.33 1.57 ± 0.14 0.77 ± 0.14 
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Figure 4.5  Representative immunophenotype characteristics of WJ-MCs cultured                

in C2 at P4 (A) and P7 (B) by flow cytometry analysis. Shaded 

histogram represents unstained controls, while open histogram 

represents positive staining with the indicated antibody. 
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Figure 4.6  Representative immunophenotype characteristics of WJ-MCs cultured     

in C3 at P4 (A) and P7 (B) by flow cytometry analysis. Shaded 

histogram represents unstained controls, while open histogram 

represents positive staining with the indicated antibody. 
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Figure 4.7  Representative immunophenotype characteristics of WJ-MCs cultured     

in C4 at P4 (A) and P7 (B) by flow cytometry analysis. Shaded 

histogram represents unstained controls, while open histogram 

represents positive staining with the indicated antibody. 
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4.2.2  Stemness gene expressions

The effect of an in vitro cultivation on stemness gene expressions of the 

expanded cells from different conditions was also investigated by RT-PCR analysis. 

These markers are key pluripotency-related genes essential for maintenance           

self-renewal and pluripotency properties of stem cells including embryonic stem cells. 

At early passage (P4), all stemness genes including Oct-4, Oct-3/4, Nanog, Klf-4,

C-Myc, and Sox-2 were expressed by the expanded cells from all conditions       

(Figure 4.8A). Additionally, the downregulation of Oct-4 and Nanog were observed in 

the expanded cells from C2 at late passage (P7) as compared to those cultured in C3 

and C4 (Figure 4.8B). These results indicate that ESCM-based medium C3 and C4 

could more support pluripotency properties of WJ-MSCs than conventional medium 

C2 even entry to late passage. Moreover, cells cultured from C2 seem to decrease the 

expression of pluripotency markers, Oct-4 and Nanog, with the increasing of cell 

passages number.  
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Figure 4.8 Stemness gene expressions of WJ-MSCs cultured in C2-4 at P4 (A) and 

P7 (B) by RT-PCR analysis. GAPDH mRNA expression was detected as 

PCR positive control and input template control. 
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4.2.3  Mesodermal-lineage differentiation potential 

To investigate mesodermal-lineage differentiation potential of WJ-MSCs 

cultured in different conditions, the expanded cells at P4 and P7 were induced into 

adipogenic, chondrogenic, and osteogenic lineages by using commercial 

differentiation media. Both early passage (P4) and late passage (P7), the expanded 

cells from all conditions successfully differentiated toward adipogenic, chondrogenic, 

and osteogenic lineages which were identified by oil red O staining, 1% alcian blue 

staining, and 2% alizarin red S staining, respectively (Figures 4.9 and 4.10). For 

adipogenic differentiation, the highest lipid vacuoles formation was observed in the 

expanded cells from C2 as compared to those cultured in C3 and C4. These results 

may imply that the expanded cells from C3 and C4 had lower differentiation potential 

into adipogenic lineage. However, the expanded cells from all conditions had 

differentiation potential into chondrogenic and osteogenic lineages in the same level 

both at early and late passages. Altogether, these results indicate that WJ-MSCs 

cultured in ESCM-based medium C3 and C4 had differentiation potential into 

mesodermal lineages similar to common characteristics of MSCs.  
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Figure 4.9    Adipogenic, chondrogenic, and osteogenic differentiations of WJ-MSCs 

cultured in C2 (A-C), C3 (D-F), and C4 (G-I) at P4, respectively. 

Adipogenic differentiation was evidence by oil red O staining of lipid 

vacuoles. Chondrogenic differentiation was examined by 1% alcian 

blue staining of proteoglycan synthesis. Osteogenic differentiation was 

confirmed by 2% alizarin red S staining of mineralized deposit. 

Magnification x200, x100, and x40 for adipogenic, chondrogenic, and 

osteogenic differentiations, respectively. Scale bar = 300 µm, 100 µm, 

and 50 µm for osteogenic, chondrogenic, and adipogenic 

differentiations, respectively.  
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Figure 4.10   Adipogenic, chondrogenic, and osteogenic differentiations of WJ-MSCs 

cultured in C2 (A-C), C3 (D-F), and C4 (G-I) at P7, respectively. 

Adipogenic differentiation was evidence by oil red O staining of lipid 

vacuoles. Chondrogenic differentiation was examined by 1% alcian 

blue staining of proteoglycan synthesis. Osteogenic differentiation was 

confirmed by 2% alizarin red S staining of mineralized deposit. 

Magnification x200, x100, and x40 for adipogenic, chondrogenic, and 

osteogenic differentiations, respectively. Scale bar = 300 µm, 100 µm, 

and 50 µm for osteogenic, chondrogenic, and adipogenic 

differentiations, respectively.  
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4.3  Growth factors, chemokines, and cytokines component in ESCM 

To investigate proteins component in ESCM that may involve in enhancing  

WJ-MSCs proliferation in vitro, cytokine array was performed in order to determine 

the existing growth factors in ESCM. Among 36 cytokines panel, ten of them were 

detected at significant higher levels in ESCM as compared to unconditioned medium 

which did not present any cytokines component (Figure 4.11A). The detected signals 

were translated as the intensity of pixel density which further calculated the relative 

fold change of cytokine levels between ESCM and unconditioned medium. The ten 

proteins presented in ESCM were complement component 5/5a (C5/C5a), granulocyte 

colony-stimulating growth factor (G-CSF), granulocyte-macrophage                 

colony-stimulating growth factor (GM-CSF), growth-related oncogene  (GRO ), 

soluble intercellular adhesion molecules 1 (sICAM-1), interleukin 6 (IL-6), 

interleukin 8 (IL-8), monocyte chemoattractant protein 1 (MCP-1), macrophage 

migration inhibitory factor (MIF), and serpin peptidase inhibitor, clade E (nexin, 

plasminogen activator inhibitor type 1), member 1 (Serpin E1). Among these proteins, 

GM-CSF, GRO , IL-6, IL-8, MCP-1, MIF, and Serpin E1 were increased by more 

than 15 folds in comparison with unconditioned medium (Figure 4.11B). MIF,   

MCP-1, and GRO  are members of the chemokine family which play crucial roles in 

several functions such as regulation of inflammation, development, wound healing 

including angiogenesis. G-CSF and GM-CSF are growth factors which most widely 

used in clinical for mobilizing stem cells particularly haematopoietic progenitor cells 

from bone marrow into the peripheral blood circulation. Other proteins detected in 

ESCM included IL-6 and IL-8. These cytokines have multifunction involved in 

biological activities of immune cells, immune regulation, and inflammation. In 
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addition to chemokines, cytokines, and growth factors, a soluble form of cell adhesion 

molecule as sICAM-1 and a serine proteinase inhibitor as Serpin E1 were also 

detected in ESCM. These results indicate that undifferentiated H9 human ES cells 

secrete a variety of cytokines, chemokines, and growth factors into their 

microenvironment as culture medium. These factors may have potential to enhance 

WJ-MSCs proliferation via a paracrine mechanism. However, human foreskin 

fibroblast feeders may secrete some of these proteins in addition to undifferentiated 

human ES cells because feeder cells still maintained in human ES culture system. 

Therefore, all proteins detected in ESCM may be produced by undifferentiated human 

ES cells in combination and human foreskin fibroblast feeders.                          
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Figure 4.11 Growth factors, chemokines, and cytokines component in ESCM 

compared to unconditioned medium. The positive signals of each 

protein were shown on developed film (A). The relative fold change of 

cytokine levels in ESCM was normalized with those observed in 

unconditioned medium (B). All data are presented as mean ± SD (n = 3).  
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4.4  Hepatogenic differentiation potential of WJ-MSCs

In addition to expansion and characterization of WJ-MSCs cultured in different 

conditions, the expanded cells from C2-4 were further investigated whether they have 

broader capacity to differentiate into other cell lineages from their origin. To 

determine the hepatogenic differentiation potential of WJ-MSCs, the expanded cells 

from C2-4 were induced into hepatic lineage in vitro by using our new hepatogenic 

induction medium as described in materials and methods. The differentiated cells or 

MSCs-derived hepatocyte-like cells (MSCDHC) were determined both phenotypes 

and functions of hepatocytes including cell morphology, hepatic-specific marker 

expressions both at gene and protein levels, glycogen storage, low density lipoprotein 

(LDL) uptake, albumin secretion, and urea production. 

