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Abstract 
 

Human Mesenchymal stem cells (MSCs) are multipotent cells capable of differentiation 

into several mesenchymal lineages. These cells have been isolated from different 

sources such as bone marrow, placenta, umbilical cord, adipose tissue, dental pulp, 

synovial membrane, peripheral blood, periodontal ligament and endometrium. Ability of 

Mesenchymal stem cells to self renew and differentiate into multiple lineages shows the 

great therapeutic potential of Mesenchymal stem cell but aging of MSCs in vitro limits 

this application. Many studies have shown that starvation in animal models causes 

prolongation of life. In this study, we tried to study the starvation effect of serum and 

glutamine on Mesenchymal stem cells in cellular and molecular level. Human bone 

marrow cells were isolated from fetal marrow aspirates after informed consent from 

hospital and were cultured in Iscove’s modified dulbeccos media (IMDM) with six 

different concentrations of serum (0.5%, 2.5%, 5%, 10 % and 20%) and glutamine (0, 

0.25mM, 0.5mM, 1mM, 2mM and 4mM). Comparative analysis was carried out for these 

cells in relation to aging markers such as morphology, expression of gene (senescense 

associate marker p21 and proliferation marker Ki67) by real time PCR and their products 

by immunostatining, senescence associated beta gal activity (SA-B-GAL), reactive oxygen 

species (ROS) estimation in both early (1 to 3 passage for glutamine and 1 to 2 passage 

for serum) and late passage cells (6 to 9 passage for glutamine and 4 to 5 for serum). The 

glutamine starvation was found to be effective than serum starvation as shown by cell 

count, passage number (two passage number for serum starvation Vs nine passage 

number for glutamine starvation) population doubling and morphological observations. 

Immunostatining results and real time PCR suggested that p21 was highly expressed in 

MSCs grown in lower concentrations of serum (0.5%, 2.5%, 5% and 10%) than MSCs 

grown in lower glutamine concentrations (0, 0.25mM, 0.5mM and 1 mM) implying . Flow 

cytometric analysis also reported accumulation of reactive oxygen species in MSCs 

cultured at serum limitation conditions. Thus, suggesting early ageing of serum starved 

Mesenchymal stem cells than glutamine starved Mesenchymal stem cells. The overall 

findings recommend that glutamine starvation seems to delay ageing and prolong 

longevity of bone marrow derived Mesenchymal stem cells and demand detail study of 

underlying mechanism. 

 

Key words: Bone Marrow, Mesenchymal stem cell, Aging, p21, Ki67, Immunostatining, 

Flow cytometry 
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1. Introduction 

1.1 Background 

Stem cells are a class of undifferentiated cells that have the potential to differentiate 

into specialized cell types in the body. One of the main characteristics of stem cells is 

their remarkable potential to self-renew through cell division while maintaining the 

potential to develop into other types of cells. When a stem cell divides, each daughter 

cell either remains a stem cell or differentiates to become another type of cell such as a 

muscle cell, blood cells, or a nerve cell having a more specific function (Morrison et al, 

2001). In some organs, such as the gut and bone marrow, stem cells divides on a regular 

basis to repair and replace worn out or injured tissues while in other organs such as 

pancreas and heart, these cells divide only under special conditions. Stem cells come 

from different sources such as blood, bone marrow, umbilical cord blood and adipose 

tissue. One of the elementary properties of stem cells is that these cells do not perform 

specialized functions except giving rise to specialized cells such as muscle cells, nerve 

cells and blood cells (Anderson et al., 2001). 

 

Human embryonic and adult stem cells are being used for cell based regenerative 

therapies each having their advantages and disadvantages. Human embryonic and adult 

stem cell differs in the number and type of cell that they can differentiate into. Different 

studies show that embryonic stem cells are pleuripotent and hence can give rise to all 

the differentiated cell types of the body while differentiation potential of adult stem cell 

is restricted to a specific set of cell types (Morrison et al, 2001; Wagers et al., 2002). 

Besides these facts, it is also known that isolation of adult stem cells from adult tissue is 

quiet challenging and their expansion in culture medium have not yet been worked out. 

Embryonic stem cells can be grown relatively easily in culture (Bruno and Smith, 2010).  

 

Furthermore, scientists believe that tissue derived from embryonic and adult stem cell 

would differ in the likelihood of causing transplant rejection (Alberio et al., 2006). It is 

believed that transplantation of adult stem cell causes less rejection because these cells 

are taken from the patient itself and expanded in culture and reintroduced into the 

patient’s body (Madrigal et al., 2014). Thus, using adult stem cell for transplantation can 

avoid any type of side effects that can be caused by immune-suppressants. Likewise, an 

inner cell of blastocyst has the potential to give rise to the entire body of the organism 

including specialized cells and organs (Bruno and Smith, 2010). 

 

Scientists have developed another type of cell called induced pleuripotent stem cell by 

genetically reprogramming adult cells. The adult cells are forced to express genes and 

factors that make the cells demonstrate the properties of embryonic stem cell. Human 

induced Pleuripotent Stem Cells (iPSCs) were discovered nearly a year after the 

discovery of mouse iPSCs. Human iPSCs demonstrate unique characteristics of 

pluripotent stem cells, being capable of expressing stem cell markers, forming cells 
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characteristics of all three germ layer (Ralston and Rossant, 2010). Stem cells are 

advantageous for living organisms for many reasons. The regenerative abilities of stem 

cells make them potential source for being used as regenerative or reparative medicine. 

Various research have been carried out  using stem cells to find out their essential 

properties that makes them different from other specialized cell types (Ralston and 

Rossant, 2010). Laboratory studies of stem cells are also being carried out to discover 

new drugs and find ways to study and correct birth defects (Ikebe and Suzuki, 2014). 

 

Mesenchymal stem cells were first reported by Friedstein and his colleagues (1966) in 

bone marrow. Later other different sources of MSCs were found, including adipose 

tissue (AT), synovial membranes, bone, skin, pancreas, blood, fetal liver, lung, and 

umbilical cord blood (Eirin et al, 2012; Fukuchi et al., 2004; Huang et al., 2009; Hermida 

Gomez et al., 2011; Tondreau et al., 2005; Park et al., 2011; Schwab et al., 2008; Bakash 

et al., 2005). In addition, it was found that these cell could differentiate into multiple cell 

types such as adipocytes, osteoblasts, and chondrocytes both in vitro and in vivo (Anker 

et al., 2003; Pittenger et al., 1998; Mackey et al., 1998; Beshad et al., 2011). In general, 

hMSCs are positive for CD63, CD105, CD166, CD54,CD55, CD13, CD44, CD73, and CD90 

and negative for hematopoietic surface markers including CD34, CD45, CD14, CD11b, 

CD19, CD79α, CD31, CD133 (Caplan et  al., 1994; Pittenger et al., 1999). 

 

1.2 Justification of the study 

Expansion of MSCs in vitro depends on various conditions such as age and condition of 

the donor, harvesting technique, culture conditions and many more. These conditions 

also affect on the number of MSCs that can be expanded in vitro. Generally 10-20 ml of 

Bone marrow aspirate can yield hundreds of millions of cells (Sekiya et al., 2002). MSCs 

are mainly expanded in vitro in the presence of FCS/FBS (Bruder et al., 1997; Sekiya et 

al., 2002). In vitro expansion of MSCs has a major impact on the morphology, 

differentiation potential, length of telomere, expression of different genes and proteins 

and other major parameters used to define MSC (Dominici et al., 2006). 

 

Ability of Mesenchymal stem cells to self renew and differentiate into multiple lineages 

shows the great therapeutic potential of Mesenchymal stem cells (Krampera et al., 

2006). Administration of Mesenchymal stem cells represents a promising cell-based 

therapy for the treatment of range of diseases. A number of clinical trials have been 

done and still many others are ongoing. These days MSC have been used extensively in 

the clinic because these cells are relatively easy to isolate from many different sources 

and possess multilineage differentiation potential. There are many examples of success 

of clinical trials done using MSCs. A rapid hematopoietic recovery was noted as a result 

of autologous transplantation of MSCs in breast cancer patients (Koc et al., 2000). Le 

Blanc (2004) reported that the infusion of BM derived MSCs isolated from mother can 

cure a child suffering from grade IV acute graft versus host disease (GvHD) of the liver 

and gut after allogenic hematopoietic stem cell transplantation (HSCT). Recent research 



                                                                                                                           CHAPTER 1: INTRODUCTION 
 

3 
 

on MSC has shown that life span of MSCs cultured in vitro can be extended by increasing 

the expression of telomerase i.e. the rate limiting enzyme. It is believed that the 

immunomodulatory properties of MSCs make it a potential candidate in systemic 

transplantation for generalized disease and local implantation for local tissue defects 

(Rahaman et al., 2005). In addition, MSCs are believed to be useful in gene therapy and 

tissue engineering protocols. 

Human mesenchymal stem cells (MSCs) are defined as plastic adherent cells with the 

potential to differentiate into multiple mesenchymal tissues (Dominici et al., 2006). 

MSCs derived from bone marrow can proliferate in vitro and differentiate into lineages 

typical of bone, adipose tissue, cartilage and muscle (Caplan, 2007). Therefore, human 

bone marrow derived MSCs are interesting for tissue engineering strategies aiming to 

repair these tissues. However, MSCs are rare within the bone marrow aspirate, and 

need to be expanded in vitro for some passages in order to obtain clinical relevant 

numbers of cells. Although MSCs are considered as stem cells based on self renewing 

capacity, differentiation capability and functional reconstitution following clonal transfer 

(Sacchetti et al., 2007), they have a definitive life span and cease to proliferate after 

certain number of cell divisions. This state is referred as replicative senescence. It is 

characterized by cell enlargement and a certain metabolic activity, but the cells are 

completely refractory to mitogenic stimuli. This was first described in 1960s by Leonard 

Hayflick, and the number of population doublings (PD) inherent in a cell before the 

onset of replicative senescence is called the Hayflick limit (Hayflick, 1965). Since adult 

stem cells are responsible for cell renewal and maintenance of tissue homeostasis, it has 

been argued that cellular senescence could be related to the ageing process of the 

whole organism. In vitro, it has been shown that replicative senescence starts as soon as 

human bone marrow derived MSCs are placed in culture, and that their proliferation 

and differentiation capacity decrease with time in culture (Wagner et al., 2008). 

Therefore, analysis of the senescence status of MSCs is an important part of the overall 

assessment of the suitability of the cells for therapeutic purposes. Recently, the 

mechanisms underlying replicative senescence in stem cells have gained attention. 

Detailed investigations at the molecular level have revealed two major pathways for the 

induction of cellular senescence. One is dependent on telomere length, is mediated by 

the p53 and p21 cell signaling pathway and also encompasses the DNA-damage 

response mechanism (Shibata et al., 2007). In contrast, a telomere-independent 

mechanism, typically activated by oxidative stress, is mediated by the Erk-p38MAPK 

signaling pathway (Muller, 2009). There is evidence that this process also involves 

accumulation of cell cycle inhibitor proteins like p16INK4a and heat shock proteins 

(Shibata et al., 2007). 

 

Real time PCR helps simultaneous measurement of gene expression in many different 

samples (Fink et al., 1998). Real time PCR is really useful technique when only small 

numbers of cells are available (Higuchi et al., 1993). Compared to conventional 

quantification methods such as northern blot, RT PCR, Real time PCR is highly sensitive, 
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reproducible and has large dynamic range. To carry out real time PCR, the equipment 

itself is expensive and requires use of expensive reagents. Furthermore, to get 

conclusive results one should have an in-depth knowledge about the technique. Several 

groups have published protocols for single-cell gene expression analysis by real time 

PCR. Some researchers used cells 3-10 times larger than typical mammalian cells such as 

muscle fiber, neuron etc. (Eberwine et al., 1992; Esumi et al., 2008) and most of these 

protocols involved mRNA isolation and two step PCR (Esumi et al., 2006; Nolan et al., 

2006). RNA isolation from single cell is challenging and it becomes difficult to get 

accurate gene expression measurement because of variability in yield for different 

samples (Taniguchi et al., 2009). Recently, an improved one tube real time PCR protocol 

was proposed for analyzing single-cell gene expression in small mammalian cells (Li et 

al., 2010). One tube real time PCR reduces the risk of contamination and promotes high 

reliability. Major error in real time PCR comes from pipetting and PCR processes 

(Taniguchi et al., 2009). 

 

Flow cytometry is a laser based technology that is applicable for cell counting, cell 

sorting, and biomarker detection. The cells are rendered differentially fluorescent and 

incorporated into a small liquid stream illuminated by a laser beam (Brown and Wittwer, 

2000). The cells pass sequentially through the beam, and fluorescent light from the cells 

gives rise to electrical signals which are then analyzed by a computer. The most 

important feature of flow cytometry is that it analyses cells separately based on 

measurement of each particle within the suspension while in most scientific procedures 

measurements are taken as a average value for the whole population (Nunez, 2001). In 

addition several parameters can be measured on numbers of cells within a few minutes. 

The properties measured include a particle’s relative size, granularity, and fluorescence 

intensity. Any suspended particle or cell from 0.2-150 micrometers in size is suitable for 

analysis (Brown and Wittwer, 2000). Flow cytometry is a very useful tool and is used 

worldwide. Its importance in scientific research and diagnosis is increasing. It is now 

used routinely in many labs to detect the presence of specific surface and intracellular 

markers, measure metabolic activity and DNA content, among many other uses (Nunez, 

2001). With cell sorting, applications range from the separation of large numbers of cells 

for functional studies or chromosomes for preparing gene libraries to the direct cloning 

of single rare transfected or hybridoma cells into each well of a tissue culture plate 

(Jayat and Ratinaud, 1993). Flow Cytometry is also used for the analysis of various 

cellular compounds including nucleic acids, proteins, cell organelles etc. DNA content in 

cells can be analysed using FACS. DNA specific dyes are used for staining the cells and 

the emitted fluorescence is proportional to DNA content (Jayat and Ratinaud, 1993). Cell 

distribution histograms are then used to analyse cells in different phases of cell cycle. 

