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SUMMARY  

Mesenchymal stem cells (MSCs) derived from bone marrow (BM) hold multilineage 

differentiation potential which can be used to treat diabetic heart failure (HF). Yet, 

hyperglycemia can lead to functional impairment of MSCs and would warrant an appropriate 

treatment strategy to improve its functionality. Diabetes was induced in male C57BL/6 wild-

type mice by streptozotocin and MSCs were isolated 60 days after diabetes induction. 

Diabetic MSCs were characterized by flow cytometry for CD44 (97.7%), CD90 (95.4%), and 

CD105 (92.3%). 

In the present study two strategies, in vitro preconditioning with growth factors and in 

vivo erythropoietin (EPO) treatment were used to improve the functionality of diabetic 

MSCs. MSCs were preconditioned with insulin-like growth factor-1 (IGF-1) and fibroblast 

growth factor-2 (FGF-2), 50 ng/mL each in combination for 1 h in serum-free Iscove’s 

modified Dulbecco’s medium (IMDM). EPO was administered to 40 days diabetic mice at 

1000 IU/Kg for five consecutive days through intra peritoneal route. 

Since the transplanted MSCs in the diabetic heart are likely to experience both 

ischemia and hyperglycemia, the preconditioned MSCs in vitro were subjected to hypoxia 

and high glucose exposure in an attempt to imitate microenvironment of the diabetic heart. 

This was followed by assessment for the effects of preconditioning on diabetic MSCs. 

Preconditioning caused profound effects on the gene expression profile of diabetic MSCs by 

downregulating p16ᴵᴺᴷ⁴ᵃ, p66ˢʱᶜ, p53, Bax, and Bak and upregulateing prosurvival (IGF-1, 

FGF-2, Akt) and early cardiac differentiation markers (GATA-4, Nkx 2.5). In a parallel 

treatment group the diabetic MSCs were treated with vascular endothelial growth factor 

(VEGF) (50 ng/mL) owing to its known effects on cell survival and proliferation. The 



comparison of gene expression profiling for the above markers between the two treatment 

groups showed IGF-1/FGF-2 treatment group to be better than the VEGF treated group. The 

expression of proliferating cell nuclear antigen (PCNA) gene, a marker of cell proliferation, 

was also better in the IGF-1/FGF-2 treated group than that of VEGF. So IGF-1/FGF-2 based 

preconditioning of diabetic MSCs was selected for experiments of hypoxic and high glucose 

insults and all subsequent experiments.  

Under conditions of hypoxic stress untreated diabetic MSCs showed low superoxide 

dismutase (SOD) activity (36.9+3.1%) which improved significantly in the preconditioned 

diabetic MSCs (52.3+2%). Similar improvements characterized by low number of annexin-

V-positive cells, better tube-forming ability, and increased migration to stromal cell-derived 

factor-1α (SDF-1α) were witnessed in the preconditioned diabetic MSCs compared with the 

untreated diabetic MSCs. Preconditioning also enhanced Ang-I and VEGF expression while 

reduced the expression of p16ᴵᴺᴷ⁴ᵃ  in the diabetic MSCs exposed to high glucose conditions. 

In view of the reported cardio-protective effects of EPO sub set of experiments were 

performed to study the effects of EPO on diabetic heart. Of the two groups of diabetic mice 

the diabetic EPO-treated group received injections (i.p.) of EPO while the untreated group 

received equal volume of normal saline injections (i.p.). Normal mice served as control. The 

gene expression analysis of the left ventricular tissue on day six showed downregulation of 

p16ᴵᴺᴷ⁴ᵃ and Bax genes and an upregulation of IGF-1 in the EPO treated group compared 

with the untreated group. Tunel staining results showed significant reduction in myocardial 

cell apoptosis in the EPO-treated group (4±0.3) compared with the untreated group (8±0.5). 

EPO-treated group also showed better left ventricular endothelial nitric oxide synthase 

(eNOS) expression than untreated group.   



Owing to the observed beneficial effects of EPO on diabetic heart a combined 

strategy of transplantation of preconditioned MSCs followed by EPO treatment was 

employed to treat diabetic heart. Preconditioned diabetic MSCs were transplanted into the 

left ventricle of diabetic mice with subsequent EPO treatment (preconditioned EPO-treated 

group) and compared with the transplantation of untreated and preconditioned diabetic MSCs 

alone. After four weeks of transplantation homing was highest in the preconditioned EPO-

treated group (45±3.5) followed by the preconditioned MSCs (25±2) and the untreated MSCs 

(12±1.5) group. A significant reduction in left ventricular tissue fibrosis was observed in the 

preconditioned EPO-treated group (6.67%±0.25%) compared with both the preconditioned 

MSCs (10.59%±1.25%) and the diabetic untreated MSCs group (13.16%±0.5%).  