4.4.1  Cell morphological changing

Cell morphology was determined on day 0, 7, 10, and 18 during 

differentiation. Undifferentiated cells (day 0) from all conditions had fibroblastic cell 

feature like common phenotype of MSCs. This feature still maintained throughout 

first stage of induction for 7 days. Upon entry into stage 2, WJ-MSCs cultured from 

C2 changed morphology from fibroblastic shape into epithelial shape earlier than 

those cultured from C3 and C4 on day 10 of differentiation period. However, about 

80-90% of these cells showed morphological changing similar to hepatocytes that 

have phenotype like polygonal epithelioid shape cells from day 12 until day 18 

(Figure 4.12). These findings indicate that WJ-MSCs cultured from C2-4 acquired 

hepatocyte-like cells phenotype after induction with our differentiation medium.  
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Figure 4.12  Hepatocyte-like cells phenotype of MSCDHC from C2-4. The cells  

from C2 (A, D, G, J), C3 (B, E, H, K), and C4 (C, F, I, L) gradually 

differentiated into hepatic lineage from day 0-18. The morphological 

changing of these cells was observed during differentiation in 

hepatogenic induction medium on day 0, 7, 10, and 18 of 

differentiation period. Magnification x100. Scale bar = 100 µm.  
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4.4.2  Hepatic-lineage gene and protein expressions 

To determine hepatic lineage marker expressions of MSCs-derived 

hepatocyte-like cells (MSCDHC) during differentiation period, the expression profiles 

at the mRNA level were investigated by RT-PCR analysis. The expressions of some 

mature hepatic markers including -1-antitrypsin (AAT), albumin (ALB), cytochrome 

P450 3A4 (CYP3A4), and glucose-6-phosphatase (G6P) were observed in 

undifferentiated cells from all conditions. However, these mature hepatic markers, 

AAT, ALB, and CYP3A4, were upregulated in a time-dependent manner by MSCDHC 

from all conditions after induction. Additionally, these cells showed compatible 

expression profiles between key hepatic transcription factor, hepatocyte nuclear factor 

4 alpha (HNF4 ), and mature hepatic marker (ALB) during differentiation. Moreover, 

the expression of HNF4  was detected in MSCDHC from C3 and C4 earlier than 

those detected in MSCDHC from C2. HNF4  expression is essential for inducing 

transcription of mature hepatic-specific genes during liver development. These 

findings imply that WJ-MSCs cultured from ESCM-based medium C3 and C4 had 

response to hepatogenic differentiation faster than those cultured from conventional 

medium C2. Altogether, the mRNA expressions of all hepatic-specific genes during 

hepatogenic differentiation were detected in MSCDHC from all conditions in the 

aspect of using different conditions (C2-4) to culture the cells prior hepatogenic 

induction (Figure 4.13).       

To confirm in vitro hepatogenic differentiation of WJ-MSCs, the protein 

expressions of mature hepatic markers as albumin (ALB) and cytokeratin 18 (CK-18) 

were analyzed in MSCDHC by immunocytochemical staining. Undifferentiated cells 

(day 0) from all conditions did not express both ALB and CK-18 proteins. In contrast, 
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MSCDHC revealed the signal intensity of positive staining from weak signal at the 

first stage of induction until day 7. However, the positive signals became stronger 

after entry into stage 2 (day 12) and significant signals were observed at day 18. 

These significant up-regulations of ALB (Figure 4.14) and CK-18 (Figure 4.15) were 

detected in MSCDHC from all conditions in a time-dependent manner during 

differentiation. These results demonstrate that MSCDHC from ESCM-based medium 

C3 and C4 could express hepatic lineage markers both at gene and protein levels 

similar to MSCDHC from conventional medium C2. In addition, the expression 

profiles of hepatic lineage markers were consistent with the morphological changing 

of these cells during differentiation. These findings confirm that MSCDHC from all 

conditions acquired hepatocyte-like cells phenotypes both cell morphology and 

hepatic lineage marker expressions after hepatogenic lineage induction.
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Figure 4.13 Hepatic marker expression profiles of MSCDHC from C2-4. Total      

RNA was isolated from the cells at different time points during 

differentiation and the mRNA expressions of hepatic specific genes 

were analyzed by RT-PCR. Undifferentiated cells were used as 

negative control. HepG2 was used as positive control. GAPDH mRNA 

expression was detected as input template control.  
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Figure 4.14 Immunocytochemistry analysis of albumin expressions (ALB) in 

MSCDHC from C2-4. These cells were stained with rabbit 

polyclonal anti-human albumin (ALB, green color) at different time 

points following differentiation. Cells nuclei were counterstained 

with DAPI (blue color). Magnification x200. Scale bar = 50 µm.  
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Figure 4.15  Immunocytochemistry analysis of cytokeratin 18 expressions (CK-18) in 

MSCDHC from C2-4. These cells were stained with mouse 

monoclonal anti-human cytokeratin 18 (CK-18, green color) at 

different time points following differentiation. Cells nuclei were 

counterstained with DAPI (blue color). Magnification x200.          

Scale bar = 50 µm.  
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4.4.3  Biological functions of MSCs-derived hepatocyte-like cells 

To determine whether MSCDHC from all conditions had characteristics 

similar to functional hepatocytes, hepatic functions were evaluated in these cells 

during differentiation. PAS staining was performed to determine glycogen storage 

capacity of hepatocytes. In comparison to undifferentiated cells (day 0), MSCDHC 

from all conditions displayed positive for PAS staining which indicated the presence 

of glycogen inside the cells earlier on day 12 of differentiation. The positive signals 

were stronger on day 18 (Figure 4.16). Notably, MSCDHC from ESCM-based 

medium C3 and C4 showed positive PAS staining on day 18 stronger than those from 

conventional medium C2. Cellular uptake of low-density lipoprotein (LDL) is a one 

characteristic of functional hepatocytes. MSCDHC from all conditions could uptake 

LDL into the cells during differentiation period in a time-dependent manner whereas 

undifferentiated cells (day 0) did not perform this ability (Figure 4.17). Moreover, 

albumin secretion and urea production are major indicators of functional hepatocytes. 

Hepatocytes are responsible for plasma proteins synthesis which includes production 

and secretion of albumin to support homeostasis of blood circulation. Undifferentiated 

cells (day 0) from all conditions did not secrete detectable level of albumin even the 

mRNA expression was detected by RT-PCR analysis. Following differentiation, 

MSCDHC from all conditions continuously secreted albumin after entry into stage 2 

of induction. On day 12, MSCDHC from C3 and C4 showed increasing of albumin 

secretion in comparison to those from C2 approximately 2 and 4 folds, respectively. 

Although the highest albumin secretion was observed in MSCDHC from C3 and C4, 

these levels were slightly decreased on day 18. Notably, MSCDHC from C2 could 

maintain albumin secretion capacity as the same range throughout induction period 
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(Figure 4.18). In comparison to HepG2, MSCDHC from ESCM-based medium C3 

and C4 had higher capacity to secrete albumin while MSCDHC from conventional 

medium C2 could secrete albumin as the same range of HepG2 did. These data 

demonstrate that MSCDHC from all conditions can produce albumin like regular 

functional hepatocytes. 

Urea is a by-product of toxic compound detoxification which is a one 

crucial activity of functional hepatocytes. The highest level of urea production was 

observed in MSCDHC from C2 at all points of differentiation period in comparison to 

those from C3 and C4. Notably, MSCDHC from all conditions could produce urea 

earlier on day 7 of induction. Furthermore, the urea levels produced by these cells did 

not increase in a time-dependent manner as it should be, but rather maintenance in 

steady levels throughout the induction period. In comparison to HepG2, MSCDHC 

from C2 had higher capacity to produce urea while MSCDHC from C3 and C4 could 

produce urea as the same range of HepG2 did (Figure 4.19). These data demonstrate 

that MSCDHC from all conditions could produce urea in respond to detoxification 

process similar to functional hepatocytes. Taken together, the data indicated that 

MSCDHC from C2 had superior detoxifying function over MSCDHC from C3 and 

C4. Conversely, MSCDHC from C3 and C4 had superior capacity to secrete albumin 

over MSCDHC from C2. According to all hepatic characteristics tests, these results 

confirm that WJ-MSCs from C2-4 had differentiation potential into hepatic lineage as 

functional hepatocyte-like cells.   
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Figure 4.16  Periodic acid–schiff (PAS) staining of MSCDHC from C2-4. Positive 

staining refers to purple color of glycogen granules in the cells at 

different time points following differentiation. Magnification x100. 

Scale bar = 100 µm.             
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Figure 4.17  Low-density lipoprotein (LDL) uptake ability of MSCDHC from C2-4. 