 

Immunostaining is a valuable biochemical tool for detecting specific antigens from 

proteins to infectious agent and specific cellular population in cells/tissues (Brandtzaeg, 

1998). Because of its sensitivity, specificity and reproducibility, immunostaining has 
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become one of the important technique in molecular biology with broad applications. 

Before performing immunostaining, fixation of cells or tissues is necessary. Fixation 

helps to preserve cellular details enabling accurate diagnosis and assessment (Stadler et 

al., 2013). Ethanol 95% is considered as most efficient fixative. However, most 

laboratories use methanol for fixation as it is relatively cheaper. Before using antibodies, 

blocking solution such as normal serum, BSA (0.1% to 5%) is applied over fixed cells or 

tissues to prevent nonspecific binding of antibodies (Stadler et al., 2013). A secondary 

antibody is used after the application of primary antibody which aids in the detection of 

target antigen by directly binding to it. These secondary antibodies are labeled with 

fluorophores or enzymes that forms chromogenic end product in the presence of 

specific substrate.  

 

1.3 Objectives 

The broad objective of this investigation is to understand the effect of different 

concentrations of serum as well as glutamine on ageing of bone marrow derived 

Mesenchymal stem cells.  

 

The specific objectives of this study are: 

1. To study signs of ageing on the basis of cell morphology and population doubling 

time 

2. To optimize the RT-PCR reaction parameters and use the optimized parameters 

for cDNA synthesis using lysates containing RNA prepared from both early and 

late passage bone marrow derived Meenchymal stem cells grown in different 

concentrations of serum as well as different concentrations of glutamine 

3. To use syntheisised cDNA for quantification of expression level of different genes 

including p21, ki67, APE and HTR using real time PCR 

4. To analyze the presence of ageing specific markers viz. ki67 and p21 in early and 

late passage cells by immunostaining 

5. To use Flow cytometry to determine the amount of reactive oxygen species 

produced in cells in response to different concentrations of serum as well as 

glutamine 

 

1.4 Scope of the study 

Like somatic cells, Mesenchymal stem cells have a limited life span in vitro. After a 

limited number of cell divisions, there occur morphological changes in Mesenchymal 

stem cells which can be characterized by enlarged and irregular cell shape with many 

actin stress fibers. Ultimately, these cells show reduced differentiation potential and 

impairment of their functions upon prolonged in vitro culture (Bonab et al., 2006; Noer 

et al., 2007). Hayflick limit is supposed to reflect the ageing process of whole organism. 

Stem cells are involved in renewal of tissues of any organism and impairment of their 

function results in ageing (Ho et al., 2005). In addition, senescence of MSCs might limit 

their clinical applications. It is therefore necessary to analyse in vitro senescence in MSC 
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to evaluate its potentiality in basic research as well as in cellular therapy. Furthermore, it 

is necessary to find out their distribution in vivo and study their therapeutic mechanisms 

as well as optimize their use in regenerative medicine strategy. 

 

One of the important factors of ageing is cellular damage which occurs due to different 

types of stress. Many studies show that stress which develops due to starvation extends 

the lifespan of organisms. The genes that regulate resistance to starvation may affect 

ageing. Hayflick and Moorehead found out that the process of ageing occurs due to 

improper functioning of the cells (Hayflick and Moorehead, 1980). With ageing, changes 

in cell organelles, membranes and genetic material could be observed. In an experiment, 

mice raised in calorically restricted diet showed increased lifespans and a delay in the 

development of ageing related physiologic and pathologic changes (Lee et al. 1999). In 

addition, it has been found that calorie restriction induces expression of genes that 

participate in stress resistance including genes that regulate glycolysis, gluconeogenesis 

and DNA repair. Thus, calorie restriction causes an increase in energy metabolism which 

is responsible to delay ageing. Furthermore, a class of protein called Sirtuins has been 

found to counteract ageing in yeast, Caenorhabditis elegans, and Drosophila (Blander 

and Guarente, 2004). SIR2 gene encoding sirtuin protein in yeast is believed to suppress 

toxic rDNA formation as well as manage damage caused by oxidative stress (Sinclair and 

Guarente 1997). Sirtuins are found to be located within mitochondria and in their 

intermembrane space (Aguilaniu et al., 2003). Mitochondria supply all the necessary 

biological energy of the cell so sirtuins are believed to play vital role in life prolongation 

during nutrient deficiency. The mechanism by which life of cells prolong is unclear. Sirt5, 

a type of sirtuin protein located in intermembrane space of mitochondria has been 

found to modify the protein cytochrome C and contribute to malfunctioning of 

apoptosis but its precise function is still unclear (Aguilaniu et al., 2003). The scope of the 

present study is to observe how cells respond to higher and lower concentrations of 

serum and glutamine and relate the response to ageing. Morphological analysis along 

with analysis of ageing related markers are done by quantification of genes using real 

time PCR, quantification of protein using immunostaining techniques, analysis of cell 

cycle and estimation of ROS using FACS. 

 

1.4.1 Quantification of expression level of different genes using real time PCR 

Expression levels of different genes are assessed by real time PCR. With ageing there 

occurs change in morphological characteristics of MSC. Along with this expression of 

senescence associated genes like P21, APE increases in late passages while expression of 

proliferation related genes such as ki67 decreases (Morrison et al., 1998). These changes 

in expression pattern of genes can be assessed by real time PCR. Two quantification 

types are followed in real time PCR. In relative quantification, reference gene is taken 

and based on it, relative expression of target gene is quantified. In another type, 

absolute quantification is done on the basis of an internal or an external calibration 

curve (Morrison et al., 1998; Pfaffl, 2001). In present study, relative quantification is 
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done. Internal control genes such as glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH), b-actin, b-2 microglobulin, 18S ribosomal RNA are used to ensure the integrity 

of every steps of the real time PCR process (Thomas et al., 2000; Marten et al., 1994). 

These internal controls are housekeeping genes that are essential for cell survival and 

are believed to show stable expression in various tissues. The amount of template is 

thus determined by calculating the amount of changes in target sequence as compared 

to the control. 

 

1.4.2 Qualitative analysis of proteins using immunostaining 

In present study, quantification of proliferation marker-Ki67 and senescence marker-p21 

is done by immunostaining. The cells fixed in 70% methanol are treated with primary 

and fluorochrome bound secondary antibody under appropriate condition. The primary 

antibodies used in immunostaining can be monoclonal or polyclonal. The monoclonal 

antibodies are developed from hybrids and are relatively more specific as it provides 

antibodies against a single antigen epitope. The polyclonal group is developed from 

immunization of animals such as rabbit, goat, mouse, monkey etc. and provides 

antibodies against number of epitopes. 

 

1.4.3 Estimation of reactive oxygen species using FACS 

Cell permeable fluorescent and chemiluminescent probes are used as one of the 

simplest technique to determine ROS. 2'-7'Dichlorodihydrofluorescein diacetate (DCFH-

DA) is one of the most widely used techniques for directly measuring the redox state of 

a cell. It has several advantages over other techniques developed. It is very easy to use, 

extremely sensitive to changes in the redox state of a cell, inexpensive and can be used 

to follow changes in ROS over time (Sarkar et al., 2005). In this study, on the basis of 

stained and unstained control, total percentage of stressed cells is determined. 

 

1.5 Research Hypothesis 

Null hypothesis: When bone marrow derived Mesenchymal stem cells are cultured in 

nutrient deprived condition, ageing is delayed. 

 

Alternate hypothesis:  When bone marrow derived Mesenchymal stem cells are cultured 

in nutrient deprived condition, ageing is not delayed. 
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2.1 Mesenchymal Stem Cells (MSCs) 

Caplan first proposed the concept of mesenchymal stem cell (Caplan et al., 1994). 

Friedenstein and his colleagues in 1979 discovered that bone marrow contained 

mesenchymal stem cell along with hematopoietic stem cells. Friedenstein et al described 

Mesenchymal stem cells (MSCs) as a population of adherent cells showing fibroblast like 

appearance and exhibiting non phagocytic properties. They found out that these cells 

can be isolated from whole bone marrow aspirates and can be cultured in plastic dishes 

as mesenchymal stem cells show plastic adherence property. Later the term 

mesenchymal stem cell was validated by the contribution of many other laboratories, in 

reference to work done by Friedenstein and Owen (Gao et al., 2001). MSCs are therefore 

defined as adherent, fibroblast like cells that differentiate to osteoblasts, adipocytes, 

and chondrocytes in vitro (Dominici et al., 2006).  

Dominici et al (2006) has proposed minimal criteria to define multipotent mesenchymal 

stem cell. It states that if the cells are considered to be the population of MSCs, it should 

be plastic adherence in very specific culture condition and should be expressing specific 

surface antigen such as CD105, CD73 and CD90 and most importantly, these cells should 

have multipotent differentiation potential (Dominici et al., 2006).  

Mesenchymal stem cells were mainly extracted from bone marrow but there have been 

additional sources for MSCs including: muscle, dermis, trabecular bone, adipose tissue, 

periosteum, pericyte, blood, synovial membrane and possibly other cell lineage. 

Basically, mesenchymal stem cells possess two important characteristics i.e. the 

capability to differentiate into characteristic end stage cell types such as adipocytes, 

chondrocytes, osteoblasts, tendon, muscle and other connective tissues (Pittenger et 

al.,1998; Mackey et al., 1998; Anker et al., 2003) and second, is to possess 

immunoregulatory properties because of which it can be used as regenerative medicine 

(Thejaswi et al., 2012;Uccelli et al., 2008). 

Mesenchymal stem cells are regarded as an excellent candidate for cell therapy because 

these cells are easily accessible, isolation techniques are easier and expandable to 

required quantity in relatively short period of time (Colter et al., 2000; Sekiya et al., 

2002). In addition, Mesenchymal stem cells can be cryopreserved with minimal loss of 

potency (Lee et al., 2005). Besides this, MSCs have been used for regenerative therapies 

in heart and various other organs where MSCs are believed to secrete beneficial 

cytokines and growth factors enhancing regeneration of damaged organ (Li and Ikehara, 

2013; Patel et al., 2013). 

2.1.1 Sources of Mesenchymal stem cells 

Mesenchymal stem cells have been isolated from different sources including bone 

marrow (Friedstein et al., 1976), adipose tissue (Eirin et al., 2012), placenta (Fukuchi et 

al., 2004), dental pulp (Huang et al., 2009), synovial membrane (Hermida Gomez et al., 
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2011), peripheral blood (Tondreau et al., 2005), periodontal ligament (Park et al., 2011), 

endometrium (Schwab et al., 2008) and umbilical cord (Bakash et al., 2005). 

 

MSCs have been identified in other different sources like fetal blood but its frequency is 

found to be very low (Campagnoli et al., 2001). Some laboratories have been able to 

grow MSCs from umbilical cord blood also (Erices et al., 2000; Sarugaser et al., 2005) 

while other laboratories are working on it. These researches show that different 

techniques have been developed till date for isolation and expansion of mesenchymal 

stem cells from different sources. 

 
2.1.2 Functions of mesenchymal stem cell 

It has been proposed that mesenchymal stem cells are the in vivo precursors of the 

hematopoietic microenvironment in bone marrow that regulate hematopoiesis 

(Friedstein et al., 1966). MSCs are isolated from all fetal hematopoietic sites even before 

these sites are colonized by HSC (Hematopoietic stem cells) (Mendes et al., 2005) which 

provide strong evidence that MSCs have a key role in providing modulatory signals to 

HSC ex vivo (Dexter et al., 1977). 

 

One of the most remarkable characteristic of MSCs is their immunomodulatory 

property. It has been shown that Mesenchymal stem cell suppresses proliferation of 

lymphocytes by inhibiting activation of T cell, proliferation of B cell and differentiation of 

dendritic cells (Thejaswi et al., 2012; Uccelli et al., 2008). Production of 

immunostimulatory cytokines is also altered by altering the cytolytic potential of natural 

killer cells (Thejaswi et al., 2012; Uccelli et al., 2008). The ability of MSCs to secrete huge 

range of soluble mediators like interleukin 10, prostaglandin e2, nitric oxide and 

transforming growth factor β (TGFβ) partially explains the immunomodulatory property 

of Mesenchymal stem cells (Meirelles et al., 2009). 

 

MSC are believed to show “trophic activity”as they are capable of producing variety of 

factors of biological significance in vitro such as neuroregulatory peptides and cytokines 

(Caplan et al., 2007). In addition, it has been found that migration of marrow stromal 

progenitors into a degenerating muscle, forms a fully differentiated muscle fiber (Ferrari 

et al., 1998) which confirms the migratory ability of MSCs specific sites. 

2.1.3 Characterisation of MSCs 

Specific markers have not yet been developed for the exclusive identification of Mesenchymal 

stem cells. Ability of mesenchymal stem cells to adhere to plastic dishes under standard 

culture condition (Sekiya et al., 2002) and a fibroblast like morphology are taken as 

characteristic markers for MSCs (Prockop, 1997). Proliferative capacity of Mesenchymal stem 

cells to differentiate into colony forming units and to various other lineages is also taken as an 

indicator for being mesenchymal stem cells (Pittenger et al., 1999). 
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Figure 2.1: Major characteristics of MSC and their functions in vitro and in vivo 
(Mendes et al., 2005)  
 

Other methods were also developed to identify mesenchymal stem cells. Martinez and 

his colleagues used magnetic beads to show that human MSCs express the neural 

ganglioside GD2. They used murine monoclonal antibody against GD2 and an 

allophycocyanin-conjugated donkey anti-mouse secondary antibody with corresponding 

magnetic beads. Fluorescent antibody cell sorting with specific antibodies was also done 

to find out specific MSC markers (Fickert et al., 2003). In 1980s, an antibody specific to 

MSC cell surface antigen was recognized by Simmons et al (1991). Furthermore, It was 

proposed that MSCs should express CD105 (known as endoglin and originally recognized 

by the MAb SH2), CD73 (SH3 or SH4), CD90 (Thy-1), CD166, CD44, and CD29 (Caplan et 

al., 1994; Pittenger et al., 1999) to be mesenchymal stem cells. 