The functional analysis of the diabetic hearts showed marked improvements in the 

diabetic EPO-treated, preconditioned and preconditioned EPO-treated groups for the assessed 

cardiac parameters. In particular, values of the end-systolic pressure (77.1+6.4mmHg) and 

ejection fraction (26.9+0.62%) observed in the preconditioned EPO-treated group were 

closest to the normal standard base line values of 90-110 mmHg and 44-62% respectively 

compared with the other groups. EPO treatment thus showed improvement of diabetic heart 

at several fronts characterized by a decrease in myocardial apoptosis, senescence, tissue 

fibrosis and an increase in the expression of eNOS, homing of MSCs and heart functionality.  

So the preconditioning of diabetic MSCs with IGF-1/FGF-2 growth factors signifies 

an innovative strategy to improve the function of diabetes-impaired MSCs and the 

transplantation of the preconditioned MSCs in the diabetic heart followed by in vivo EPO 

treatment represents a novel combined strategy of its type to treat diabetic HF.  
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The spread of heart disease is rapid around the globe (Lloyd-Jones et al., 2010) and 

the consequences of heart disease have been reported to be more dangerous among diabetics. 

The number of diabetes affected people in the world is around 150 million which is 

anticipated to touch the figure of 299 million by the year 2025. Among other diseases 

cardiovascular diseases account for a considerable increase in incidence and risk of mortality 

in the diabetic patients (Francia et al., 2009). Diabetes has also been previously reported as 

one of the most frequent causes of cardiovascular complications among a large section of 

population (Gaede et al., 2003) and one of the leading causes of deaths in diabetics (Candido 

et al., 2003; Sowers et al., 2001; Mazzone et al., 2008). The development of diabetic 

cardiomyopathy in the absence of established risk factors (Sarwar et al., 2010) is among 

some recent findings seen as a consequence of diabetes. 

Diabetes associated increase in oxidative stress can cause exceedingly high levels of 

reactive oxygen species (ROS) within cells. The rise of free radicals and radical-derived 

reactive species within the cells dictate the cellular response under conditions of 

hyperglycemia-induced oxidative stress. This oxidative stress can slow down cells ability to 

proliferate and instigate cellular senescence and apoptosis (Martindale & Holbrook, 2002; 

Burch & Heintz, 2005). Thus the main pathophysiological mechanism which associates 

hyperglycemia with certain diseases like atherosclerosis, nephropathy and cardiomyopathy is 

production of oxygen derived free radicals (Francia et al., 2009).  

Pathology of diabetic cardiomyopathy (DCM) is characterized by myocardial injury, 

hypertrophy, interstitial fibrosis, structural and physiological changes of small coronary 

vasculature, disturbance of the management of the metabolic cardiovascular load, and cardiac 

autonomic neuropathy (Voulgari et al., 2010). Stem cells have the potential to revive diabetic 



heart (Zhang, 2008). The results of the stem cells therapy however, depends on the prevailing 

levels of ROS-induced oxidative stress and the microenvironment of the diabetic heart.  

 Proliferation and mobilization potential of stem cell is compromised due to the 

development of oxidative stress (Thum et al., 2007; Sambuceti et al., 2009). In this scenario 

the preservation of stem cell function to support its proliferation and differentiation is 

possible through various strategies (Gallagher, 2007; Ohshima, 2009). Use of growth factors, 

hypoxia, and anti-aging compounds are among some preconditioning strategies (Hahn et al., 

2008; Rosova et al., 2008) meant for enhancing potency of stem cell (Haider & Ashraf, 

2008). Growth factor preconditioning has been recently documented to improve the 

cytoprotective potential of stem cells and increase its effectiveness for cell therapy (Rosova 

et al., 2008). Similarly previous studies have indicated that the antioxidant system can be 

activated to provide protection against oxidative stress by preconditioning with antioxidants 

(Orzechowski, 2003). 

Among other cytokines, known to improve cellular functions, erythropoietin (EPO) 

has also been documented for the improvement in different disease modalities such as 

diabetes, neurodegeneration, renal and cardiovascular systems (Maiese et al., 2008). The 

EPO administration has shown to decrease complications and increase cardiac functions in 

diabetes (Silverberg et al., 2006). In conditions such as ischemic cardiac disease, EPO 

administration improved cardiac function, inhibited cardiomyocyte apoptosis and enhanced 

cardiac remodeling (Gao et al., 2007; Toma et al., 2007; Asaumi et al., 2007; Westenbrink et 

al., 2007). Furthermore, studies have shown that EPO independently leads to angiogenesis 

(Reinders et al., 2006; Li et al., 2007). These findings indicate the importance of EPO 



administration in the improvement of diabetic myocardium, which may also help 

preconditioned stem cells to perform better after being transplanted in the diabetic heart. 