LDL granules were detected by red color of LDL conjugated with 

fluorochromes in the cells at different time points following 

differentiation. Magnification x100. Scale bar = 100 µm. 
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Figure 4.18 Albumin secretion by MSCDHC from C2-4. Albumin concentrations 

were determined by ELISA at different time points during 

differentiation. HepG2 was used as positive control. All data are 

presented as mean ± SD (n = 3). *P< 0.05 
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Figure 4.19  Urea production by MSCDHC from C2-4. Urea concentrations were 

determined by colorimetric assay at different time points during 

differentiation. HepG2 was used as positive control. All data are 

presented as mean ± SD (n = 3). *P< 0.05 
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4.5 Effect of Gynura procumbens on hepatogenic differentiation of 

WJ-MSCs

It was evidence that ethanolic leaves extract of Gynura procumbens or 

paetumpung not only restored blood glucose level of streptozotocin-induced type 2 

diabetic rats but also improved the liver function in previous study of Dr. Wilairat 

Leeanansaksiri’s Laboratory. From this result, we hypothesized that this medicinal 

plant extract has potency to rescue liver damage as well as providing the effect on 

hepatocytes regeneration. To determine whether the ethanolic leaves extract of         

G. procumbens can facilitate WJ-MSCs differentiation into hepatic lineage in vitro, 

this medicinal plant extract at 200 ng/mL was supplemented into hepatogenic 

induction medium at various time points of differentiation as day 1-7, day 8-13, day 

8-18, and day 1-18. To clearly observe the effect of this extract on supportive hepatic 

differentiation in vitro, induction medium used in stage 2 was adjusted by decreasing 

cytokines concentrations down to one fold. Also, we excluded the hepatogenic 

cytokines and added this extract at 200 ng/mL only into the induction medium to 

confirm their effects on hepatic differentiation of WJ-MSCs. Moreover, hepatogenic 

induction medium without additional this medicinal plant extract was used as a 

control to compare the effect of this extract on the cells. Here, WJ-MSCs         

cultured from conventional medium C2 were used to investigate the effect of            

G. procumbens leaves extract on hepatogenic differentiation in vitro. After 

accomplishment of MSCDHC differentiation, the MSCDHC cells were subjected to 

hepatocytes characterization in both phenotypes and functions levels including       

cell morphology, hepatic-specific gene and protein expressions, glycogen storage, low 

density lipoprotein (LDL) uptake, albumin secretion, and urea production.  
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4.5.1  Cell morphological changing

Cell morphological changing of MSCDHC was determined at the end of 

differentiation period on day 18. Undifferentiated cells had fibroblastic cell feature 

like common phenotype of MSCs throughout the culture period (Figure 4.20A). Also, 

the treated cells with hepatogenic induction medium which contained G. procumbens 

leaves extract (200 ng/mL) alone could not differentiate into hepatocyte-like cells as 

shown by the appearance of fibroblastic phenotype like MSCs after complete 

induction (Figure 4.20B). Therefore, we excluded the treated cells with                     

G. procumbens leaves extract alone (without additional the hepatogenic cytokines) for 

further hepatocytes characterization. On the contrary, all treated cells with 

hepatogenic induction medium which contained the hepatogenic cytokines with or 

without additional this extract could differentiate into hepatic lineage as shown by the 

appearance of hepatocyte-like cells morphology at the end of induction. Upon 

induction, these cells still maintained fibroblastic cell phenotype throughout first stage 

of induction. Upon entry into stage 2, these cells gradually changed morphology from 

fibroblastic shape into epithelial shape from day 10 onward (data not shown). On day 

18, about 80-90% of treated cells with or without additional this medicinal plant 

extract showed cell morphology similar to hepatocytes as polygonal epithelioid shape 

(Figure 4.20C-G). These findings reveal that G. procumbens leaves extract did not 

have negative effect on hepatogenic differentiation of WJ-MSCs at least in cell 

phenotype. The difference in cell morphology could not be observed among treated 

cells with this extract at various time points of differentiation period. However, these 

results indicate that the extract could support hepatogenic differentiation of WJ-MSCs 

and yield normal hepatocytes morphology after complete induction.       
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Figure 4.20 Cell morphology of MSCDHC in induction medium with or without 

additional G. procumbens leaves extract (200 ng/mL) at various time 

points of differentiation period. Undifferentiated cells were used as 

negative control (A). Treated cells with G. procumbens leaves extract 

alone (without additional the hepatogenic cytokines) were shown as 

picture B. Treated cells with hepatogenic induction medium were 

further supplemented with this extract during day 1-7 (C), day 8-13 

(D), day 8-18 (E), and day 1-18 (F) to observe morphological changing 

of MSCDHC at the end of differentiation on day 18. MSCDHC cells 

without adding the extract were used as a control (G). Magnification 

x200. Scale bar = 50 µm.  
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4.5.2  Hepatic-lineage gene and protein expressions 

To determine hepatic lineage marker expressions of MSCDHC after 

complete induction, the expression profiles at the mRNA level were investigated by 

RT-PCR analysis. At the end of induction on day 18, all treated cells with hepatogenic 

induction medium expressed mature hepatic markers such as albumin (ALB),  

glucose-6-phosphatase (G6P), and transthyretin (TTR) at the mRNA level. Although 

these markers were also observed in undifferentiated cells, the expression of             

-1-antitrypsin (AAT) was strong detected in MSCDHC with or without additional   

G. procumbens leaves extract only. Additionally, the expression of key hepatic 

transcription factor as hepatocyte nuclear factor 4 alpha (HNF4 ) could be detected in 

all G. procumbens treated cells at 200 ng/mL with low level whereas undifferentiated 

cells did not totally express this marker. From these data imply that G. procumbens 

leaves extract could drive WJ-MSCs into hepatic lineage. The low expression level 

may be affected by using induction medium with decreasing cytokines concentrations 

down to one fold from original formula used in previous experiment. Focusing on the 

effect of this extract on hepatogenic differentiation, no difference in hepatic marker 

expressions were observed among treated cells with or without additional                 

G. procumbens leaves extract at various time points of differentiation period (Figure 

4.21).  

To confirm in vitro hepatogenic differentiation of WJ-MSCs, the 

expression of mature hepatic markers, albumin (ALB) and cytokeratin 18 (CK-18), 

were further analyzed at protein level by immunocytochemical staining of MSCDHC 

on day 18. Undifferentiated cells did not express both ALB (Figure 4.22) and CK-18 

(Figure 4.23) at protein level. Like the mRNA expression, more than 80% of all       

 

 

 

 

 

 

 

 



 

100

G. procumbens treated cells could express both ALB and CK-18 at the end of 

induction. Moreover, we could not discriminate the difference of these protein 

expressions among treated cells with or without additional this extract. Taken 

together, these results reveal that the ethanolic leaves extract of G. procumbens can 

support hepatogenic differentiation of WJ-MSCs as analyzed by both cell morphology 

and hepatic lineage marker expressions.  
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Figure 4.21  Hepatic marker expressions of MSCDHC in induction medium with or 

without additional G. procumbens leaves extract (200 ng/mL) at 

various time points of differentiation period. Undifferentiated cells 

were used as negative control. Treated cells with hepatogenic induction 

medium were further supplemented with this extract during day 1-7, 

day 8-13, day 8-18, and day 1-18. Treated cells without adding this 

extract were used as a control. Total RNA was isolated from the cells 

to observe the hepatogenic mRNA expression profiles of MSCDHC at 

the end of differentiation on day 18. HepG2 was used as positive 

control. GAPDH mRNA expression was used as internal control. 
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Figure 4.22  Hepatic marker expressions (ALB) of MSCDHC in induction medium 

with or without additional G. procumbens leaves extract (200 ng/mL) 

at various time points of differentiation period. Undifferentiated cells 

were used as negative control. Treated cells with hepatogenic induction 

medium were further supplemented with this extract during day 1-7, 

day 8-13, day 8-18, and day 1-18. Treated cells without additional 

extract were used as a control. Percentages of ALB expressions were 

calculated by counting the total numbers of positive stained cells 

relative to the total numbers of cell nuclei. All data are presented as 

mean ± SD (n = 3). 
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Figure 4.23  Hepatic marker expressions (CK-18) of MSCDHC in induction medium 

with or without additional G. procumbens leaves extract (200 ng/mL) 

at various time points of differentiation period. Undifferentiated cells 

were used as negative control. Treated cells with hepatogenic induction 

medium were further supplemented with this extract during day 1-7, 

day 8-13, day 8-18, and day 1-18. Treated cells without additional 

extract were used as a control. Percentages of CK-18 expressions were 

calculated by counting the total numbers of positive stained cells 

relative to the total numbers of cell nuclei. All data are presented as 

mean ± SD (n = 3). 
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4.5.3  Biological functions of MSCs-derived hepatocyte-like cells 