It has been shown that human mesenchymal stem cells do not express hematopoietic 

markers like CD14, CD31, CD34 and CD45 (Dominici et al., 2006). Moreover, MSCs 

express a large number of adhesion molecules like ALCAM (CD166), the hyaluronate 

receptor (CD44) and ICAM-1 (CD54), growth factor and cytokine receptors, integrins and 

additional markers like Tetraspan (CD9) or Thy-1 (CD90) (Deans et al., 2000). 
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2.1.4 Multilineage potential of MSCs 

Mesenchymal stem cells possess the ability to differentiate in to various lineages. 

Osteogenic differentiation of MSCs can be promoted under the influence of 

dexamethasone, β-glycerol phosphate, ascorbate in the presence of 10% v/v FBS. 

Quantitative assays showed increase in alkaline phosphatase activity, and calcium 

accumulation was evident which increased over time (Anker et al., 2003).  

 

Moreover, chondrogenic differentiation capacity of MSCs has been described by many 

groups using medium supplemented with transforming growth factor β1, ascorbate-2-

phosphate and dexamethasone. The differentiated cells showed secretion of 

glycosaminoglycan (GAG) by immune-histological staining and also were seen to express 

typical genes of the chondrogenic lineage (Mackey et al., 1998). In addition, to promote 

adipogenic differentiation, mesenchymal stem cells were treated with 1-methyl-3-

isobutylxanthine, dexamethasone, insulin and indomethacin. Induction was evident by 

the accumulation of lipid rich vacuoles within cells and expression of peroxisome 

proliferation activated receptor γ2 (PPARγ2), lipoprotein lipase (LPL) and the fatty acid-

binding protein aP2 (Pittenger et al., 1998). Human MSCs can also be differentiated into 

partially functional hepatocyte-like cells in the presence of liver specific growth factor 

like hepatocyte growth factor, fibroblast growth factors (Beshad et al., 2011).  

 

2.2 Ageing  

Sames and Stolzing (2005) defined ageing as ‘‘the sum of major restrictions or 

limitations in regenerative mechanisms of multicellular organisms”. In other words, it 

can be defined as the progressive decline in the resistance to stress and other cellular 

damages, causing a gradual loss of cellular functions. 

Hayflick et al. (1976) suggested that a biological clock contained within a cell contribute 

to ageing. He discovered that embryonic tissue derived human cell can divide only for a 

finite number of times in culture and further suggested that certain mechanisms 

occurring in cells limit their replicative potential and causes cellular senescence. This 

limitation was termed as Hayflick limit. Accordingly, different stages of cell culture have 

been summarized into 3 different phases. 

Phase I: This phase represents the primary culture. Cells from the explant multiply to 

cover the surface of the culture. 

Phase II: This phase represents the period when cells divide in culture. Once the culture 

flask becomes confluent, the cells must be subcultivated to continue cell growth. The 

culture medium is removed, cells are washed with PBS and harvested using digestive 

enzyme, trypsin. The cells are resuspended in growth medium and added to two or 

more culture flask. These cells adhere to the plastic dish and start dividing. These cells 
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become confluent in few days depending upon their growth rate and are again 

subcultured. 

Phase III: This phase represents the period when cells start dividing slowly and 

eventually stops dividing, though they may or may not die. The occurrence of growth 

arrest after a period of normal cell proliferation is known as the Hayflick limit (Phase III). 

 

Figure 2.2: Hayflick’s limit in cellular proliferation and senescence (Hayflick, 1979) 

Hayflick (1979) put forward a hypothesis in order to find out the possible reasons of the 

transition to phase III. He hypothesized that ‘‘the finite lifetime of diploid cell strains in 

vitro may be an expression of ageing or senescence at the cellular level.’’ There occurs 

shortening of telomeres with each division of a cell which ultimately causes cells to 

reach their “Hayflick limit”. Senescence is often equated with replicative senescence 

(Campisi et al., 2000). Replicative senescence is defined as an essentially irreversible 

arrest of cell division that limits the proliferation of cells (Hayflick and Moorhead, 1961). 

Besides replicative senescence, stress induced premature senescence also occurs in cells 

in response to many stress, including abnormal activation of oncogenes, damage to 

chromatins and DNA, oxidative stress and inadequate culture conditions and this type of 

stress is totally independent of the telomere length and number of cell divisions (Merz 

et al, 1969). However, both replicative and stress induced senescent cells demonstrate 

similar changes morphologically and similar pattern of regulation of cell cycle (Thomas et 

al., 1997;Hayflick et al., 1979). 

2.2.1 Replicative senescence 

Replicative senescence is determined by the number of cumulative population doubling 

that a cell makes before entering in to a senescent phase (Hayflick et al.,1976; Goldstein 

and Singal,1974).Shortening of telomeres causes cells to reach their “Hayflick limit”. 

Hayflick limit is a period of apparently normal cell proliferation observed until cell 
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division stops (Hayflick et al., 1979). This limitation of cell division that causes cells to 

become senescent is called replicative senescence. Replicative senescence can be 

characterized by altered morphology, decreased growth rate and impaired functional 

characteristics (Thomas et al., 1997). It has been proposed that replicative senescence 

occurs as a result of moderate stress on cell population while a larger amount of stress 

causes apoptosis and again more stress causes necrosis (Soti et al., 2003). 

2.2.2 Premature cellular senescence 

Premature senescence occurs as a result of variety of conditions other than shortening 

of telomere. Generally, cells are isolated from an organism and are allowed to grow in 

an artificial environment which causes a total shift in concentrations of nutrients and 

growth factors, presence of ambient oxygen levels and other various factors. These 

factors cause a type of culture shock and hence induce senescence. This type of 

senescence is called stress induced senescence. Mutant HRAS (HRAS v12) is an oncogene 

which when introduced into mammalian cell lines causes immortalization but when 

introduced alone in primary cells leads to arrest in the cell cycle and shows phenotypic 

resemblance to cells suffering from replicative senescence (Serrano et al., 1997). This 

type of senescence is defined as oncogene induced senescence in vitro. In addition, 

there is another type of senescence called tumor suppressor loss induced senescence in 

vitro which occurs as a result of loss of a tumor suppressor gene like phosphate and 

tensin homolog (PTEN) and NF1. It was proposed that the depletion of PTEN and NF1 

causes senescence in mice and human cell (Sabin and Anderson, 2011). 

2.3 Ageing of Mesenchymal Stem Cells 

During ageing, there occur various changes in physiological, functional and molecular 

parameters. There occurs mitochondrial dysfunction, shortening of telomeres, 

accumulation of DNA damage. Along with this, impairments of stem cell function are 

also major causes of ageing (Linton and Dorshkind, 2004). Stem cells maintain tissue 

homeostasis and impairment of their functions leads to organ failure. 

 

It has been reported that in humans and rodents, when hematopoietic stem cell 

becomes aged, they lose their differentiation potential and start differentiating into 

myeloid cells (Morrison et al., 1996; Linton and Dorshkind, 2004; Pang et al., 2011). 

Muscle stem cell in mice and human has been found to show impaired functions and 

decreased proliferation rate (Kadi et al., 2004; Collins et al., 2007; Bortoli et al., 2003; 

Conboy et al., 2005). In hematopoietic stem cells, mesenchymal progenitors also serve 

as one of the niche cells (Omatsu et al., 2010). This is why the depletion of mesenchymal 

progenitors in both bone marrow and skeletal muscle leads to loss of hematopoiesis and 

loss of skeletal muscle mass in the uninjured condition (Roberts et al., 2013). 

Mesenchymal stem cells possess immunomodulatory properties which can be explained 

by their ability to secrete huge range of soluble mediators (Meirelles et al., 2009). These 
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mediators are also involved in maintaining tissue homeostasis keeping intact the 

function and number of stem cells (Caplan and Dennis, 2006; Le Blanc and Ringden, 

2007). Thus, it can be concluded that any alteration in MSCs properties can direcly 

contribute to the development of ageing. 

 

Normal osteoblast demonstrates similar process of ageing in culture. During 30-35 

population doublings, these cells showed decreased cell division and growth rate, 

remarkable changes in morphology and reduced synthesis of DNA, RNA and proteins 

(Kassem et al., 1997). It has been suggested that MSCs begin to lose their stem cell 

properties from the moment they are cultured in vitro and are applicable for cell and 

gene therapy at early stages of culture (Bonab et al., 2006). 

Like several other cell types, human mesenchymal stem cells also demonstrates 

characteristically distinguishable irreversible growth arrest, higher level of sensitivity to 

cellular injury and altered gene expression with increased expression of proteins 

including  p21, p53, p16 and p19 (Zhu et al., 2005). 

2.3.1 Observable markers of ageing in MSCs 

2.3.1.1 Changes in morphology 

It has been reported that aged mesenchymal stem cell do not exhibit spindle shaped 

morphology as in very early passages (Dexter et al., 1977). Cells in early stages of culture 

form big colonies composed of spindle shaped cells while that of late stages form small 

colonies with broad, flattened cells (Liu et al., 2004). These cells are bigger in size, 

spread further and also contain more actin stress fibers (Dexter et al., 1977; Stenderup 

et al., 2003; Mauney et al., 2004). Cells in early culture when becomes confluent contain 

higher cellular density than in late stage cultures despite the fact that senescent cells are 

more sensitive to cell-cell contact inhibition (Bayreuther et al., 1988). Besides these 

facts, presence of debris in the medium and granularity of cytoplasm is also considered 

as one of the significant marker for ageing in vitro (Smith and Lincoln, 1984). 

2.3.1.2 Alteration in proliferation and differentiation potential 

 Ageing of cells can be characterized by diminishing division capacity. Total CFU numbers 

in aged MSC is found to decrease resulting in reduction of average colony size (Chen, 

2002; Globerson, 1997; Prinz et al., 1999). For mesenchymal stem cells in vitro, maximal 

population doubling is found to be between 30 and 40 (Banfi et al., 2000). Dexter and his 

group showed significant decline in the growth rate of MSC from aged donors as well 

(Dexter et al., 1977). It has been discussed that MSCs possess the capacity to 

differentiate into various types of lineages but it seems to change with age. Meunier and 

his group (1971) reported that aged MSC lost their osteogenic potential and gained 

adipogenic potential which was later termed as ‘adipogenic switch’ (Ross et al., 2000). 

 



                                                                                                                   CHAPTER 2: LITERATURE REVIEW 
 

15 
 

2.3.2 Diagnostic markers of ageing in MSCs 
 
2.3.2.1 Ki67 

The pki67 protein is a nucleolar protein associated with cell proliferation (Gerdes et al., 

1983, 1984). It is present in cells at active stages of cell cycle showing the 

interdependency of cell proliferation and pKi67 expression in cell growth and division. 

This correlation of cell proliferation and pki67 expression makes this protein an excellent 

marker for the determination of growth fraction of given population and to diagnose 

tumour development. pKi67 was originally  identified by Gerdes et al (1983) using a 

monoclonal antibody against a nuclear antigen from a Hodgkin’s lymphoma-derived cell 

line. 

During interphase of cell cycle, the ki67 protein is confined in the nuclear cortex and in 

the dense fibrilar components of the nucleolus whereas during mitosis these proteins 

become localized along the periphery of the condensed chromosomes (Isola et al., 1990; 

Verheijen et al., 1989). It has been reported that in proliferating cells, a fraction of pKi67 

is found at sites linked to rRNA transcription which shows the role of pKi67 in early steps 

of rRNA synthesis (Bullwinkel et al., 2006). The functions of these proteins during 

interphase are not clear but it has been suggested that during mitosis these proteins 

could be involved in the condensation and decondensation of chromosomes or in the 

protection and stabilization of chromosomes. Also the localization of these proteins 

along the periphery of chromosomes could be a mechanism to carry out symmetrical 

distribution of nucleolar proteins between daughter cells (Starborg et al., 1996). The 

human ki67 mRNA sequence encoding the ki67 antigen was recently isolated and 

characterized, and as the result of an alternative splicing process it was shown to encode 

two different proteins with calculated molecular masses of 359 kDa and 320 kDa 

(Gerdes et al., 1991; Schluter et al., 1993). 

Ki67 is established as an appropriate marker for detection of ageing in cultured cells. It 

has been shown that 56% ki-67 positive human dermal fibroblast were found at fourth 

passage, compared to only 30% at passage 38 with decrease in this percentage for 

further passages (kill et al., 1996; Bridger et al., 2000). Furthermore, cell cycle analysis 

was carried out which showed the presence of ki67 in all active phases of cell cycle G1, 

S, G2 and mitotic phase but was found to be absent in quiescent or resting cells in G0 

phase (Gerdes et al., 1984). Comparative analysis of ki67 antigen staining in different 

phases of cell cycle showed that the staining begins to increase during S phase, further 

increases in G2 phase and becomes highest in metaphage (du Manoir, 1991; Bruno and 

Darzynkiewicz, 1992; Braun et al., 1988). Moreover, it was reported that during 

anaphase and telophase the ki67 staining starts to decrease (Braun et al., 1988; Starborg 

et al., 1996). 
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Figure 2.3: Ki67 activation pathway (Sawyers et al., 2008) 

2.3.2.2 P21 

Progression of the cell through different phases of the cell cycle requires sequential 

activation of cyclin/cdk complexes (Sherr et al., 1993; Ekholm et al., 2000). Activated 

cyclin/cdk complexes inactivate retinoblastoma protein (Rb) family through 

phosphorylation that is a negative regulator of cell cycle progression from G1 to S phase. 

This leads to induction of E2F regulated gene expression and cell proliferation. The 

Cyclin dependent kinase inhibitor p21 binds and inhibit the activity of cyclin/cdk 

complexes and hence negatively regulates cell cycle progression (sherr et al., 1995, 

2000). The protein p21 inhibits cell cycle progression primarily through the inhibition of 

CDK2 activity which plays important role not only in the phosphorylation of Rb and 

activation of E2F dependent gene expression but also for release of replication origins 

and activation of proteins involved in DNA synthesis (Zhu et al., 2005). 