  Mesenchymal stem cells (MSCs) are regarded as an important source for 

cellular therapies (Kudo et al., 2003; Orlic et al., 2001) owing to their potential to 

differentiate towards multilineage (Sharif et al., 2007; Krause, 2002). Yet, the available data 

do not report any study known to date that characterizes the effect of diabetes on MSCs 

function. This is particularly relevant to our quest for treatment of diabetic HF.  

The present study reports that diabetes impairs MSCs function by increasing cell 

senescence and death and downregulating the survival factors. To improve the function of 

diabetes-impaired MSCs and provide protection from potential hypoxic and high glucose 

insults a preconditioning strategy based on growth factors was employed. The diabetic MSCs 

were preconditioned with insulin-like growth factor-1 (IGF-1) and fibroblast growth factor-2 

(FGF-2). The preconditioning enhanced proliferation of MSCs, downregulated proapoptotic 

factors, upregulated survival factors, enhanced their angiogenic ability and tolerance to 

hypoxia and high glucose insults. The study thus identifies IGF-1 and FGF-2 based 

preconditioning to be unique of its kind for the functional improvement of diabetes affected 

MSCs.  

In view of the documented cardio-protective role of EPO (Asaumi et al., 2007; 

Ruifrok et al., 2008; Maiese et al., 2008), a pilot study was also done to investigate the 

potential of EPO treatment on functional enhancement of the diabetic heart. The effects of 

EPO treatment alone on the diabetic heart were first determined. For this purpose mice at 

diabetic day 40 were divided into two groups which included diabetic untreated mice and 

diabetic mice administered with injections of EPO (1000 IU /kg i.p.) for five consecutive 



days. The normal mice group served as control. The gene expression analysis of the left 

ventricular tissue on day six showed down regulation of p16ᴵᴺᴷ⁴ᵃ and Bax genes and 

upregulation of IGF-1in the diabetic EPO-treated group compared with the diabetic untreated 

group. Tunel staining also showed significant reduction in myocardial cell apoptosis in the 

EPO-treated group compared with the untreated group. This was concomitant with a better 

eNOS expression in the left ventricular tissue of the EPO-treated group compared with the 

untreated group. 

 After the initial establishment of the beneficial effects of EPO on diabetic heart the 

combined strategy of transplantation of preconditioned diabetic MSCs followed by EPO 

treatment was employed. The transplanted mice groups at diabetic day 40 included mice 

transplanted with untreated diabetic MSCs (diabetic untreated group), mice transplanted with 

preconditioned diabetic MSCs (diabetic preconditioned group) and mice transplanted with 

preconditioned diabetic MSCs and given EPO treatment (diabetic EPO-treated group). The 

non-transplanted groups included normal, diabetic, diabetic sham, and diabetic EPO-treated 

mice. Four weeks after transplantation Millar analysis of the various treatment groups was 

done to assess heart functions. The combined strategy of transplantation of preconditioned 

diabetic MSCs and EPO administration ensured significantly high homing of MSCs, 

reduction in fibrosis and marked improvements in cardiac functions compared to all other 

treatment groups.  

The results of the pilot study employing EPO treatment thus showed better effects on 

the microenvironment of the diabetic heart and when used in conjunction with transplantation 

of preconditioned diabetic MSCs improved the cardiac status of the transplanted mice. 

Despite these considerable improvements involving use of combined strategy, the cardiac 



functions of the diabetic mice were below the normal standard base line value, which was 

understandable and can be associated with diabetes. It is therefore suggested that future 

studies be aimed at either increasing the dose or duration of EPO treatment for up to seven 

days. Further the analysis of heart function should be done after eight weeks to further 

elucidate the functionality of the diabetic heart following this treatment strategy. 

The present study thus identifies IGF-1/FGF-2 based preconditioning to be a novel 

strategy to enhance the function of diabetes-impaired MSCs and transplantation of these 

preconditioned MSCs together with EPO treatment represents a unique combined strategy of 

its type not known yet to treat diabetic HF. 
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2.1 AN INTRODUCTION TO STEM CELLS 

2.2 Stem Cells 

Stem cells are classified as a subset of cells that have the potential of self renewal and 

differentiation in to one or more mature cell types (Verfaillie, 2002; Orkin & Zon, 2002; 

Anderson et al., 2001). The division of stem cells during self renewal is symmetric i.e. one 

stem cell produces two daughter stem cells while it is asymmetric during course of 

differentiation. In asymmetric division stem cell produces a daughter stem cell and a 

progenitor cell. The progenitor cell is committed towards a particular cell type and can 

develop in to a mature differentiated cell type (Gomperts & Strieter, 2007). 