To determine whether MSCDHC are acquired characteristics of 

functional hepatocytes after complete induction, hepatic functions were evaluated in 

these cells at the end of induction on day 18. PAS staining was performed to 

determine glycogen storage capacity of hepatocytes. In comparison to undifferentiated 

cells, treated cells with or without additional this extract displayed positive for PAS 

staining which indicated the presence of glycogen inside the cells on day 18 of 

differentiation (Figure 4.24). Cellular uptake of low-density lipoprotein (LDL) is a 

one characteristic of functional hepatocytes. At the end of induction, all treated cells 

could uptake LDL into the cells whereas undifferentiated cells did not perform this 

ability (Figure 4.25). Although treated cells with or without additional this extract 

acquired the characteristics of functional hepatocytes like glycogen storage and LDL 

uptake, the supportive effect of this extract still unclear. Furthermore, the other tests 

were also investigated to clarify the benefit of this extract. Regarding determination of 

albumin secretion, undifferentiated cells did not secrete detectable level of albumin 

even low mRNA expression was detected by RT-PCR analysis. Conversely, treated 

cells with or without additional this extract could secrete albumin after complete 

induction for 18 days. Interestingly, treated cells with additional G. procumbens 

leaves extract on day 1-7 showed significant higher level of albumin secretion than 

those observed in treated cells with induction medium alone (without G. procumbens 

leaves extract) (Figure 4.26). In comparison to HepG2, all MSCDHC treated cells 

showed higher capacity to secrete albumin than HepG2 did. This finding confirms 

that the extract supports albumin secretion capacity of MSCDHC. According to urea 

production, all treated cells with additional this extract in different duration produce 
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more urea than cells differentiated in induction medium alone. Like albumin 

secretion, treated cells with this extract supplementation on day 1-7 showed 

significant higher level of urea production than those observed in cells without adding 

this extract (Figure 4.27). Taken together, these results demonstrate that this 

medicinal plant extract provided supportive hepatogenic differentiation of WJ-MSCs, 

especially adding on day 1-7.  
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Figure 4.24  Periodic acid–schiff (PAS) staining of MSCDHC in induction medium 

with or without adding G. procumbens leaves extract (200 ng/mL) at 

various time points of differentiation period. Undifferentiated cells 

were used as negative control (A). Treated cells with hepatogenic 

induction medium were further supplemented with this extract during 

day 1-7 (B), day 8-13 (C), day 8-18 (D), and day 1-18 (E). Treated 

cells without additional this extract were used as a control (F). Positive 

staining refers to purple color of glycogen granules in the cells at the 

end of differentiation on day 18. Magnification x100. Scale bar = 100 

µm.             
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Figure 4.25  Low-density lipoprotein (LDL) uptake capacity of MSCDHC in 

induction medium with or without adding G. procumbens leaves 

extract (200 ng/mL) at various time points of differentiation period. 

Undifferentiated cells were used as negative control (A). Treated 

cells with hepatogenic induction medium were further supplemented 

with this extract during day 1-7 (B), day 8-13 (C), day 8-18 (D), and 

day 1-18 (E). Treated cells without additional this extract were used 

as a control (F). LDL granules were detected by red color of LDL 

conjugated to fluorochromes at the end of differentiation on day 18. 

Magnification x100. Scale bar = 100 µm. 
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Figure 4.26  Albumin secretion of MSCDHC in induction medium with or without 

additional G. procumbens leaves extract (200 ng/mL) at various time 

points of differentiation period. Undifferentiated cells were used as 

negative control. Treated cells with hepatogenic induction medium 

were further supplemented with this extract during day 1-7, day 8-13, 

day 8-18, and day 1-18. Treated cells without additional this extract 

were used as a control. Albumin concentrations were determined by 

ELISA at the end of differentiation on day 18. HepG2 was used as 

positive control. All data are presented as mean ± SD (n = 3). *P< 0.05 
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Figure 4.27 Urea production of MSCDHC in induction medium with or without 

additional G. procumbens leaves extract (200 ng/mL) at various time 

points of differentiation period. Undifferentiated cells were used as 

negative control. Treated cells with hepatogenic induction medium 

were further supplemented with this extract during day 1-7, day 8-13, 

day 8-18, and day 1-18. Treated cells without additional this extract 

were used as a control. Urea concentrations were determined by 

colorimetric assay at the end of differentiation on day 18. HepG2 was 

used as positive control. All data are presented as mean ± SD (n = 3). 

*P< 0.05 
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CHAPTER V 

DISCUSSION 

5.1 The effect of ESCM on enhancing proliferation of WJ-MCSs 

To date, umbilical cord Wharton’s jelly is interesting as a new source of MSCs. 

This source shows superior advantages over the other sources such as easy collection 

with non-invasive procedure and enrichment with MSCs. Umbilical cord     

Wharton’s jelly is derived from the extraembryonic mesoderm which is more 

primitive origin than other adult tissues. The WJ-MSCs have common MSCs 

characteristics including self-renewal potential, low immunogenic property, and 

paracrine factor secretions. Interestingly, increasing evidences have been revealed that 

WJ-MSCs shared common pluripotency markers of humans ES cells including 

mutilineages differentiation potential into all three germ layers (Troyer and Weiss, 

2008). These benefits make WJ-MSCs to be a promising candidate for using as     

cell-based therapy. In clinical use, a large number of cells approximately 2-5 x 10
6
 

cells/kilogram body weights of patients are required for effective therapy. Thus,        

in vitro expansion is still needed to up-scale the cells in a short period of time for 

effective clinical applications. Typically, MSCs can grow in a common used culture 

medium as DMEM supplemented with 10% FBS. However, it has been reported that 

this medium failed to support MSCs proliferation in a long-term culture (Nekanti, 

Rao, Bahirvani, Jan, Totey, and Ta, 2010). In this study, we also demonstrated that 

this medium is unable to accelerate the cells even in a short period of time in a normal 
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oxygen tension as 20% O2 and 5% CO2. Additionally, FBS is not suitable for clinical 

use because it serves as undesirable source of contamination by pathogens and 

xenogeneic proteins. Thus, other supplementation factors are required for replacement 

of using FBS. Several studies have been investigated alternative sources of new 

growth factor for MSCs expansion in vitro. One study applied a complex medium 

which had component based on culture medium for human ES cells to culture        

WJ-MSCs in vitro. They observed high expansion capacity of the cells while still 

maintenance of stem cells properties after expansion with this medium (Fong et al., 

2010). These findings indicate that the complex medium is a richer source of several 

factors needed for supporting WJ-MSCs proliferation. At present, the effect of 

embryonic stem cells conditioned medium (ESCM) on proliferation rate of MSCs has 

not been investigated. Here, we are the first group that investigated whether ESCM 

can be used as culture medium for WJ-MSCs in vitro under hypoxic condition. We 

found that ESCM-based medium effectively enhanced WJ-MSCs proliferation 

approximately 204.66  10.39 folds for C3 and 424.88  14.62 folds for C4 within 12 

days or around 2 weeks under hypoxic condition. These results reveal that EGF 

contains potent enhancement effect on WJ-MSCs proliferation when synergize the 

effect with ESCM. On the contrary, conventional medium C2 could expand the cells 

only 113.77  7.89 folds in the same atmosphere condition. These findings were 

consistent with shorter mean population doubling time (PDT) of the expanded cells 

when compared with C3 and C4. Among different media of C2-4 under hypoxic 

condition, WJ-MSCs cultured in C2 used longest PDT as 41.10  0.90 h and        

43.30  0.89 h for early and late passages, respectively. Similarity, Nekanti et al. 

(2010) also observed longer doubling time of WJ-MSCs cultured by DMEM-LG as 
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approximately 63 h under normoxic condition. In consistency, our results showed that 

DMEM-LG under normoxic condition (C1) could not support WJ-MSCs both 

phenotype and proliferation rate. In addition, the expanded cells from C2 (DMEM-LG 

under hypoxic condition) exhibited shorter doubling time than WJ-MSCs cultured in 

C1 under normoxic condition although media in C1 and C2 are the same. Taken 

together, these findings reflect the influence of hypoxic condition which provides 

enhancing effect on WJ-MSCs proliferation in vitro. Previous study investigated the 

effect of hypoxic condition on gene expression profiles and growth kinetics of       

WJ-MSCs. They found the upregulation of several stem cells markers and early 

expression of mesodermal/endothelial related genes including improving proliferation 

of the cells under hypoxic condition (Nekanti, Dastidar, Venugopal, Totey, and Ta, 

2010). These data imply that low oxygen tension or hypoxic condition is more 

suitable for WJ-MSCs expansion than typical atmosphere of 20% oxygen tension.  