The tumor suppressor protein p53 is found to regulate the expression of the p21 gene 

(El-Deiry et al., 1993, Xiong et al., 1993). Therefore p21 is considered as the key effector 

of cell cycle arrest which is induced by the activation of p53 pathway. A study was made 

in tumor cells under treatment and it was reported that p21-negative cell lines induces 

fewer senescence-associated genes compared with p21-positive cell lines (Chang et al., 

2002). Simultaneously, another group found that an induction of p21 in fibrosarcoma 

cells not only led to growth arrest but was also involved in the induction of genes with 

paracrine activities (Chang et al., 2000). 
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Figure 2.4: p21 activation pathway (Morgan et al, 1995) 

2.3.2.3 Reactive Oxygen Species (ROS) 

Reactive oxygen species consists of superoxide anions, hydrogen peroxide and hydroxyl 

radicals. ROS are generated in the cells by the mitochondrial respiratory chain as 

byproducts of aerobic respiration and various other catabolic and anabolic processes 

(Poyton et al., 2009). Other than mitochondrial respiration, a number of cytosolic 

enzymes are able to generate ROS (Lambeth et al., 2004). For example, plasma 

membrane associated enzyme, nicotinamide adenine dinucleotide phosphate (NADPH) 

oxidase produces superoxide from oxygen using electron from NADPH (Quinn et al., 

2006). ROS are also produced in response to different environmental stimuli such as 

growth factors, inflammatory cytokines, ionizing radiation, UV, chemical oxidants, 

chemotherapeutics, hyperoxia, toxins, and transition metals (Liu et al., 2009; Norbury et 

al., 2001). 

Harman et al. (1956) proposed that accumulation of deleterious effects to DNA, proteins 

and other molecules caused by free radicals is one of the main reason of ageing, and the 

ability of an organism to cope with cellular damage induced by ROS determines 

organism’s lifespan. ROS are considered as one of the causative factors of ageing as they 

react with DNA, protein and lipid molecules generating oxidative damage (Harman et al., 

1956). Oxidative stress occurs because of an imbalance between production of free 

radicals/ROS and antioxidants (Reuter et al., 2010). Mammalian cells have developed 

complicated defense mechanisms to counteract cellular damage caused by ROS. For 
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example, DNA lesions produced by ROS are corrected by DNA repair pathways such as 

base excision repair, nucleotide excision repair, mismatch repair and double strand 

break repair (Wilson et al., 2003; Maynard et al., 2009). Hematopoietic stem cells (HSCs) 

in aged mice become deficient in DNA repair pathways and shows increased sensitivity 

to ROS with diminished self renewal and functional capacities (Rossi et al., 2007). 

Antioxidant defense mechanisms such as antioxidative enzymes, tocopherol, 

tocotrienols, ascorbic acid, carotenoids, polyphenols, lipoic acids etc. are also present in 

cells to balance reactive oxygen species (Papas et al., 1999). 

Mitochondrial genome regulates synthesis of ATP and RNAs required for protein 

translation as well as it encodes proteins for oxidative phosphorylation (Falkenberg et 

al., 2007). Mitochondrial DNA (mtDNA) consists of only one noncoding region that is 

called D-loop or the displacement loop which plays important role in replication and 

transcription of mitochondrial DNA (Kasamatsu et al., 1971). It has been reported that 

mitochondrial DNA of aged human and animal tissue shows point mutation in D-loop 

and additionally deletion of mtDNA has also been detected so far (Piko et al., 1988; 

Calloway et al., 2000). Deletion of mtDNA is thought to be generated during repair of 

damaged mtDNA (Krishan et al., 2008). In order to correct mtDNA damage a double 

strand break is made (Krishen et al., 2008) which causes annealing of free single strand 

regions with homologous sequences on other single stranded mtDNA or within 

noncoding regions (Harber, 2000). Further processing is done by ligation and 

degradation of the remaining exposed single strands which results in the formation of 

an intact mitochondrial genome having a deletion (Krishan et al., 2008). Furthermore, it 

has been reported that the most common deletion is a 4977-bp deletion occurring 

commonly in muscle and brain (Linnane et al., 1992; Hayakawa et al., 1992) showing 

even higher frequency of deletion in brain, heart and skeletal muscle with age (Meissner 

et al., 2008). The abundance of mtDNA also declines with age in various tissues of 

human and rodent (Welle et al., 2003). 
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Figure 2.5: Mitochondrial DNA damage and ageing (Source: Loeb et al., 2005). 
 
It is found that oxidative damage in mitochondrial DNA (mtDNA) is more pronounced 

than in nuclear DNA. This fact shows that mitochondria is more susceptible to oxidative 

damage and are thought to play important role in ageing both as major producer and 

primary target of ROS (Harman et al., 1972; Richter et al., 1992; Miquel et al., 1980). 

Spleen, liver and brain of aged mice showed higher number of the permeability 

transition pores in inner mitochondrial membrane. These structures are associated with 

cell necrosis and apoptosis (Mather and Rottenberg, 2000; Rottenberg and Wu, 1997). 

Mice with mitochondrial DNA polymerase lacking Proof reading activity showed early 

ageing phenotypes, reduced lifespan and mtDNA mutation (Trifunovic et al., 2004). 

These evidences suggest that mitochondria and ageing are closely linked to each other. 

 

2.3.2.4 Senescence associated Beta-galactosidase (SA-β-GAL) 

Senescence associated Beta-galactosidase (SA-β-GAL) is a most commonly used 

senescence biomarker because of the simplicity of the assay and specificity of the 

reaction (Dimri et al., 1995; Debacq-Chainiaux et al., 2009). Beta-D-galactosidase is an 

enzyme localized in the lysosome that cleaves a number of naturally occurring 

substrates such as gangliosides, glycoproteins and glycosaminoglycans (Suzuki et al., 

1995). Beta-D-galactosidase localized in lysosomes of mammalian cell is regarded as 

specific subtrate for detecting senescence. Lysosome is an acidic organelle so it has been 

shown that beta galactosidase activity  is higher at pH between 4.0 and 4.5 while lower 

at pH 6.0 (Zhang et al., 1994). For the detection of senescence associated beta 

galactosidase the cells should be frozen instantly to preserve enzymatic activity (Debacq-

Chainiaux et al. 2009). 
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It has been shown that organs of aged human and other animals show enhanced SA-β-

GAL activity (Dimri et al., 1995; Mishima et al., 1999; Pendergrass et al., 1999; Sigal et 

al., 1999; Melk et al., 2003). Furthermore it has been found that beta galactosidase 

activity is detectable at pH 6 in cultured cells undergoing senescence but it is not 

detectable in proliferating cells (Dimri et al., 1995). These findings suggest that SA-β-GAL 

enzyme is a good marker for detecting cells undergoing senescence. Furthermore, it has 

been reported that MSCs in late passages show increase in beta gal activity while no 

significant difference has been observed in MSCs from young and aged donors 

(Stenderup et al., 2003). 

 

 
Figure 2.6: X-gal hydrolysis by beta galactosidase (Debacq-Chainiaux et al., 2009) 

 

 

2.4 Media and supplements for MSCs in culture 

Although mesenchymal stem cells can be found in many tissues in the body, such as 

bone marrow, fat, and muscle, they are mainly dormant and present in small quantities. 

For clinical use, such as tissue engineering or cell-based therapies, most strategies 

require that adult MSCs are isolated and expanded to (tens of) million cells (Schop et al., 

2009). To expand stem cells in a controlled, reproducible, and cost-effective way, 

extensive research is being performed on the development of bioreactors. Essential 

parameters for the optimization of an expansion process in a bioreactor are growth, 

metabolism, and growth inhibitors (Sotiropoulou et al., 2006). To the best of our 

knowledge, the metabolism of human MSCs and the growth inhibition of human MSCs 

by metabolites have not been described in detail before. For the expansion of MSCs in 

culture several different media compositions are generated as per the need of the 

researcher. Some of them are Mesenchymal Stem Cell Basal Medium (MSCBM; 
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Cambrex) which is a widespread and suitable medium used in MSC cultivation, but it is 

extremely difficult to use generally for clinical treatment because of its unclear 

traceability and cost. Dulbecco's Modified Eagle's Medium (D-MEM) is also used for the 

expansion of MSCs. Apart from these, another media called Iscove's Modified Dulbecco's 

Media (IMDM) which is a highly enriched synthetic media well suited for rapidly 

proliferating, high-density cell cultures is used by supplying the appropriate levels of 

serum. 

2.4.1 Role of FCS in in-vitro MSC culture 

Animal serum is an extremely complex mixture of a large number of constituents, low 

and high molecular weight biomolecules, with different, physiologically balanced growth 

promoting and growth-inhibiting activities (Jung et al., 2012). Serum is blood without 

any cells, platelets or clotting factors. Fetal bovine serum (FBS) is a cocktail of most of 

the factors required for cell attachment, growth and proliferation and is thus used as an 

almost universal growth supplement effective for most types of human and animal cells 

(Schop et al., 2009). In MSC culture FCS is used as a serum-supplement, it is considered 

to be a rich source of nutrients. It has low levels of antibodies and more number of 

growth factors. The globular protein called bovine serum albumin forms the major 

component in FCS. 

Serum functions as a buffering agent (Cifrian et al., 1996) in addition it also offers 

protection against certain “cytotoxic” agents by unknown mechanisms. BSA present in 

serum acts as a carrier for lipids provides bulk of the protein for culture and also acts as 

a sink for proteases, like trypsin. The in vitro life span of cultured human fibroblasts has 

been found to vary significantly with differing lots of serum (Schneider et al., 1978). 

The following summarizes the immense role of serum in cell culture as serum provides:  

 growth factors and hormones  

 binding and transport proteins  

 attachment and spreading factors  

 additional amino acids, vitamins and trace elements  

 fatty acids and lipids  

 protease-inhibitors  

 “detoxification” (due to binding and inactivation) 

 (colloid) osmotic pressure  

 reduction of shear stress 
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Figure 2.7: Components of FBS (Sotiropoulou et al., 2006) 

 

2.4.2 Role of glutamine in in-vitro MSC culture 

For general cell culture, glucose and glutamine are the two most important nutrients for 

the generation of cellular energy (adenosine -triphosphate, ATP), which is necessary for 

cell growth and maintenance (Schop et al., 2009). Glucose, the primary source of ATP for 

mammalian cells, is utilized either by oxidative phosphorylation (yielding about 30–38 

mol of ATP per mole glucose) or by anaerobic glycolysis (yielding 2 mol of ATP and 2 mol 

of lactate per mole glucose). Both the glucose consumption and the lactate production 

indicate which metabolic route the cells use to produce energy from glucose (Glacken, 

1988). Apart from a constituent of proteins (via protein biosynthesis), glutamine is also 

an important energy source for mammalian cell culture. Glutamine is metabolically 

deaminated to glutamate (Newsholme and Newsholme, 1989). The glutamate is then 
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converted to α-ketoglutarate by either the transamination pathway yielding alanine or 

the deamination pathway using glutamate dehydrogenase (GDH) yielding an extra 

ammonia (Ljuggren and Haggstrom, 1994). α -Ketoglutarate is then converted to 

pyruvate. The conversion of glutamine to pyruvate is called the glutaminolysis. Pyruvate 

can next either be converted to lactate or alanine or be completely broken down in the 

citric cycle. 
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3.1 Preparation of antibiotics and chemicals for culture of MSCs 

3.1.1 Pen Strep (0.1%) 

0.6 grams of Penicillin G (Sigma) was weighed along with 0.5 grams of Streptomycin 

sulfate (Gibco). The mixture was dissolved in 100mL of PBS followed by filtration. It was 

stored in 4⁰C for further use. 

 

3.1.2 Hydrocortisome 

0.72 grams of hydrocortisome (Gibco) was weighed. It was dissolved in about 5mL of 

DMSO (DMSO was added slowly to dissolve the powder). After it was dissolved 

completely, the final volume was adjusted to 20mL by ethanol. 

 

3.1.3 Trypsin EDTA (0.1%) 

100 mg of EDTA and 110mg of Trypsin (Sigma) was weighed and dissolved in 100 mL of 

PBS. The solution was filtered and stored in 4⁰C for further use. It was pre warmed 

before use. 

 

3.1.4 Composition of RNaST Lysis Buffer 

RNase Inhibitor 2µg/µL  

NaCl   0.135 M 

Tris-HCL  9 mM (pH 8.0) 

Dithiothreiotol 4.5 mM 

 

3.2 Preparation of culture media 

3.2.1 Iscove’s Modified Dulbecco’s Media (IMDM) with different serum 

concentration 

3.2.1.1 Preparation of IMDM stock solution 

17.67 grams of IMDM was weighed along with 3.024 grams of Sodium bicarbonate and 

dissolved in 1 litre of milliq. The mixture was then filtered and stored in 4⁰C for further 

use.  

 

3.2.1.2 Preparation of IMDM working solution 

To prepare 100 mL of working solution, 100µL of Beta mercaptoethanol, 100 µL of 

Hydrocortisome and 1mL of Penstrep was taken. The final volume was adjusted to 

100mL by IMDM stock solution and was filtered and stored in 4⁰C.  

 

3.2.1.3 Preparation of IMDM with different serum concentration 

To prepare IMDM working solution with different concentrations of serum, IMDM 

working solution was taken and to it different volume of serum i.e. FBS (Fetal Bovine 

Serum) and MSC-FBS in the ratio 1:1 was mixed as shown below: 
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Table 3.1: Preparation of 50mL of IMDM solution with different concentration of 

serum 

Percentage of 

serum 

Volume of IMDM working solution 

(mL) 

Volume of serum 

(mL) 

20% 40 10 

15% 43.5 7.5 

10% 45 5 

5% 47.5 2.5 

2.5% 48.75 1.25 

0.5% 49.75 0.25 

 

3.2.2 IMDM with different glutamine concentration 

3.2.2.1 Preparation of IMDM stock solution without glutamine 

17.67 grams of glutamine (Gibco) free IMDM was weighed and to it 3.024 grams of 

sodium bicarbonate was added. The mixture was dissolved in milliq and the final volume 

was adjusted to 1 litre. The solution was filtered and was stored in 4⁰C for further use.  

 

3.2.2.2 Preparation of IMDM working solution without glutamine 

To prepare 100 mL of working solution, 15mL of FBS was taken and to it 100µL of Beta 

mercaptoethanol, 100 µL of Hydrocortisome and 1mL of Pen strep was added. The final 

volume was adjusted to 100mL by stock solution.The solution was filtered and stored in 

4⁰C for further use. The media was pre-warmed before use. 

 

3.2.2.3 Preparation of IMDM with different concentration of glutamine 

From 200mM glutamine solution (100X), 4mM glutamine containing medium was 

prepared. Other dilutions were made using previously prepared glutamine free media 

and 4mM glutamine containing media as shown below: 

 

Table 3.2: Preparation of 50mL of IMDM solution with different concentration of 

serum 

Concentration of 

Glutamine (mM) 
Volume of glutamine free 

media (mL) 

Volume of 4mM glutamine 

containing media(mL) 

4 --- 50 

2 25 25 

1 37.5 12.5 

0.5 43.25 6.25 
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0.25 46.875 3.125 

0 50 --- 

 

3.3 Processing Bone Marrow cells 

A human fetus was obtained from hospital after informed consent. Sample processing 

was done as soon as possible. The bone on shoulder joint and hip joint was cut. The skin 

and muscle was cleared off very carefully. Both the bones were cut with scissors on 

elbow joint and knee joint to make the bones open from both ends. Phosphate buffer 

saline and pen strep (1%) was taken in a 10 mL syringe and entire 10 mL was flushed 

through the cleared bone into a petridish. Again another petridish was taken and the 

same process was repeated till entire bone turned white and all the content was flushed 

out. The flushed out cells were plated in six-well plate containing IMDM with six 

different concentrations of serum as well as with six different concentrations of 

glutamine. These plates were incubated at 37°C with 5% CO2 and the media was 

changed on every alternate day. 

3.4 Cell culture and estimation of population doubling  

Bone marrow cells were cultured in six different concentrations of serum as well as 

glutamine containing IMDM media with 1% Penicillin Streptomycin, 0.1% 

Hydrocortisome and 0.1% Beta-mercaptoethanol. The plates were incubated at 37⁰C 

with 5% CO2. Once culture reached confluence, the cells were trypsinized (0.1% trypsin) 

and counted using a haemocytometer. 50,000 cells were were plated accordingly in 

each different concentration of serum as well as glutamine for next passage while the 

remaining cells were used for immunostaining and preparation of lysate. Cells were 

viewed in Nikon Eclipse TS100 microscope. The total number of cells seeded and 

harvested was noted down and population doubling was calculated. 

Population doubling (P.D) = log N- log n 

                                                log 2 

where, N= No of cells harvested 

             n= No of cells seeded 

Population doubling time =          P.D 

                                                Number of days 

 

3.5 Preparation of Lysate 

When the adherent cells in culture dish became 80% confluent, the cells were 

trypsinised (0.1% trypsin) for 5-7 minutes (until the cells were detached from the culture 

plate) and resuspended in respective concentrations of serum or glutamine containing 

medium. Total number of cells were counted using haemocytometer and 50,000 cells 

per plate was plated for next passage. Remaining cells were cultured in a separate plate 
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and after 6 hours the media was aspirated and the plate was washed with PBS. 200 µL 

of chilled 1X PBS/90mm dish was added and the cells were scrapped out using cell 

scrapper (BD Falcon). It was then centrifuged (Eppendorf centrifuge) at 2000g for 10-15 

mins. Supernatant was gently discarded and to the pellet 10 µL of RNaST buffer (Applied 

Bioscience) was added. The pellet was dissolved in the buffer by gently vortexing the 

content. It was then immediately transferred to dry ice for immediate freezing. 

Eppendorf tubes containing lysate was then stored at -80⁰C for further use. 

 

3.6 Real Time PCR 

3.6.1 cDNA synthesis 

One cell PCR method was used in this study. The lysate prepared above (containing 

RNA) was directly used for cDNA synthesis of Ki67, P21 and APE. The real time PCR 

reaction conditions were optimized by varying many parameters such as oligo dT 

concentration, hexamer concentration, dNTP concentration (Invitrogen), dTT 

concentration. Finally, the concentrations of all these parameters were optimized.  

Table 3.3: Reaction parameters for cDNA synthesis of respective genes 

  S.N.           Components       Concentration      Volume/single reaction 

   1.                Lysate          ----               2 µL 

   2.               OligodT     0.5 µg/µL               1 µL 

   3.               Hexamer     0.5 µg/µL               1 µL 

   4.                dNTPs       10mM               1 µL 

   5.               MilliQ                8 µL 

   Total volume             13 µL 

 

The tubes were incubated at 65⁰C for 5 mins and were put back in ice. Rests of the 

components were then added to the mixture and the final volume was made to 20µL. 

Table 3.4: Final mixture for cDNA synthesis 

S.N. Components      Concentration     Volume/single reaction  

1. First strand buffer 5X             4 µL 

2. dTT 0.1mM             1 µL 

3. RNase H 5000U/mL             1 µL 

4. Reverse transcriptase 1000U/mL             1 µL 

 

3.6.2 PCR cycling condition for cDNA synthesis 

Short spinning was done to mix the components properly and following PCR cycling 

condition was set up. 
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Table 3.5: PCR cycling condition for cDNA synthesis (CCMB optimized protocol) 

Steps Process Temperature Time  

1. Priming 50⁰C 50 minutes 

2. Extension 75⁰C 15 minutes 

3. Hold 22⁰C 5 minutes 

 

3.6.3 Real time PCR 

3.6.3.1 Optimization of primers for real time PCR 

The no template control (NTC) matrix was used for the optimization of primers for test genes 

(P21, Ki67 and APE) along with endogenous reference genes (TBP and B2M). For each 

optimizations, forward primer (3 µL), reverse primer (3 µL), MilliQ (9 µL) and SYBR green 

Master Mix (15 µL) were added and reaction was done under ABI Real time PCR instrument in 

triplicates. 

Table 3.6: Primer optimization using NTC matrix 

Forward/ 

Reverse 

2.5pM 5Pm 7.5pM 10pM 12.5pM 15pM 

2.5pM 

 

2.5F 

2.5R 

5F 

2.5R 

7.5F 

2.5R 

10F 

2.5R 

12.5F 

2.5R 

15F 

2.5R 

5pM 

 

2.5F 

5R 

5F 

5R 

7.5F 

5R 

10F 

5R 

12.5F 

5R 

15F 

5R 

7.5pM 

 

2.5F 

7.5R 

5F 

7.5R 

7.5F 

7.5R 

10F 

7.5R 

12.5F 

7.5R 

15F 

7.5R 

10pM 

 

2.5F 

10R 

5F 

10R 

7.5F 

10R 

10F 

10R 

12.5F 

10R 

15F 

10R 

12.5pM 

 

2.5F 

12.5R 

5F 

12.5R 

7.5F 

12.5R 

10F 

12.5R 

12.5F 

12.5R 

15F 

12.5R 

15pM 

 

2.5F 

15R 

5F 

15R 

7.5F 

15R 

10F 

15R 

12.5F 

15R 

15F 

15R 

 

On the basis of NTC matrix, different parameters like background noise/contamination, 

primer dimer formation etc were checked using ABI Real time PCR instrument and the primer 

concentrations which showed undetermined values were selected as optimized primer 
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concentrations. The optimize sets for forward and reverse primers for each gene are given 

below: 

Table 3.7: Optimized primer concentrations for test and reference genes 

S.N Test and Reference genes Forward primer (pM) Reverse primer (pM) 

1 P21 2.5 5 

2 Ki67 2.5 2.5 

3 APE 2.5 7.5 

4 TBP 5 7.5 

5 B2M 2.5 2.5 

 

Primers (Invitrogen) used in Real Time PCR and their sequences are listed below: 

Table 3.8: List of primers used in Real Time PCR 

S.N  Primer name Primer Sequence (5’-3’) 

1. Ki67-Forward TGACCCTGATGAGAAAGATCAA (22 bp) 

Ki67-Reverse ACGTCCAGCATGTTCTGAGG (20 bp) 

2. P21-Forward TTAGCAGCGGAACAAGGAGT (20 bp) 

P21-Reverse AGCCGAGAGAAAACAGTCCA (20 bp) 

3. APE-Forward CGGAATTCCATGCCGAAGCGTGGGAAAA (28 bp) 

APE-Reverse CGCAAGCTTTCACAGTGCTAGGTATAGGG (29 bp) 

4. TBP-Forward TGCACAGGAGCCAAGAGTGAA 

TBP-Reverse CACATCACAGCTCCCCACCA (20 bp) 

5. B2M-Forward GGCTATCCAGCGTACTCCAA (20 bp) 

B2M-Reverse GATGAAACCCAGACACATAGCA (22 bp) 

 

3.6.3.2 Procedure 

Optimized primer concentrations for each gene (P21, Ki67 and APE) were obtained from 

the above NTC reaction and master mix was prepared for quantitative analysis of 

respective genes using Real time PCR along with endogenous reference genes TBP (TATA 

binding protein) and B2M (Beta-2-microglobulin). The reaction mix for test genes, 

reference genes and control was prepared for triplicate reaction as follows: 

Table 3.9: Reaction parameters for Real Time PCR 

     Components Volume for Test/Reference Volume for Control (NTC) 

     cDNA Template                   3µL                   --- 
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     Forward primer                   3 µL                 3 µL 

     Reverse primer                   3 µL                 3 µL 

     SYBR green Master Mix                  15 µL                15 µL 

     MilliQ                   6 µL                 9 µL 

     Total                   30 µL                30 µL 

The SYBR green Mater Mix (Takara) consists of SYBR green I dye, Ampli Taq Gold DNA 

polymerase, dNTPs, passive reference dye, optimized buffer components. Excitation maxima 

and emission maxima for SYBR green are 494nm and 521nm respectively. 

30 µL of Real Time PCR reaction mix prepared above was pipetted into three wells each 

containing 10 µL in a 384 well plate. For each gene, reaction was done in triplicates to 

avoid pipetting errors. No template control for each gene was also prepared for triplicate 

reaction. A clear thin optical film was used to cover the contents of the 384 well plate to 

prevent evaporation and cross contamination by mixing of the components to other 

wells. The plate was short spinned at 500 rpm for 30-40 seconds prior to loading the 

plate to ABI Real time PCR instrument. Real time PCR cycling parameters was set using 

SDS 2.3 version real time PCR program and detector for sample identification was also 

set. 

 

3.6.3.3 Real time PCR cycling condition 

The following PCR conditions were set in the SDS 2.3 version real time PCR program. 

Table 3.10: Cycling conditions for Real-Time PCR 

Stage 1 Stage 2 Stage 3 Stage 4 

 

 

 

 

 

 

 

 

50⁰C 

02:00 

 

95⁰C 

10:00 

 

95⁰C 

00:15          

                     

                    72⁰C 

                    00:30 

 

 

             60⁰C 

            00:30 

 

95⁰C                95⁰C 

10:00               10:00 

 

 

         

        

           

          60⁰C 

         00:30 

Repeat 40 times Dissociation stage 
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When the PCR run was complete, the data obtained was saved in a folder and the 384 

well plate was removed from the instrument. Further calculations were done manually 

using the following formula. 

ΔCt=Ct Test sample-Ct Reference 

ΔΔCt=Ct Test sample-Ct Control 

 

3.7 Amido Black staining 

3.7.1 Preparation of Amido black stain 

To prepare 100 mL of amido black solution, 0.1 gm of amido black was weighed and to it 

40mL of methanol and 10mL of acetic acid was added and the volume was adjusted to 

100 mL with MilliQ. 

3.7.2 Preparation of Destaining solution 

To prepare 100mL of destaining solution, 90mL methanol was mixed with 2mL of acetic 

acid and the volume was made to 100mL by adding 8mL MilliQ. 

3.7.3 Preparation of Elution buffer 

To prepare 50mL of elution buffer, 25mL of 50% ethanol was mixed with 50mM NaOH 

and 4µL of 0.1mM EDTA adjusting the final volume to 50 mL with MilliQ. 

3.7.4 Procedure 

The protein samples (lysate) were spotted on nitrocellulose membrane using slot blot                                 

apparatus and were dried at room temperature for 5 minutes. The membrane was made 

wet with double distilled water and Amido black stain was added.  It was then incubated 

for 10-30 mins. The membrane was washed 3 times with double distilled water, each 

time for 5 mins. The membrane was then kept in destaining solution for 10 minutes to 

remove unbound stain. The membrane was rinsed with double distilled water and air 

dried. The membrane was cut precisely and kept in elution buffer (900µL) and was kept 

for vortexing 1600-1700 rpm for 30 minutes. Absorbance of the samples at 630nm was 

taken using spectrophotometer and standard graph was plotted. From this graph the 

concentration of protein was determined. 

 

3.8 Immunostaining 

3.8.1 Fixation 

The cells were grown in coverslips in respective percentage of serum as well as glutamine 

containing media for 6-7 hours at 37⁰C, 5% CO2. The media was aspirated and the cells in 

cover slip were covered with chilled 70% methanol in order to fix the cells for 10 minutes 

at room temperature. Fixative was aspirated and the cells were covered with PBS and 

stored at 4⁰C. 
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3.8.2 Staining 

To the cell sample in cover slip, blocking solution (3% BSA) was applied and was 

incubated for 20 minutes. Meanwhile primary antibody from Abcam (mouse raised anti-

p21 and goat raised anti-Ki67) was prepared by diluting it in 1% BSA in the ratio of 1:200. 

The blocking solution was aspirated and diluted primary antibody was applied. It was 

incubated in room temperature for 2-3 hours. It was rinsed with 1X PBS, keeping for 5 

minutes in each wash. Fluorochrome conjugated secondary antibody from Abcam 

(donkey raised anti-mouse anti-p21 and donkey raised anti-goat anti-Ki67)  diluted in the 

ratio of 1:500 in 1% BSA was applied and was incubated for an hour at room temperature 

in dark .It was rinsed with 1X PBS, keeping for 5 minutes each time. The cover slips were 

then transferred to slide (upper surface facing downward) containing glycerol along with 

1X DAPI. The mountant was allowed to fix for some time and the slide was observed 

under fluorescent microscope (Zeiss Axioplan 2). 