Among different conditions, WJ-MSCs cultured in C3 and C4 had fast doubling 

time ranging from 37.13 to 39.00 h and 33.57 to 35.70 h, respectively. Similarity, 

Fong et al. (2010) also found the shortest PDT around 24 h in the expanded cells from 

complex medium. This medium contains specific component used for human ES cells 

culture such as FGF, ITS, and –mercaptoethanol. Although complex medium seems 

to support extensive cell proliferation, this medium still retains high proportion of 

20% FBS which is not appropriate for therapeutic applications. In this study, we used 

Knockout-DMEM (KO-DMEM) supplemented with Knockout-serum replacement for 

ES cells culture in order to minimize exposure to animal serum and other components. 

Thus, ESCM obtained from this system serves as serum-free, chemically defined 

conditioned medium which less contaminates with undesirable xenogeneic 
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substances. Taken together, ESCM serves as more suitable medium for WJ-MSCs 

expansion for therapeutic purposes. It has been reported that KO-DMEM is the best 

culture medium for in vitro expansion of WJ-MSCs. These expanded cells had faster 

PDT approximately 25 h in early passages while they still preserved the stemness 

properties even after extensive expansion (Nekanti et al., 2010). The faster doubling 

time may be caused by KO-DMEM medium itself and FBS in its component. Here, 

we agree with previous study that KO-DMEM optimizes for WJ-MSCs cultivation 

including supportive cell proliferation better than DMEM-LG. Interestingly, we 

observed that high seeding density impacts on proliferation and morphological 

changing of the expanded cells from ESCM after long term culture. These evidences 

were shown by aggregation of the cells like spheroid shape after plating from P8 

onward. Similarly, this phenomenon also presented in human skin-derived 

mesenchymal stem cells after feeding with serum-free basal medium supplemented 

with FGF-2, EGF, B27, and LIF (Riekstina, Muceniece, Cakstina, Muiznieks, and 

Ancans, 2008). Toma et al. (2005) explained these findings that are characteristics of 

stem cells in early stage under serum-free culture condition. Another study found that 

amniotic epithelium cells isolated from human amnion layer had capacity to form 

spheroid body in high density culture condition (Miki, Lehmann, Cai, Stolz, and 

Strom, 2005). Additionally, the cells in spheroid could express stem cell markers that 

have been detected in human ES cells. Taken together, this feature seems to be a one 

characteristic of pluripotent stem cells under high cell density and serum-free culture 

condition.  

ESCM provided greater proliferation capacity of WJ-MSCs as well as 

preserving common MSCs characteristics including cells morphology, cell surface 

 

 

 

 

 

 

 

 



 

114

marker expressions, and mesodermal lineages differentiation potential. Moreover, the 

expanded cells from ESCM could preserve pluripotency properties as evidences by 

stemness marker expressions and normal cell cycle distribution. In addition, the 

expressions of stemness genes including Oct-4 and Nanog could not be detected in 

late passages cells cultured from conventional medium C2, in contrast, with those 

cultured from ESCM-based medium C3 and C4. These findings indicate that 

conventional medium (DMEM-LG supplemented with 10% FBS) could not support 

stemness genes expression of WJ-MSCs after extensive in vitro expansion but ESCM 

as C3 and C4 could. Oct-4 and Nanog are transcription factors required for 

maintenance the pluripotency and self-renewal of human ES cells (Chambers and 

Tomlinson, 2009). It has been reported that ectopic overexpression of Nanog and 

Oct-4 improved both cell proliferation and stemness properties of BM-MSCs (Liu et 

al., 2009). In addition to our results, these transcription factors exhibit as a repertoire 

of pluripotent markers required for maintenance the stemness fate of stem cells both 

human ES cells and MSCs. EGF may be a one factor which involved not only 

increasing proliferation but also preserving stemness properties of the cells. Several 

studies revealed that EGF facilitates MSC proliferation without inducing 

differentiation into any specific lineages (Tamama, Fan, Griffith, Blair, and Wells, 

2006). In addition to our results, EGF serves as additional growth factor not only for 

supporting in vitro MSCs expansion but also preserving their stemness fate. In 

conclusion, our results reveal the benefit of ESCM in terms of facilitating WJ-MSCs 

expansion as well as preserving common MSCs characteristics both cellular and 

molecular levels. ESCM may serve as remarkable medium for short term in vitro 

expansion in order to up-scale WJ-MSCs that is required for therapeutic value. 

 

 

 

 

 

 

 

 



 

115

Additionally, the cost of cell culture will be saved by reusing conditioned medium 

from human ES cells as culture medium for WJ-MSCs.  

 

5.2 ESCM is a rich source of cytokines, chemokines, and growth 

factors

Our results reveal that ESCM is a rich source of protein factors secreted by 

undifferentiated H9 human ES cells culture including C5/C5a, G-CSF, GM-CSF, 

GRO , sICAM-1, IL-6, IL-8, MCP-1, MIF, and Serpin E1. These proteins are 

cytokines, chemokines, and growth factors which some of them involved in various 

biological activities of MSCs. MIF, MCP-1, and GRO  are members of the 

chemokine family which play crucial roles in several functions such as regulated 

inflammation, development, wound healing including angiogenesis. Several studies 

have been reported that MIF and MCP-1 play roles in regulating MSCs migration. 

MCP-1 had ability to trigger MSCs migration into the lesions both in vitro and in vivo 

studies in conditions of ischemic cerebral tissues and breast tumor (Li and Jiang, 

2011; Rice and Scolding, 2010). Increasing evidences revealed the important 

functions of MCP-1 and MSCs for BM-MSCs homing into the site of injury in 

ischemic myocardium and facilitating the repairing process (Wu and Zhao, 2012). In 

addition to inducing MSCs migration, MCP-1 provided a trend to affect MSCs 

proliferation at 50 ng/mL and 100 ng/mL (Rice and Scolding, 2010). Conversely, it 

has evidence that MIF had ability to inhibit MSCs migration into the sites of 

inflammation (Barrilleaux et al., 2009). However, previous studies found that MIF 

involved in regulating proliferation and preventing senescence in murine embryonic 

fibroblasts (MEFs) under hypoxic condition (Welford et al., 2006). MIF has been 
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shown to inhibit activity of p53 tumor suppressor gene which resulted in proliferation 

and extension of MEFs life span (Fingerle-Rowson et al., 2003; Hudson et al., 1999). 

GRO  is a chemokine that plays crucial roles in inflammation and tumorigenesis. 

Accumulating data revealed that GRO  involved in tumor development and invasion. 

These effects were hypothesized that associated with the presence of p53 mutation 

(Ogata et al., 2010). Although GRO  exhibits as an indicator of tumor development, it 

has been reported that GRO  also plays a role in proliferation and migration of human 

oligodendrocyte based on in vitro study (Filipovic, Jakovcevski, and Zecevic, 2003). 

From these data, we hypothesized that the chemokines presented in ESCM may 

provide some effect on WJ-MSCs at least in parts of cells survival and proliferation.  

G-CSF and GM-CSF are growth factors which most widely used in clinical for 

mobilizing stem cells particularly haematopoietic progenitor cells from bone marrow 

into the peripheral blood circulation ( )Gertz, 2010 . These growth factors have been 

used as cocktail medium for promoting haematopoietic progenitor cells expansion in

vitro (Liu, Liu, Fan, Ma, and Cui, 2006), but the effect on other progenitor cells has 

not been reported. G-CSF and GM-CSF have not been detected as secreted factors by 

human ES cells but they actually observed at low levels in conditioned medium from 

human dermal fibroblast including human MSCs (Chen, Tredget, Wu, and Wu, 2008). 

This finding may mirror the importance of human fibroblast feeder for maintenance 

pluripotency properties of undifferentiated human ES cells by secreting a variety 

factors including G-CSF and GM-CSF. In MSCs, previous studies found that MSCs 

could produce haematopoietic growth factors required for supporting proliferation of 

haematopoietic stem cells in their microenvironment as paracrine mechanism (Li and 

Wu, 2011). However, it has not been reported about the role of these factors in MSCs.  
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IL-6 and IL-8 also detected in ESCM. These proinflammatory cytokines involve 

in regulated biological activities of immune cells and inflammation. Interestingly, it 

has evidence that IL-6 plays a role in maintenance undifferentiated state of MSCs. 

Song et al. (2006) reported that IL-6 expression was downregulated during MSCs 

differentiation and this expression was upregulated upon de-differentiation MSCs to 

undifferentiated state. Moreover, subsequent study also revealed that IL-6 is essential 

for enhancing BM-MSC proliferation as well as maintaining undifferentiated state of 

the cells via ERK1/2 pathway (Pricola, Kuhn, Haleem-Smith, Song, and Tuan, 2009). 

Similarity, human placental mesenchymal stem cells showed increasing proliferation 

in responding to low concentrations of proinflammatory cytokines including IL-6 and 

IL-8 (Li et al., 2007). Thus, IL-6 and IL-8 components in ESCM seem to provide 

additional supportive effect on increasing proliferation of WJ-MSCs as well as 

maintaining the cells in undifferentiated state in the same time. In addition to 

chemokines, cytokines, and growth factors, a soluble form of cell adhesion molecule 

as sICAM-1 was also detected in ESCM. ICAM-1 is a member of the 

immunoglobulin superfamily of adhesion molecules which are presented on various 

cell types such as endothelial cells. ICAM-1 exhibits as leukocyte adhesion receptor 

on endothelial cells which can trigger leukocytes into the site of inflammation 

(Hubbard and Rothlein, 2000). In ES cells, this protein has been shown as a marker 

for defining undifferentiated state of ES cells (Cui et al., 2004). Ren et al. (2010) 

demonstrated that ICAM-1 and VCAM-1 were also expressed on MSC and mediating 

immunosuppression on T cells as cell-to-cell interactions. At present, however, the 

role of their soluble form (sICAM-1) is still unknown. Serpin E1 or also known as 

PAI-1 is a serine proteinase inhibitor which plays a role in several biological 
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processes such as regulated hemostasis, wound healing, atherosclerosis, metabolic 

disturbances, and tumor angiogenesis (Lijnen, 2005). It has been reported that PAI-1 

exhibited as a migration-related protein which their expression involved in regulating 

the migration capacity of MSCs (Li et al., 2009). Like MSCs, this protein was also 

produced by ES cells but the role of them has not been investigated (LaFramboise et 

al., 2010). Altogether, both sICAM-1 and Serpin E1 are unlikely relevance in 

regulating cell proliferation of WJ-MSCs.  

This study defined protein factors in ESCM which may contribute to supporting 

WJ-MSCs proliferation. In addition, other proteins outside of this cytokines array kit 

may provide additional effect on cell proliferation. One candidate factor is bFGF. The 

bFGF is a member of the FGF family which has several functions on the cells such as 

proliferation, differentiation, survival, and motility (Kashiwakura and Takahashi, 

2005). It has been reported that human foreskin fibroblast feeders support 

undifferentiated state of human ES cells by their endogenous bFGF synthesis (Park et 

al., 2011). In addition, Levenstein et al. (2006) found that exogenous supplementation 

with high concentrations of bFGF could support self-renewal of human ES cells 

equivalent to using fibroblast feeders or fibroblast conditioned medium. These results 

confirm that bFGF plays an important role in stabilizing undifferentiated state of 

human ES cells. In MSCs, it has evidence that exogenous supplementation with bFGF 

into basal medium could promote MSCs proliferation in vitro (Bianchi et al., 2003). 

Based on these data, we believed that bFGF is a one crucial factor in ESCM involved 

in WJ-MSCs proliferation. Some of these factors presented in ESCM as MIF, PAI-1, 

sICAM-1, IL-6, and IL-8 have also been detected in conditioned medium of 

undifferentiated H1/H9 (Bendall et al., 2009) and Hsf1 human ES cells lines 
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(LaFramboise et al., 2010). Interestingly, undifferentiated H1 and H9 human ES cells 

lines could produce other proteins such as bFGF and TGF 1 which have been 

identified as growth factors for inducing MSCs proliferation. Jian et al. (2006) 

reported that TGF 1 induced BM-MSCs proliferation through a novel mechanism of 

cross-talk between the TGF-  and Wnt signaling pathways. Additionally, the 

combination of TGF- , PDGF, and bFGF was shown to support BM-MSCs growth in 

a serum-free medium up to 5 passages (Ng et al., 2008). Based on these data, we 

believed that bFGF and TGF 1 also present in ESCM similar to those observed in 

conditioned medium from previous study because ESCM obtained from culture 

medium of the same H9 human ES cells lines. Thus, these factors may partly drive the 

proliferation of WJ-MSCs in addition to other proteins. These data suggest that 

undifferentiated human ES cells can secrete a variety of cytokines, chemokines, and 

growth factors into their microenvironment. These factors can further stimulate 

behaviors of other cells via paracrine signaling. Taken together, ESCM provides a 

rich source of several factors for WJ-MSCs expansion which is also able to preserve 

stem cells properties of the expanded cells. In addition, the expanded WJ-MSCs cells 

may serve as abundant stem cells source for effective therapeutic applications in the 

future.   

 

5.3 WJ-MCSs serve as a new source of functional hepatocyte-like 

cells

In addition to expansion and characterization of WJ-MSCs cultured from 

various conditions, the expanded cells from C2-4 were further investigated whether 

they have broader capacity to differentiate into other cell lineages from their origin. 
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Based on mouse and human liver developments, we applied a new cocktail of 

cytokines-based induction medium to induce in vitro hepatogenic differentiation of 

WJ-MSCs. In this work, we succeeded to generate MSCDHC from expanded         

WJ-MSCs of C2-4 cultures. In early stage of differentiation, FGFs that are expressed 

in cardiac mesoderm play a role in induction ventral foregut endoderm to initiate early 

liver development. Afterward, HGF which serves as a crucial factor for hepatogenesis 

plays a role in inducing rapid hepatoblast proliferation after liver bud formation. In 

late stage, OSM that is secreted by haematopoietic cells involves in maturation fate of 

fetal hepatocytes (Chen and Zeng, 2011). Thus, OSM is commonly used in maturation 

step in combination with other factors. In addition to these factors, it has been 

reported that dexamethasone is importance in maintenance the expression of        

liver-enriched transcription factors required for liver specific genes transcription 

(Sidhu, Liu, and Omiecinski, 2004). Thus, we also used dexamethasone in 

combination with OSM to induce more mature hepatocytes differentiation. After 

induction, all the expanded cells from C2-4 could differentiate into hepatic lineage 

which had evidences by morphological changing, hepatic-specific genes, and proteins 

expressions including acquiring hepatic functions such as glycogen storage, LDL 

uptake, albumin secretion, and urea production. These results suggest that our 

hepatogenic induction medium had effective impact on hepatic lineage differentiation 

of WJ-MSCs. In other words, the expanded WJ-MSCs from all 3 conditions (C2-4) 

could differentiate into functional hepatocyte-like cells. Notably, the expanded cells 

from ESCM-based medium (C3 and C4) seem to have more potent hepatic functions 

such as glycogen storage and albumin secretion than those from conventional medium 

(C2) after complete induction. These findings may be caused by hepatoma-derived 
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growth factor (HDGF) which has been found in conditioned medium of 

undifferentiated H1 and H9 human ES cells lines (Bendall et al., 2009). It has been 

reported that HDGF involved in regulation of fetal hepatocytes proliferation during 

liver development (Enomoto et al., 2002). Moreover, Enomoto et al. (2009) have 

shown the relation between HDGF expression and liver regeneration in mice model. 

They suggested that HDGF may stimulate liver regeneration as an autocrine factor. 

Based on these knowledge, we hypothesized that HDGF may present in ESCM 

similar to those observed in conditioned medium from previous study because ESCM 

obtained from culture medium of the same H9 human ES cells line. Additionally, this 

factor may partly drive the cells to readily differentiate into liver lineage. 

Interestingly, low effective of urea detoxification was observed in MSCDHC from C3 

and C4 as compared to those obtained from C2. These results indicate that ESCM 

could support hepatic lineage differentiation in WJ-MSCs but the hepatocyte-like 

cells derived from this culture had incomplete function at least in a part of urea 

detoxification. Although the overall gene expressions of mature hepatic markers were 

detected in MSCDHC from all conditions, the expression of immature marker AFP 

was still detected even at late stage of differentiation. These data suggest that 

MSCDHC still retained immature feature like hepatoblasts or hepatic progenitor cells 

instead of mature hepatocytes. Similarity, previous studies demonstrated that human 

placenta-derived multipotent cells (Chien et al., 2006), umbilical cord matrix stem 

cells (Campard et al., 2008) and mesenchymal stromal cells derived from umbilical 

cord Wharton’s jelly did not yet fully differentiate into mature hepatocytes based on 

the presence of AFP expression throughout the differentiation period (Zhang et al., 
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2009). Based on this knowledge, MSCs isolated from primitive origins trend to be 

reserved immature property even they have been driven toward hepatic lineage.  