 

3.9 X-Gal Staining for Beta-Galactosidase 

3.9.1 Preparation of X-gal Dilution buffer 

160mg Crystalline Potassium Ferricyanide (Sigma #P-8131, FW 329.2) of 5mM 

concentration,20mg magnesium chloride of 2mM concentration(sigma #M-8266,FW 

95.21) was weighed and dissolved in 100 mL PBS. It was mixed well and stored at 4⁰C, 

protected from light. The solution was warmed at 37⁰C prior to use.  

3.9.2 Preparation of X-gal stock solution (4% in DMF) 

20mg X-gal (Boehringer Mannheim #745-740) was weighed and dissolved in 0.5mL DMF 

(N, N Dimethylformamide). It was stored at -20 C,protected from light. 

3.9.3 X-gal Working solution 

X-gal dilution buffer was pre warmed to prevent precipitation of X-gal. Then X-gal stock 

solution was diluted in the ratio of 1:40 in pre warmed X-gal dilution buffer. 

3.9.4 X-Gal Staining 

The cells were grown in coverslips in respective percentage of serum as well as glutamine 

containing media for 6-7 hours at 37⁰C with 5% CO2.The media was aspirated and the 

cells in cover slip was covered with cold formalin(2% formaldehyde in PBS) in order to fix 

the cells, for 10 minutes at room temperature. Fixative was aspirated and the cells were 

covered with PBS. 

The cover slip was washed with 3 changes in PBS for five minutes each and then rinsed in 

distilled water. The cover slips were then incubated in X-gal working solution at 37⁰C for 

12-16 hours. Incubation was done in humidified chamber to prevent cover slips from 

drying. The cover slips were then rinsed with PBS with two changes in PBS. It was then 

rinsed with distilled water briefly. The cover slip was counter stained with nuclear fast 
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red for 3-5 minutes and rinsed with distilled water. The cover slip was directly mounted 

with aqueous mounting solution.   

 

3.10 Estimation of Reactive oxygen species (ROS) by flow 

cytometry 

BM zero passage cells were cultured in 6 different concentrations of serum. After the 

cells was 80% confluent, the media was removed from the plate. The cells were washed 

with PBS to remove media and cells were harvested using trypsin EDTA. These cells were 

suspended in serum containing media and centrifuged at 1600 rpm for 4minutes. 1mL of 

media was added to each tube and the cells were counted using hemocytometer.50,000 

cells were plated in six-well plate for next passage and incubated at 37⁰C with 5% CO2. 

Rest of the cells were cultured in the same plate and incubated at 37⁰C with 5% CO2 for 

24hours.  

After 24hours, media was aspirated from each plate and PBS wash was given. BS with 

DCFDA (50mM) was then added to the cells. To 5mL of PBS, 2µL of DCFDA (50mM) was 

added. The plates were then incubated for 10 minutes at 37⁰C. All this was done in dim 

light. The plates were then washed with PBS. The cells were harvested using Trypsin-

EDTA and was suspended in PBS after blocking the process with serum containing 

medium.PBS suspended cells were then centrifuged at 1600 rpm for 4 minutes. The 

pellet was resuspended in 500 µL of PBS. The cells were then acquired and analyzed on 

BD FACS Array bioanalyzer. Excitation maxima and emission maxima for DCFDA are 

495nm and 529nm respectively. 

BM zero passage cells were also cultured in 6 different concentration of glutamine viz. 

4mM, 2mM, 1mM, 0.5mM, 0.25mM glutamine containing media and one in glutamine 

free medium. Control was also kept for all these concentrations. Same procedure 

described above was applied for estimation of reactive oxygen species. 
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4.1 Population Doubling (PD) and Growth curve 

The bone marrow derived Mesenchymal cells were grown in IMDM media with different 
concentrations of serum (0.5 to 20%) as well as glutamine (0 to 4mM). The total 
numbers of cells were counted on haemocytometer for each passage and the number of 
days taken by the culture to become confluent was also noted. Population doubling (PD) 
and population doubling time was calculated by using the formula mentioned in section 
3.5 of materials and methodology. 

 

Table 4.1: Cell count and Population doubling estimation with different serum concentrations 

%  of 
serum 

No. of 
passage 

No. of cells 
plated(n) 

No. of cells 
harvested(N) 

Time in 
days 

Population 
Doubling 

Population 
Doubling Time 

20% 

1p 30000 825000 6 4.781 0.796 

2p 50000 810000 6 4.018 0.669 

3p 50000 730000 7 3.868 0.552 

4p 50000 375000 6 2.907 0.484 

15% 

1p 30000 510000 6 4.087 0.681 

2p 50000 750000 6 3.907 0.651 

3p 50000 500000 7 3.322 0.474 

4p 50000 250000 7 2.322 0.331 

10% 
1p 30000 366666 7 3.611 0.515 

2p 50000 187500 12 1.907 0.158 

5% 
1p 30000 112500 7 1.907 0.272 

2p 50000 97500 15 0.963 0.064 

2.50% 
1p 30000 225000 13 2.907 0.223 

2p 50000 67500 13 0.433 0.033 

0.50% 1p 30000 50000 6 0.737 0.122 

 

Bone marrow derived Mesenchymal stem cells grew faster in IMDM containing higher 
concentrations of serum (20% and 15%) compared to cells grown in IMDM with lower 
concentrations of serum (10%, 5%, 2.5% and 0.5%) as shown by total cell count before & 
after each passage and number of days to become confluent (Table 4.1). This was also 
supported by the population doubling time and growth curve (Table 4.1 and figure 4.1). 
The population doubling time of the cells grown in higher concentration of serum is also 
higher than the population doubling time of the cells grown in lower concentrations of 
serum. Cells cultured in IMDM with 20% and 15% grew upto fourth passage, after which 
these cells became senescent while cells cultured in IMDM with 10%, 5%, 2.5% and 0.5% 
grew only upto second passage except for 0.5% which grew for only one passage and 
became senescent and began to die.  
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Fig 4.1: Growth curve of bone marrow derived Mesenchymal stem cells grown in 
different concentration of serum 

 

      

Fig 4.2: Growth curve of bone marrow derived MSCs grown in different concentration of 
glutamine 

 

Bone marrow derived Mesenchymal stem cells grew almost similarly in IMDM 
containing glutamine irrespective of the concentrations of glutamine used (0mM to 
4mM) as shown by total cell count at the beginning and end of each passage and 
number of days to become confluent (Table 4.2). This was also supported by the 
population doubling time and growth curve (Table 4.2 and figure 4.2). The population 
doubling times were also comparable for cells at same passage number for each 
glutamine concentrations which meant that the cells took similar number of days to 
become confluent. The cells grew upto ninth passage irrespective of glutamine 
concentration in the media and became senescent and began to die. 
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Conc of 
glutamine 

No of 
passage 

No of cells 
plated(n) 

No of cells 
harvested(N) 

Time in 
days 

Population 
Doubling 

Population 
Doubling Time 

4mM 

1p 35000 600000 6 4.099 0.683 

2p 50000 463888 4 3.213 0.803 

3p 50000 270833 7 2.437 0.348 

4p 50000 311666 7 2.640 0.377 

5p 50000 375000 6 2.906 0.484 

6p 50000 400000 7 2.999 0.428 

7p 50000 187500 8 1.906 0.238 

8p 50000 100000 7 0.999 0.142 

9p 50000 75000 5 0.584 0.116 

2mM 

1p 35000 691666 6 4.304 0.717 

2p 50000 405555 4 3.019 0.754 

3p 50000 675000 7 3.754 0.536 

4p 50000 197500 7 1.981 0.283 

5p 50000 600000 6 3.584 0.597 

6p 50000 225000 7 2.169 0.309 

7p 50000 237500 8 2.247 0.280 

8p 50000 87500 7 0.807 0.115 

9p 50000 200000 5 1.999 0.400 

1mM 

1p 35000 783333 6 4.484 0.747 

2p 50000 419166 4 3.067 0.766 

3p 50000 308333 7 2.624 0.374 

4p 50000 262500 7 2.392 0.341 

5p 50000 300000 6 2.584 0.430 

6p 50000 287500 7 2.523 0.360 

7p 50000 225000 8 2.169 0.271 

8p 50000 875000 7 4.129 0.589 

9p 50000 100000 5 0.999 0.200 

0.5mM 

1p 35000 916666 6 4.710 0.785 

2p 50000 375277 4 2.907 0.726 

3p 50000 291666 7 2.544 0.363 

4p 50000 337500 7 2.754 0.393 

5p 50000 362500 6 2.857 0.476 

6p 50000 225000 7 2.167 0.309 

7p 50000 150000 8 1.584 0.198 

8p 50000 107500 7 1.104 0.157 

9p 50000 52500 5 0.071 0.014 

0.25mM 

1p 35000 930000 6 4.731 0.788 

2p 50000 474200 4 3.245 0.811 

3p 50000 266666 7 2.415 0.345 

4p 50000 280000 7 2.485 0.355 

5p 50000 366666 6 2.874 0.479 

6p 50000 150000 7 1.584 0.226 

7p 50000 75000 8 0.584 0.073 

8p 50000 100000 7 0.999 0.142 

9p 50000 52500 5 0.071 0.014 

 

 

Table 4.2: Cell count and Population doubling estimation with different glutamine concentrations 
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4.2 Morphology of Bone Marrow derived MSCs 

Change in cell morphology is regarded as one of the important sign of ageing. 
Mesenchymal stem cells in-vitro show varied morphology on long term culture. In this 
study cells were grown in different concentrations of serum (0.5 to 20%) as well as 
glutamine (0 to 4mM). For all treatments, the cells in early passages showed thin spindle 
shaped morphology with no damage in cell structure (figure 4.3 and figure 4.4). As these 
cells entered into senescence, the cells for all concentrations of serum and glutamine 
looked bigger in size, spread further (became longer) and contained more podia and 
actin stressed fibers. In addition, the culture dishes of late passage cells also contained 
cell debris floating in the culture medium. 

 

            Early passage                      Late passage                          Early passage                   Late passage 

     

     

     

 Figure 4.3: Morphological changes in bone marrow cells cultured in different 
concentrations of glutamine in early and late passage. Early and late passages are 
represented by small letters and capital letters respectively. 

 

The cell density for cells grown in different concentrations of glutamine was almost 
similar for early and late passages of respective concentrations (figure 4.3). For all 
concentrations of glutamine (0-4mM), the cells in late passage (only after sixth passage) 
showed damaged morphology as compared to early passage. 
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         Early passage                   Late passage                    Early passage                          Late passage 

                  

                                                                                                                                                           

                                     

Figure 4.4: Morphological changes in bone marrow cells cultured in different 
concentrations of serum in early and late passage. Early and late passages are 
represented by small letters and capital letters respectively. 

 

The cell density was decreased significantly from cultures grown in higher concentration 
of serum viz. for 20% and 15% compared to lower concentrations viz. 10%, 5%, 2.5% and 
0.5% as observed in figure 4.4. Cells grown in 2.5% and 0.5% of serum showed flattened 
morphology from second passage and cell number decreased rapidly. Cells grown in 5% 
and 10% of serum showed flattened morphology after second passage and cell number 
also decreased significantly. Cells grown in 15% and 20% of serum showed signs of aging 
from fourth passage onwards. 
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4.3 Immunostaining for Ki67 and p21 proteins 

The expressions of proliferation marker Ki67 and senescence marker p21 were tested using 

immunostaining technique in Axioimager 2 fluorescent microscope. The filters were chosen 

according to the flourochrome conjugated secondary antibody used in the study. FITC filter was 

used to detect Ki67 and red filter was used for p21. DAPI was used to stain nucleus so that the 

cells could be focused under fluorescent microscope and then the filters were changed to 

observe the expression of p21 and Ki67 in different passages of bone marrow derived 

Mesenchymal stem cells grown in IMDM with varying concentrations of glutamine and serum. 

 

The expression of Ki67 was observed as green fluorescent in cells at both early and late 

passages of Mesenchymal stem cells irrespective of the glutamine concentration used whereas 

the expression of p21 (red fluorescent in cells) was not observed in any cells in either early or 

late passage. Merged image of all stains also supported this observation (figure 4.5 to 4.8). 

 

The expression of Ki67 was also observed cells at both early and late passage of all serum 

varying IMDM media as green fluorescent in cells (figure 4.9 to 4.12) whereas the expression of 

p21 was observed as red fluorescent even in early passages of lower serum containing media 

(photoplates 7 and 11 of figure 4.10). The senescence associated protein p21 kept on 

expressing in late passage cells grown at lower serum containing media (figure 4.11 and 4.12) 
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Figure 4.5: Immunostaining of bone marrow cells grown in different concentrations of glutamine 
during their early passage. Figure no 1 to 4 represents for DAPI stained, Ki67 stained, p21 stained 
and merged image for bone marrow derived Mesenchymal stem cells grown in 0mM glutamine 
concentration respectively. Figure no 5 to 8 represents for DAPI stained, Ki67 stained, p21 stained 
and merged image for bone marrow derived Mesenchymal stem cells grown in 0.25mM glutamine 
concentration respectively. Figure no 9 to 12 represents for DAPI stained, Ki67 stained, p21 stained 
and merged image for bone marrow derived Mesenchymal stem cells grown in 0.5mM glutamine 
concentration respectively. 
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Figure 4.6: Immunostaining of bone marrow cells grown in different concentrations of glutamine 
during their early passage. Figure no 1 to 4 represents for DAPI stained, Ki67 stained, p21 stained and 
merged image for bone marrow derived Mesenchymal stem cells grown in 1mM glutamine 
concentration respectively. Figure no 5 to 8 represents for DAPI stained, Ki67 stained, p21 stained 
and merged image for bone marrow derived Mesenchymal stem cells grown in 2mM glutamine 
concentration respectively. Figure no 9 to 12 represents for DAPI stained, Ki67 stained, p21 stained 
and merged image for bone marrow derived Mesenchymal stem cells grown in 4mM glutamine 
concentration respectively. 
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Figure 4.7: Immunostaining of bone marrow cells grown in different concentrations of glutamine 
during their late passage. Figure no 1 to 4 represents for DAPI stained, Ki67 stained, p21 stained and 
merged image for bone marrow derived Mesenchymal stem cells grown in 0mM glutamine 
concentration respectively. Figure no 5 to 8 represents for DAPI stained, Ki67 stained, p21 stained 
and merged image for bone marrow derived Mesenchymal stem cells grown in 0.25mM glutamine 
concentration respectively. Figure no 9 to 12 represents for DAPI stained, Ki67 stained, p21 stained 
and merged image for bone marrow derived Mesenchymal stem cells grown in 0.5mM glutamine 
concentration respectively. 
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Figure 4.8: Immunostaining of bone marrow cells grown in different concentrations of 
glutamine during their late passage. Figure no 1 to 4 represents for DAPI stained, Ki67 stained, 
p21 stained and merged image for bone marrow derived Mesenchymal stem cells grown in 
1mM glutamine concentration respectively. Figure no 5 to 8 represents for DAPI stained, Ki67 
stained, p21 stained and merged image for bone marrow derived Mesenchymal stem cells 
grown in 2mM glutamine concentration respectively. Figure no 9 to 12 represents for DAPI 
stained, Ki67 stained, p21 stained and merged image for bone marrow derived Mesenchymal 
stem cells grown in 4mM glutamine concentration respectively. 
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Figure 4.9: Immunostaining of bone marrow cells grown in different concentrations of 
serum during their early passage. Figure no 1 to 4 represents for DAPI stained, Ki67 
stained, p21 stained and merged image for bone marrow derived Mesenchymal stem cells 
grown in 20% serum respectively. Figure no 5 to 8 represents for DAPI stained, Ki67 
stained, p21 stained and merged image for bone marrow derived Mesenchymal stem cells 
grown in 15% serum respectively. Figure no 9 to 12 represents for DAPI stained, Ki67 
stained, p21 stained and merged image for bone marrow derived Mesenchymal stem cells 
grown in 10% serum respectively.  
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Figure 4.10: Immunostaining of bone marrow cells grown in different concentrations of 
serum during their early passage. Figure no 1 to 4 represents for DAPI stained, Ki67 
stained, p21 stained and merged image for bone marrow derived Mesenchymal stem cells 
grown in 5% serum respectively. Figure no 5 to 8 represents for DAPI stained, Ki67 stained, 
p21 stained and merged image for bone marrow derived Mesenchymal stem cells grown in 
2.5% serum respectively. Figure no 9 to 11 represents for DAPI stained, Ki67 stained and 
p21 stained image for bone marrow derived Mesenchymal stem cells grown in 0.5% serum 
respectively. 

 

2.5% 

5% 

0.5% 

DAPI 
Ki67 

p21 Merged image 

1 2 3 4 

5 6 7 

9 10 11 

8 



CHAPTER 4: RESULTS 
 

46 
 

 

 

 

 

 

 

Figure 4.11: Immunostaining of bone marrow cells grown in different concentrations of 
serum during their late passage. Figure no 1 to 4 represents for DAPI stained, Ki67 stained, 
p21 stained and merged image for bone marrow derived Mesenchymal stem cells grown in 
20% serum respectively. Figure no 5 to 8 represents for DAPI stained, Ki67 stained, p21 
stained and merged image for bone marrow derived Mesenchymal stem cells grown in 
15% serum respectively. Figure no 9 to 12 represents for DAPI stained, Ki67 stained, p21 
stained and merged image for bone marrow derived Mesenchymal stem cells grown in 
10% serum respectively. 
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Figure 4.12: Immunostaining of bone marrow cells grown in different concentrations of 
serum during their late passage. Figure no 1 to 4 represents for DAPI stained, Ki67 stained, 
p21 stained and merged image for bone marrow derived Mesenchymal stem cells grown in 
5% serum respectively. Figure no 5 to 8 represents for DAPI stained, Ki67 stained, p21 
stained and merged image for bone marrow derived Mesenchymal stem cells grown in 
2.5% serum respectively.  
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4.4 Senescence associated beta-gal staining 

Senescence associated beta gal is a most commonly used biomarker of aging. Beta galactosidase is 
produced in aged cells. X-gal along with potassium ferrocyanide, potassium fericyanide and 
magnesium chloride is used for beta gal staining. Beta galactosidase produced in aged cells cleave X-
gal present in the stain and gives blue colour. In this study, cells of early and late passage are stained 
and are related to aging. The cells in early passage do not show any stain while that of late passage 
shows blue stain of beta galactosidae in their cytoplasm. Figures 4.13 and 4.14 represent beta gal 
staining for serum (15%) and glutamine (2mM) in their early and late passages. No change in beta gal 
staining and hence no difference in blue color was observed in the cytoplasm of MSCs in all 
concentrations of serum and glutamine. Hence, any comparative analysis of ageing in response to 
serum and glutamine starvation could not be done. 

  

 

Figure 4.13: Beta-gal staining of cells cultured serum and glutamine in their early passage. A 
symbolizes 15% serum and B symbolizes 2mM glutamine 

 

Figure 4.14: Beta-gal staining of cells cultured glutamine in their late passage. Black arrow denotes 
the region of stained beta galactosidase in aged cells. C symbolizes 15% serum and D symbolizes 
2mM glutamine 
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4.5 FACS for estimation of ROS 

DCFDA (2’7’- dichlorofluorescein diacetate) measures the reactive oxygen species 
produced in cell. DCFDA diffuses into cell where it is deacetylated by the cellular 
esterase to a non-fluorescent compound. ROS present in the cells oxidizes the non 
fluorescent compound to 2’,7’-dichloroflurescein (DCF) giving fluorescence. The amount 
of fluorescence produced is detected by the FL1 detector. 

 

 

(A) 

 

(B) 

Figure 4.15: Histogram showing control unstained (A) and control stained (B) population of 
cells  

 

 
The above histogram shows the total percentage of stressed cells. M1 represents 

unstained population and M2 represents stained population. M3 represents the total 

percentage of stressed population. On the basis of population marked in stained control 

cells, the cells falling outside the gate are counted as high ROS producing stressed cells 

and total percentage of stressed population is determined. 
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Table 4.3 (A): Percentage of unstained cells, stained cells and cells with an increased 

production of ROS grown in different concentrations of serum 

No of 

passage 

Percentage of cells 

20% serum 15% serum 10% serum 

M1 M2 M3 M1 M2 M3 M1 M2 M3 

1p 9.61 88.00 0.05 4.63 91.05 0.07 10.95 83.71 3.91 

3p 15.64 81.38 2.34 15.86 79.60 4.18 17.35 66.03 15.53 

5p 14.58 72.63 10.88 23.51 59.36 14.65 ------ ------ ------ 

 

Table 4.3 (B): Percentage of unstained cells, stained cells and cells with an increased 

production of ROS grown in different concentrations of serum 

No of 

passage 

Percentage of cells 

5% serum 2.5% serum 

M1 M2 M3 M1 M2 M3 

1p 16.20 80.84 0.87 17.72 79.72 0.02 

2p 21.84 63.12 11.92 24.76 60.41 13.61 

 

In this study, estimation of reactive oxygen species was done for each passage of bone 
marrow derived Mesenchymal stem cells grown in IMDM with different serum 
concentrations (Table 4.3 A & B). The percentage of stressed cells i.e cells producing 
enchanced level of reactive oxygen species increased with increase in passage number 
for each serum concentrations. The cells grown in IMDM containing lower concentration 
of serum (2.5%, 5% and 10%), the ROS accumulated in the cells even after first passage. 
Thus, the serum starved condition could not help the cells to prolong ageing. 
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4.6 Amido black staining 

Amido black staining was done to determine the concentration of protein in cell lysate 
which was used to determine the value of relative gene expression in real time PCR. Amido 
black is a very sensitive technique as it can be used to determine even small concentrations 
of protein in sample.  

Table 4.4: Concentration of protein in cells cultured in different concentrations of serum 

S.N. Passage Concentration of serum(%) Protein concentration (µg/µl) 

1. Early passage 20 1.478261 

  15 2.51087 

  10 0.047826 

  5 1.26087 

2. Late passage 20 0.619565 

  15 0.51087 

  10 0.51087 

  5 0.326087 

 

The protein concentration of cells cultured in IMDM containing different concentrations of serum 
is found to be greater in early passage as compared to cells in late passage (Table 4.8). This 
variation is obtained because the density of cells in early passage is higher than that of late 
passage.  

 

Table 4.5: Concentration of protein in cells cultured in different concentrations of glutamine 

S.N. Passage Concentration of glutamine(mM) Protein concentration (µg/µl) 

1. Early passage 4 0.934783 

  2 0.902174 

  1 0.934783 

  0.5 0.934783 

  0.25 0.619565 

  0 0.678351 

2. Late passage 4 0.826087 

  2 1.054348 

  1 0.630435 

  0.5 0.76087 

  0.25 0.826087 

  0 0.76087 
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The protein concentration of cells cultured in IMDM containing different concentrations of 
glumanine is found to be almost comparable between cells in early passage and late passage 
(Table 4.9). This result was also supported by cell count. The density of cells cultured in different 
concentrations of glutamine was also found to be almost similar in each passage for respective 
concentrations of glutamine.  

 

4.7 Real time quantification  

Real time PCR was done to quantify the relative expression of ageing related genes viz. Ki67 

(proliferative marker), p21 (senescent marker) and APE (apurinic/ apyrimidinic 

endonuclease). In this study direct cell to PCR method was used. From the cells cultured in 

IMDM containing different concentrations of serum and glutamine, cell lysate containing 

RNA was prepared using RNaST buffer. Protein concentration was determined in the lysate 

by amido black mehod (table 4.8 and 4.9). cDNA synthesis was then carried out directly 

from cell lysate containing RNA before doing real time PCR. Expression levels of ki67, p21 

and APE were analyzed taking same amount of template for both serum and glutamine.  

 

4.7.1 Relative expression of ageing related markers in varying concentrations 

of serum containing media 

Cells were grown in IMDM containing different concentrations of serum. Relative gene 

expression of ki67,p21 and APE was then calculated comparing expression of aging related 

genes viz. ki67, p21 and APE in early and late passage. For real time PCR, for each 

concentrations of serum (20%, 15%, 10%, 5%, 2.5% and 0.5%) two culture dishes were 

taken, one containing cells in early passage (First or second passage) and other containing 

cells in late passage (third passage and so on) for cells grown in IMDM with different 

concentrations of serum). Following real time PCR for cells cultured in varying concentration 

of serum containing media, the relative gene expression of respective genes were 

calculated using the formula mentioned in section 3.6.3.3 of materials and methodology.   
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Figure 4.16: Ratio of gene expression level in late and early passage of cells cultured in 

different concentrations of serum versus concentration of serum. EP represents lower 

passage (1st & 2nd passage for serum and 1st to 3rd passage for glutamine) and LP represents 

late passage (3rd & 4th passage for serum and 6th to 9th passage for glutamine). 

Ki67 was found to be expressed highly in late passage cells grown in higher concentrations 

(20% and 15%) of serum than late passage cells grown at lower concentrations (0.5%, 2.5% 

and 5%) of serum which suggested that the cells at late passage of higher serum containing 

media are actively proliferating whereas the cells at late passage for lower serum 

concentration i.e. serum starved condition has reduced proliferating activity suggesting 

those cells were entering senescent. The expression of base excision repair gene APE 

(apurinic/ apyrimidinic endonuclease) seems to be increasing in cells from higher 

concentration (20% serum containing media) to cells in lower concentration (0.5% serum 

containing media) (figure 4.16). This shows that the rate of DNA damage in cells cultured in 

IMDM containing lower concentrations of serum(10%, 5%, 2.5% and 0.5%) is higher as 

compared to high concentrations (20% and 15%). DNA damage causes expression of APE to 

enhance the repair of damage. Thus, it can be said that the cells cultured in lower 

concentrations of serum aged faster which do not support the hypothesis of this study i.e. 

serum starvation is not helping to delay the aging process. 

 

4.7.2 Relative expression of ageing related markers in varying concentrations 

of glutamine containing media 

Cells were grown in IMDM containing different concentrations of glutamine. Relative gene 

expression of ki67,p21 and APE was then calculated comparing expression of aging related 

genes viz. ki67, p21 and APE in early and late passage. For real time PCR, for each 



CHAPTER 4: RESULTS 
 

54 
 

concentrations of glutamine (4mM,2mM,1mM, 0.5mM, 0.25mM and 0) two culture dishes 

were taken, one containing cells in early passage (First or second passage) and other 

containing cells in late passage (third passage and so on) for cells grown in IMDM with 

different concentrations of serum). Following real time PCR for cells cultured in varying 

concentration of glutamine containing media, the relative gene expression of respective 

genes were calculated using the formula mentioned in section 3.6.3.3 of materials and 

methodology. 
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Figure 4.17: Ratio of expression of p21 in early and late passage of cells cultured in different 
concentrations of glutamine versus concentration of glutamine. EP represents lower 
passage (1st & 2nd passage for serum and 1st to 3rd passage for glutamine) and LP represents 
late passage (3rd & 4th passage for serum and 6th to 9th passage for glutamine). 
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Figure 4.18: Ratio of expression of ki67 in early and late passage of cells cultured in different 
concentrations of glutamine versus concentration of glutamine. EP represents lower 
passage (1st & 2nd passage for serum and 1st to 3rd passage for glutamine) and LP represents 
late passage (3rd & 4th passage for serum and 6th to 9th passage for glutamine). 
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The cells cultured in lower concentrations of glutamine (0 to 0.5mM) seems to express 

more senescent marker p21 in their late passage as compared to late passage cells in higher 

concentrations of glutamine (figure 4.17). The expression level of proliferation marker Ki67 

was found to be higher in early passage than that of cells in late passage irrespective of 

glutamine concentration as LP/EP ratio of Ki67 was near to zero in all concentrations. 