Hepatocyte-like cells derived from MSCs serve as a promising source for     

cell-based therapy in some condition of liver disease. Banas et al. (2009) successfully 

differentiated human AT-MSCs into hepatocyte-like cells under appropriate condition 

in vitro. Furthermore, the differentiated cells could restore the liver function of acute 

liver failure mice by decreasing serum ALT, AST, and ammonia levels within 24 h of 

post-transplantation. Similarity, the hepatocyte-like cells clusters derived from human 

AT-MSCs had hepatic characteristics after exposure to hepatogenic inducer not only 

in vitro but also in vivo. The improvement of serum albumin and total bilirubin levels 

were observed after transplantation of the cell clusters into NOD-SCID mice with 

chronic liver injury (Okura et al., 2010). Recent study demonstrated the reducing liver 

fibrosis effect on CCl4-induced liver fibrosis rats after intravenous injection with rat 

bone marrow MSC-derived hepatocyte-like cells. This study revealed that the 

transplanted cells may induce host immune response to rescue the disease by 

increasing expression of IL-10 which could further decrease the accumulation of liver 

fibrosis (Zhao et al., 2012). In addition, hepatic lineage cells derived from pretreated 

mice MSCs with injured liver tissue provided promising therapeutic potential in mice 

with CCl4-induced liver fibrosis. This result was confirmed by reducing liver fibrotic 

area and improving serum levels of bilirubin and ALP in transplanted group (Mohsin 

et al., 2011). Interestingly, another study compared the therapeutic effect of 

autologous transplantation of undifferentiated BM-MSCs and bone marrow       

MSCs-derived hepatocyte-like cells in patients with liver cirrhosis. The improvement 

of liver function was observed in patients after transplantation with both 
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undifferentiated and differentiated cells such as increasing prothrombin and serum 

albumin levels including decreasing bilirubin and MELD score. Additionally, they did 

not observe significant difference in clinical improvement between two groups of 

patients (El-Ansary et al., 2011). In consistency with previous study, Amer et al. 

(2011) demonstrated the safety and short term therapeutic effect of autologous 

transplantation with BM-derived hepatocyte-like cells on patients with end-stage liver 

failure. Clinical improvement was verified by Child score, MELD score, fatigue scale, 

performance status, and serum albumin level. Taken together, these data revealed the 

treatable effect of MSCs-derived hepatocyte-like cells on the patients with liver 

disease even in a short term. Here, we established a new cytokines cocktail medium 

that was ability to generate functional hepatocyte-like cells from WJ-MSCs. Thus, 

WJ-MSCs may offer an alternative source of hepatocyte-like cells which can apply 

for liver disease treatment. Moreover, we also demonstrate that ESCM may provide 

some effect on the cultured cells to readily differentiate toward hepatic lineage. This 

advantage may be good for hepatocyte-like cells generation serving for further use in 

clinical treatment.     

5.4 Gynura procumbens provides supportive effect on hepatogenic 

differentiation of WJ-MCSs

G. procumbens is a medicinal plant used to treat a wide range of disorders 

including gastric ulcer, inflammation, rheumatism, viral diseases of skin, kidney 

diseases, rashes, fever, migraine, constipation, and cancer (Perry and Metzger, 1980). 

Although treatable effect of the plant is still not exist in hepatic disease, it has 

evidence that the ethanolic extract of G. procumbens leaves not only restored blood 
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glucose level of streptozotocin-induced type 2 diabetic rats but also improved the liver 

function (previous study of Dr. Wilairat Leeanansaksiri’s Laboratory). Based on this 

result, we interested to evaluate the additional effect of this medicinal plant extract on 

hepatogenic differentiation capacity of WJ-MSCs. We found that this extract could 

facilitate WJ-MSCs differentiation into hepatic lineage after complete induction. This 

achievement was verified by both cellular and molecular levels including cell 

phenotypes, glycogen storage, LDL uptake, albumin secretion, urea production, 

hepatic-specific gene, and protein expressions. This supportive effect gave the highest 

impact on hepatic lineage differentiation when use the plant extract as a 

supplementary factor with the induction medium at first stage of induction on day 1-7. 

These results imply that G. procumbens leaves extract provided the most impact on 

the cells to prepare itself for transitional phase into maturation step. In addition, we 

found that this extract alone (without additional hepatogenic cytokines) could not 

induce hepatogenic differentiation of WJ-MSCs. This finding reflects the valuable of 

this extract as supplementary factor to accelerate WJ-MSCs differentiation into 

hepatic lineage. Although this extract alone could not exert total effect for initiation of 

WJ-MSCs differentiation into hepatic lineage, this extract provided cost-saving by 

adding them as supplementary factor to compensate using high concentration of 

several cytokines in the induction medium. 

The mechanisms underlying this effect are completely unknown. It has been 

identified that sterol and sterol glycosides are the active chemical constituents of 

G. procumbens leaves (Sadikun, Aminah, Ismail, and Ibrahim, 1996). We 

hypothesized that these compounds may involve in promoting hepatogenic 

differentiation due to the fact that they share a basic chemical structure of steroid 
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group similar to glucocorticoid derived from dexamethasone (The Free Medical 

Dictionary, 2012). Dexamethasone is a synthetic glucocorticoid hormone which 

commonly used in combination with other hepatic growth factors to stimulate hepatic 

maturation. This compound is essential for liver enzymes stimulation in 

gluconeogenesis which is a crucial function of hepatocytes (Lavon and Benvenisty, 

2005). Thus, we hypothesized that this related chemical structure may trigger the 

same response in participating hepatic maturation as the same manner of 

dexamethasone did. Additionally, Rosidah et al. (2008) reported that phenolic 

compounds presented in the leaves of this plant provided substantial antioxidant 

activity. Recent study revealed the anti-ulcerogenic activity of G. procumbens leaves 

extract in rat model with gastric mucosal injury. They purposed that anti-ulcerogenic 

effect may be rendered by antioxidant and anti-inflammatory activities of its active 

chemical constituents in this extract (Mahmood, 2010). Although phenolic 

compounds presented in G. procumbens leaves possess several properties, we cannot 

link the relation between antioxidant and anti-inflammatory activities in term of 

promoting hepatogenic differentiation in WJ-MSCs. Thus, future works are needed to 

characterize the active compounds of G. procumbens leaves extract and further 

experiments are required to investigate the role of those compounds in hepatic lineage 

differentiation of WJ-MSCs. Here, we are the first group that reported the additional 

benefit of G. procumbens leaves extract in enhancing hepatogenic differentiation 

capacity of WJ-MSCs. These promising results may open a new insight of using

G. procumbens leaves extract as supplementary factor for inducing WJ-MSCs 

differentiation into hepatic lineage. These data may provide some evidences to further 
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explore the effect of G. procumbens on clinical application in liver disease as 

regenerative medicine in the future.  
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CHAPTER VI 

CONCLUSION 

This study aims to investigate the benefit of ESCM for supporting WJ-MSCs 

expansion in vitro in comparison with the most commonly used culture medium for 

MSCs as DMEM-LG supplemented with 10% FBS under various conditions. 

Furthermore, the expanded cells from each condition were further determined in vitro 

liver-lineage differentiation potential using our new cytokine-based cocktail induction 

medium with or without additional medicinal plant extract from G. procumbens. The 

achievement of these goals may serve as an exploration of several benefits. Firstly, 

ESCM may serves as a new expansion medium for WJ-MSCs that can save the cost 

of cell culture by reusing the discarded medium from ES culture system. Secondly, 

WJ-MSCs may serve as a new source of functional hepatocyte-like cells which can be 

applied in liver disease as cell-based therapy in future. Thirdly, G. procumbens leaves 

extract may serve as a new supplementary factor for promoting WJ-MSCs 

differentiation into hepatic lineage. This experiment may open a new insight of 

further investigation the effect of G. procumbens on liver disease treatment in the 

future.   

 

6.1 The effect of 4 culture conditions on enhancing proliferation of 

WJ-MCSs 
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In comparison of 4 conditions (C1-C4), our results provide evidences of 

acceleration effect of these 4 conditions on the proliferation of WJ-MSCs ranging               

from highest to lowest as C4 > C3 > C2 > C1. The folds increasing of expansion are 

424.88  14.62, 204.66  10.39, 113.77  7.89 folds for C4, C3, and C2, respectively. 