However the ratio of expression of Ki67 in late passage to early passage was almost equal in 

all concentrations of glutamine (figure 4.18). The findings implied that the cells were 

actively proliferating even after activation of p21 in late passage cells grown in lower 

glutamine concentrations which suggested that the cells in late passage cultured in 

glutamine starved condition (0-0.5 mM) showed delay in aging like cells cultured in higher 

glutamine concentrations. 



 

 

 

 

 

 

CHAPTER 5: DISCUSSIONS 

 

 

 

 

 
 



                                                                                                                                CHAPTER 5: DISCUSSIONS 
 

56 
 

5. Discussion 

Mesenchymal stem cells are regarded as an excellent candidate for cell therapy because 

these cells are easily accessible, isolation techniques are easier and expandable to 

required quantity in relatively short period of time. Because of these properties, 

Mesenchymal stem cells (MSCs) are rapidly emerging as a clinically-viable cell therapy so 

it is necessary to analyze in vitro senescence in MSCs. It has been reported that in 

humans and rodents, when hematopoietic stem cell becomes aged, they lose their 

differentiation potential (Morrison et al., 1996). A number of starvation studies are done 

in animal models and it has been found to be effective in prolongation of life. For 

example: mice raised in calorically restricted diet showed increased lifespan and a delay 

in the development of ageing related physiological and pathological changes (Lee et al. 

1999). McCay et al first presented that calorie restriction retards ageing and extends life 

span (McCay et al., 1935). In another study, normal rodent cell cultured in little or no 

serum medium showed unlimited life span (Lee et al., 1999). In the present study, bone 

marrow derived Mesenchymal stem cells were grown in conditions of restricted nutrient 

and growth factors by varying the concentrations of serum and glutamine in the 

medium. The main idea of the study was to compare markers of ageing such as changes 

in morphology of cells, population doubling/growth curve, reactive oxygen species 

production, protein and gene expression with respect to different concentrations of 

serum and glutamine. 

5.1 Growth curve and morphology analysis 

The morphology of bone marrow derived MSCs were studied throughout the culture 

along with population doubling and growth curve of the MSCs grown in different 

concentrations of serum and glutamine. The cell count showed that the MSCs grew 

faster in IMDM containing higher concentrations of serum as compared to lower 

concentrations whereas the MSCs grew almost similarly irrespective of glutamine 

concentration. MSCs grew only upto fourth passage even in higher concentrations of 

serum (15% and 20%) while all MSCs cultured in different concentrations of glutamine (0 

to 4 mM) reached upto ninth passage showing prolongation of ageing even in glutamine 

restricted conditions. The signs of ageing of MSC can be studied on the basis of 

morphology as well. It has been shown that long term culture of fibroblast cells showed 

granular cytoplasm along with debris in the medium (Smith and Lincoln, 1984). MSCs 

grown for long term also shows ageing signs like these fibroblast cells. In this study, for 

cells grown in lower concentrations of serum such morphological abnormalities was 

observed from second passage while for cells grown in different concentrations of 

glutamine showed such abnormalities only in late passage i.e. >6th passage. The cell 

density of MSCs (in figure 4.3 and 4.4) were also reduced significantly in serum restricted 

IMDM (0.5%, 2.5%, 5% and 10%) compared to those of higher serum concentrations 

(15% and 20%) whereas the cell density of MSCs grown in glutamine restricted IMDM (0, 

0.25mM, 0.5mM and 1 mM) was comparable to those of IMDM containing higher 
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glutamine concentrations (2mM and 4mM). These observations show that glutamine 

starvation is causing a delay in onset of ageing. 

 

5.2 Immunostaining of ageing related markers 

Further analysis of ageing of Mesenchymal stem cells under different concentrations of 

serum and glutamine was done by immunostaining and senescence associated beta gal 

staining. Immunostaining was performed to find out the expression of ageing markers 

namely, ki67 and p21. The expression of p21 was observed in cells even in early passage 

for lower concentrations of serum containing IMDM which continued to express in late 

passage as well while serum enriched cells did not show any expression even in late 

passage. For all glutamine concentrations, the cells did not show expression of p21, both 

in early and late passage. The Ki67 was observed to be expressed in both early and late 

passages of all concentrations of serum as well as glutamine. Ki67 is regarded as an 

excellent marker for detection of proliferation (Gerdes et al., 1983, 1984) and the cyclin 

dependent kinase inhibitor p21 is found to inhibit the activity of cyclin/cdk complexes, 

negatively regulating cell cycle progression (Sherr et al., 1995, 2000). Up-regulation of 

p21 is observed in aged MSCs which indicates the onset of pro-apoptotic activities 

(Campisi, 2005). Thus, ki67 acts as proliferation marker and p21 acts as a potent marker 

for detecting senescence. The findings of this study suggested that serum starved cells 

became senescent earlier than glutamine starved cells which means that there was 

delay in ageing in glutamine starved cells. Senescent associated beta galactosidase is 

also regarded as one of the most commonly used technique to detect senescence (Dimri 

et al., 1995). In this study, cells in late passage showed presence of blue stain in their 

cytoplasm which indicates the presence of beta gal activity while cells in early passage 

were found to be negative.  

 

5.3 Estimation of reactive oxygen species by Flow cytometry 

Reactive oxygen species (ROS) play a critical and fundamental role in ageing (Harman, 

1956). ROS is found to be increasing in aged cells so it is regarded as one of the 

important factor of ageing (Harman, 1956). In this study, ROS was determined for each 

passage of cells cultured in different concentrations of serum. The percentage of 

stressed cells was found to be increasing in late passages compared to early passages 

cells irrespective of the concentration of serum used in the medium. ROS was 

accumulated earlier from second passages for lower concentrations of serum while 

increased ROS was noted only at late passages for cells grown in higher concentrations 

of serum. As in previous findings, serum starved cells fail to extend ageing and stopped 

dividing from second passage as compared to higher serum concentrations. The 2′, 

7′­dichlorodihydrofluorescein diacetate (DCF­DA) fluorescent probe used in this study is 

commonly employed dye to detect ROS accumulated in cells and may react with several 

ROS including hydrogen peroxide, hydroxyl radicals and peroxynitrite. The cell­permeant 

DCFDA passively diffuses into cells and is retained in the intracellular level after cleavage 

by intracellular esterases. Upon oxidation by ROS, the nonfluorescent DCFDA is 
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converted to the highly fluorescent 2', 7'­dichlorofluorescein (DCF) (Hassani and Dupuy, 

2013). 

 

5.4 Real Time PCR analysis 

Real time PCR was also employed for the determination of relative gene expression of 

ageing specific markers like p21, Ki67 and APE (apurinic/apyrimidinic endonuclease). 

Real time PCR helps simultaneous measurement of gene expression in many different 

samples (Fink et al., 1998). Direct Cell to PCR is really useful technique when only small 

numbers of cells are available (Higuchi et al., 1993). Compared to conventional 

quantification methods such as northern blot and RT PCR, Real time PCR is highly 

sensitive, reproducible and has large dynamic range. Quantitative real time PCR was 

done to compare expression of ageing related genes such as ki67, p21 and APE in early 

and late passage cells grown in IMDM with different serum and glutamine 

concentrations. The present study showed decline of Ki67 expression and a significant 

increase in APE expression in late passage when moving from higher serum 

concentrations to lower serum concentrations suggesting reduced proliferation as 

represented by lower Ki67 activity and increased DNA repair mechanisms as 

Apurinic/apyrimidinic endonuclease activity was enhanced. Both of these are signs of 

ageing. The expression of p21 was found to be high in late passage cells grown at lower 

concentrations of glutamine than higher concentrations of glutamine but the ratio of 

expression of Ki67 in late passage and early passage remains unchanged in all glutamine 

concentrations. This finding showed that late passage MSCs in glutamine starved 

condition are still proliferating like early passage MSCs even when senescent associated 

marker p21 has enhanced expression. This may be due to some unknown mechanism by 

which the effect of p21 activation has been balanced when there is no or very less 

glutamine in the medium. 

 

The overall findings of present study confirm the role of glutamine starvation in delay of 

ageing in bone marrow derived Mesenchymal stem cells where as serum deprivation 

seems to enhance the ageing process. The role of glutamine starvation in delaying 

ageing has not been done separately in past and the present study is one of the 

preliminary studies and hence the underlying mechanism remains to be explored. In 

case of serum starvation, it has been found that serum starvation causes death of 

human MSCs in vitro even after 24 hours. Although the exact mechanisms underlying 

hMSC death due to serum deprivation still remain to be elucidated but serum 

deprivation was found to induce caspase dependent apoptosis like (nuclear shrinkage, 

chromatin condensation, decrease in cell size, and loss of membrane integrity) (Zhu et 

al., 2006; Potier et al., 2006) which supports present finding. To gain a deep insight of 

the effect of serum and glutamine starvation on ageing, gene knockout experiments 

have to be performed and in vivo studies should also be done using mice models 

involving other ageing related markers as well. 
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6. Conclusions 

Mesenchymal stem cells (MSCs) are self-renewing, clonal precursors of 

nonhematopoietic tissues, which can be cultured in vitro while retaining the potential to 

give rise to chondrogenic, osteogenic, adipogenic, neural and cardiomyocyte 

phenotypes (Zhu et al., 2006). The possibility of isolating and expanding autologous 

mesenchymal stem cells (MSCs) and driving them toward numerous phenotypes, has 

opened new avenues for repairing lost or damaged tissues. The possible clinical 

applications include MSCs either in the form of cell suspensions to restore cardiac or 

cerebral function after tissue ischemia, or in association with a biocompatible scaffold 

for repairing cartilage, bone and adipose tissues (Potier et al., 2006). Senescence limits 

the proliferation of normal human Mesenchymal stem cells in culture. This fact limits the 

application of mesenchymal stem cell in cellular therapy and regenerative medicine. 

Starvation studies in animal model have been found to be effective in prolonging life. In 

present study, bone marrow derived Mesenchymal stem cell cultured in glutamine 

starved condition gives more promising result than serum starved condition. Population 

doubling calculated for lower concentrations of glutamine showed small variation from 

that of higher concentrations. The morphological abnormalities could be observed only 

in late passage for all different concentrations but proliferation capacity of glutamine 

starved cells was higher as these cells grew upto ninth passage comparing to serum 

starved condition which grew only upto second passage. In addition, immunostaining 

results for MSCs cultured in different concentrations of glutamine showed presence of 

proliferation marker ki67 both in early and late passage but senescent marker p21 was 

almost undetectable. MSCs grown at lower concentration of serum showed p21 

expression in early passages which meant that the cells were entering senescence in 

early passage but this was not seen in case for MSCs grown at lower glutamine 

concentrations. The cells in late passage for all concentrations of serum and glutamine 

showed positive result for beta gal staining. Reactive oxygen species was found to be 

accumulated in late passage as compared to early passage in all serum concentrations. 

However, cells in lower concentrations of serum accumulated ROS earlier (second 

passage) than cells grown in higher serum concentrations (fifth passage). Though, the 

level of p21 expression in cells cultured at different concentrations of glutamine was 

found to be increased in late passage as shown by real time PCR, the ratio of expression 

of ki67 in late passage to early passage was found to be almost equal irrespective of the 

concentrations of glutamine used. This suggested that glutamine starved cells continued 

proliferating even after p21 was activated. 

Thus, cells cultured in different concentrations of serum did not show any delay of 

senescence. In fact, cells cultured in lower concentrations of serum showed major signs 

of ageing like morphological abnormalities, decreased proliferation, increased 

expression of senescent associated marker p21, accumulation of reactive oxygen species 

as compared to cells grown in higher concentrations of serum. Glutamine limitation was 



                                                                                                                             CHAPTER 6: CONCLUSIONS 
 

60 
 

found to be effective in delaying ageing of cells as compared to serum starved condition. 

Further studies need to be carried out to establish role of glutamine in delaying 

senescence and to gain a clear insight of mechanism of ageing in response to nutrient 

starvation. 

 

Recommendations 

The present investigation is a preliminary work in the field of molecular and cellular 

study in the scenario of serum and glutamine starvation, Hyderabad and hence 

represents a baseline work for further research. Based on the results of this 

investigation, following recommendations are suggested: 

1) This study is restricted to only two ageing related markers namely p21 and Ki67. 

Detailed study of serum and glutamine starvation should also be done using 

other ageing related markers like TERT, hTR and length of telomeres etc. 

2) Our study showed that Ki67 level was unchanged whereas p21 activity was 

suppressed in glutamine starvation of MSCS. Hence, the interaction of Ki67 and 

p21 should also be studied separately. 

3) The present study was performed in vitro only. In vivo studies should also be 

done to understand a real scenario of serum and glutamine starvation. 

4) Involvement of p21, Ki67 and other various markers in ageing with respect to 

nutrient starvation can be explored more after conducting experiments that 

depicts functionality aspects of such markers in knockout mice. 

5) The present study is based on molecular and cellular analysis, metabolomics can 

also be performed to gain a deep understanding of the underlying mechanism of 

ageing in nutrient starvation.  
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Appendix 1: Components of FBS (source: Price and Gregory, 1982) 

 

 

 

 

 

 

 

 

 

 

Components Concentration Range 

Total protein 3.8 g/100 ml 3.2-7.0 

Albumin 2.3 g/100 ml 2.0 - 3.6 

Endotoxin 0.36 ng/ml 0.01 -10.0 

Haemoglobin 11.3 mg/100 ml 2.4 - 18.1 

Cholesterol 31 mg/100 ml 12- 63 

Fattyacids ........ ........ 

Phospholipids …….. …….. 

Tri glycerides …….. …….. 

Glucose 125 mg/100 ml 85 - 247 

Insulin 10 ~U/ml 6-14 

Cortisone 0.5 ~g/1 00 ml <0.1 - 2.3 

Trijodo-thyronine 119 ng/100 ml 56 - 223 

Thyroxine 12.1 ng/100 ml 7.8-15.6 

PTH 1718 pg/ml 85 - 6180 

PGE 5.91 nglml 0.5 - 30.5 

PGF 12.33 ng/ml 3.8 - 42.0 
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