We also found that the C1 is not suitable for use as culture medium for WJ-MSCs, not 

only for proliferation but also maintain the stemness of the cells. The population 

doubling time (PDT) analysis of WJ-MSCs cultured in C2-C4 revealed the shortest 

time to longest time as C4 < C3 < C2 as about 33-35 h, 37-39 h, and 41-43 h, 

respectively. These data indicate that ESCM with or without additional EGF provided 

fold expansion of WJ-MSCs greater than using conventional medium throughout 

various time points of culture periods. Although ESCM-based medium extensively 

expanded WJ-MSCs in vitro, the expanded cells both at early and late passages also 

maintained common characteristics of MSCs as evidences by cells morphology, cell 

surface marker expressions and mesodermal lineages differentiation potential. 

Moreover, they could preserve the stemness features including stem cell markers. 

Notably, the expression of pluripotency markers, Oct-4 and Nanog, could not be 

detected in late passages cells grown in conventional medium (C2) in contrast with 

those cultured in ESCM-based medium (C3 and C4). Taken together, these findings 

indicate that ESCM (C3 and C4) had more superior advantages than conventional 

medium (C2) including supporting cells proliferation and maintaining the stemness 

properties of WJ-MSCs. Thus, ESCM can use as effective expansion medium for  

WJ-MSCs and save budget by reusing the discarded ES medium from ES culture 

system. The expanded WJ-MSCs are also able to maintain their stemness which 

provides therapeutic value in disease treatments and regenerative medicine.  
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6.2 ESCM is a rich source of cytokines, chemokines, and growth 

factors

Our results reveal that ESCM is a rich source of protein factors which are 

secreted by undifferentiated H9 human ES cells culture. These proteins included 

cytokines, chemokines, and growth factors which some of them involve in various 

biological activities of MSCs. Among 36 cytokines of interest, ten proteins were 

detected at significant higher levels in ESCM compared to unconditioned medium 

including C5/C5a, G-CSF, GM-CSF, GRO , IL-6, IL-8, MCP-1, MIF, sICAM-1, and 

Serpin E1. Among these proteins, IL-6, IL-8, and MCP-1 seem to be candidate factors 

involved in promoting WJ-MSCs proliferation which has been reported by previous 

studies. However, other 7 proteins may also synergize the acceleration effect with   

IL-6, IL-8, and MCP-1 on WJ-MSCs proliferation and stemness preservation. In 

addition, we cannot rule out the effect of other protein factors which did not contain in 

this cytokines array kit such as bFGF and TGF 1. We believed that bFGF in our 

conditioned medium can promote WJ-MSCs proliferation as well. Taken together, 

ESCM enriches with cytokines, chemokines, and growth factors which some of them 

have potential to enhance WJ-MSCs proliferation in vitro. This experiment confirms 

the benefit of ESCM as a valuable source of growth factors for supportive WJ-MSCs 

proliferation and stemness preservation.  

 

6.3 WJ-MCSs serve as a new source of functional hepatocyte-like 

cells

Our results reveal the achievement of WJ-MSCs differentiation into functional 

hepatocyte-like cells in vitro by using our new cocktail of cytokine-based induction 
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medium. The expanded cells from C2-4 could differentiate into hepatic lineage which 

had evidences by morphological changing, hepatic-specific genes, and proteins 

expressions including acquiring hepatic functions such as glycogen storage, LDL 

uptake, albumin secretion, and urea production. Interestingly, the expanded cells from 

ESCM-based medium (C3 and C4) had a trend to achieve hepatic functions after 

complete induction such as glycogen storage and albumin secretion greater than those 

obtained from conventional medium (C2). These data imply that ESCM provided 

some effect on the cultured cells to readily differentiate toward hepatic lineage. Thus, 

the hepatocyte-like cells derived from this cultured had more potential to acquire 

hepatic functions than those from the other medium after complete induction. Taken 

together, ESCM can reuse as supportive medium for WJ-MSCs not only for in vitro 

expansion but also providing some effect on the cells to differentiate into hepatic 

lineage. Additionally, WJ-MSCs may offer an alternative source of hepatocyte-like 

cells which can apply for liver disease treatment in the future.  

 

6.4 Gynura procumbens provides supportive effect on hepatogenic 

differentiation of WJ-MCSs

This study investigates the effect of G. procumbens leaves extract on 

hepatogenic differentiation capacity of WJ-MSCs. Our findings indicate that 

G. procumbens leaves extract can facilitate WJ-MSCs differentiation into hepatic 

lineage, especially when supplementation with the induction medium at first stage of 

induction on day 1-7. These accomplishments were clarified by both cellular and 

molecular levels including cell morphology, glycogen storage, LDL uptake, albumin 

secretion, urea production, hepatic-specific gene, and protein expressions. Although 
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this extract alone (without additional the hepatogenic cytokines) could not exert total 

effect for initiation of WJ-MSCs differentiation into hepatic lineage, this extract 

provided cost-saving by adding them as supplementary factor to compensate using 

high concentration of several cytokines in the induction medium. The mechanisms 

underlying the effect of the extract on this hepatogenic differentiation are completely 

unknown, but we hypothesized that the active chemical constituents in this extract as 

sterol and sterol glycosides may be involved. Based on sharing basic chemical 

structure in steroid group, we purposed that sterol and sterol glycosides may trigger 

the same activity in the cells as the same manner of dexamethasone did. 

Dexamethasone is a synthetic member of the glucocorticoid class of steroid drugs 

which used to treat many inflammatory and autoimmune conditions as well as 

commonly used in combination with other hepatic growth factors to stimulate hepatic 

maturation. Thus, future works are needed to characterize the active compounds of 

G. procumbens leaves extract and further experiments are required to investigate the 

role of these compounds in hepatic lineage differentiation of WJ-MSCs. This study 

opens a new insight in using of G. procumbens leaves extract as supplementary factor 

for promoting WJ-MSCs differentiation into hepatic lineage. Moreover, our results 

provide some evidences to further explore the effect of G. procumbens on liver 

diseases treatment as regenerative medicine in the future.  
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APPENDIX

SOLUTION PREPARATION 

1.  Reagent for cell culture 

1.1  complete DMEM (cDMEM)

Mix the reagent as follow: 

- DMEM (low glucose)      10.00     g 

- FBS        100.00   ml 

- NaHCO3       3.70       g 

- 1000 U/ml Penicillin/1000 g/ml Streptomycin  10.00     ml 

- 2 mg/ml Amphotericin B     0.20       ml 

Add sterile ultra-pure water to bring a volume up to 1000 ml and adjust pH to 

7.4. Sterilize by filter sterile. 

1.2  PBS 

Mix the reagent as follow: 

- NaCl        8.00      g 

- Na2HPO4       1.44      g 

- KCl        0.20      g 

- KH2PO4       0.24      g 

Add sterile ultra-pure water to bring a volume up to 1000 ml and adjust pH to 

7.4. Sterilize by autoclaved at 121ºC for 15 minutes and store at room temperature. 

 

 

 

 

 

 

 

 

 



 

166

1.3  0.25% Trypsin/EDTA 

Mix the reagent as follow: 

- Trypsin       0.25      g 

- EDTA        0.04      g 

Add sterile PBS to bring a volume up to 100 ml.  

 

2.  Reagent for mesodermal-lineages differentiation 

2.1  1% Alcian blue 

Mix the reagent as follow: 

- Alcian blue       1.00       g 

- 0.1 N HCL       100.00   ml 

Mix well. Filter into the reagent bottle and filter before use.  

2.2  2% Alizarin Red S 

Mix the reagent as follow: 

- Alizarin Red S       2.00       g 

- Distilled water       100.00   ml 

Mix well and adjust the pH to 4.2. Filter into the reagent bottle and filter before 

use.  

2.3  Oil Red O 

Mix the reagent as follow: 

- Oil Red O       0.30       g 

- 99% Isopropanol      100.00   ml 

Mix well. Filter into the reagent bottle and filter before use.  
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2.4  4% Paraformaldehyde 

Dissolve 4 g. of paraformaldehyde in 90 ml. of distilled water to dissolve and 

adjust the pH to 7.4. Then, add 10 ml. of 10x PBS (for a final concentration of 4 g. in 

100 ml. of 1x PBS). Filter sterile through a 0.22 m filter and store at 4ºC.                                            

 

3.  Reagent for agarose gel electrophoresis 

3.1  5x TBE buffer 

Mix the reagent as follow: 

- Tris base       53.00      g 

- Boric acid       27.50      g 

- 0.5 M EDTA (pH 8.0)      20.00      ml 

         Add sterile ultra-pure water to bring a volume up to 1000 ml. 

3.2  6x DNA loading dye 

Mix 0.025 g. of bromophenol blue, 0.025 g. of xylene cyanol and 3 ml. of 100% 

glycerol in distilled water to a 10 ml. final volume and store at 4ºC.                                                       
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