2.3 Types of Stem Cells 

 Stem cells can be classified on the basis of various parameters such as their anatomy, 

functions, transcription factors and proteins. However, the two broad divisions of stem cells 

are embryonic stem cells (ESCs) and adult stem cells (ASCs). ESCs are found in embryo 

while ASCs are found in different adult tissues (Mathur & Martin, 2004). 

2.3.1 Embryonic Stem Cells (ESCs) 

  Blasotcyst have inner cell mass which provide a good source to derive ESCs at 

around 5 days after fertilization and these ESCs are pluripotent. This means that they are able 

to differentiate into three germ layers i.e. ectoderm, mesoderm and endoderm (Chambers & 

Smith, 2004; Thomson et al., 1998). The development of embryo leads to the formation of 

stem cells for reproduction and organogenesis termed as germ line stem cells (GSCs) and 

somatic stem cells (SSCs) respectively. Although diversified from the ESCs the GSCs and 

SSCs retain the property of self renewal. They either progressively restrict in to multiple 

lineages or become unipotent (Fuchs et al., 2004; Rossant, 2004; Weissman, 2000). 



2.3.2 Adult Stem Cells (ASCs) 

 After birth ASCs including GSCs and SSCs reside in a special microenvironment 

called ―niche‖. The location and characteristics of this niche varies and depends on the tissue 

types (Linheng & Ting, 2005). ASCs are also referred as progenitor cells so that they may 

not be taken up as totipotent (Herzog et al., 2003; Krause et al., 2001). This naming is, 

however, confusing in the sense that they might be thought of as committed progenitor cells 

or transient multiplying cells, neither of which qualify the criteria for stem cells (Gomperts & 

Strieter, 2007). ASCs are thus considered as multipotent or unipotent which can differentiate 

in to one or more mature cell types (Fuchs & Segre, 2000; Alison et al., 2002). ASCs are 

found in a variety of adult tissues including skin, muscle, intestine, testis, heart and bone 

marrow. 

2.4 Bone marrow (BM) 

 BM contains a heterogeneous set of different population of cells such as 

hematopoietic stem cells (HSCs), mesenchymal stem cells (MSCs), endothelial progenitor 

cells (EPCs) and multipotent adult progenitor cells (MAPCs). 

2.4.1 Hematopoietic Stem Cells (HSCs) 

 The best characterized types among ASCs are the HSCs which are linˉ  CD45⁺, Sca-

1⁺ (only in mice) and c-kit⁺ (Fuchs & Segre, 2000; Alison et al., 2002; McCulloch & Till 

2005). HSCs can give rise to all types of mature blood cells. 

2.4.2 Mesenchymal Stem Cells (MSCs) 

MSCs are regarded as a potential tool for cellular therapy. MSCs represent a part of 

multipotent adult stem cell population which if provided suitable culture conditions can 

differentiate in to osteocytes, chondrocytes, adipocytes, myocytes, and cardiomyocytes i.e. 



cells of mesodermal origin as well as in to hepatocytes and neuronal cells of non-mesodermal 

lineages (Wagner et al., 2008). MSCs are known to express CD44, CD90, CD105, CD106, 

but not CD45. However, there still exists lack of consensus regarding their receptors 

profiling. 

2.4.3 Endothelial Progenitor Cells (EPCs) 

 EPCs enter the peripheral blood after they leave bone marrow. They circulate and 

home at various adult tissue sites. EPCs express markers such as CD34, VEGFR, and Ties-2 

but are negative for CD45 (Asahar & Kawamoto, 2004; Urbich & Dlmmeler, 2004). 

Recently flow cyotmetry studies on human EPCs isolated from adult peripheral blood, 

adipose tissue and liver has demonstrated expression of CD105 on EPCs from these sources 

(Tarnok et al., 2009).  EPCs are known to play important role in regeneration of vasculature 

in adult organ. 

2.4.4 Multipotent Adult Progenitor Cells (MAPCs) 

 BM constitutes one of the sources for in vitro culturing of MAPCs (Jiang et al., 

2002). MAPCs may occur along with MSCs in the MSCs culture due to their adherent 

nature. So MAPCs may represent a side population of MSCs. However MAPCs are different 

in the sense that they can be grown indefinitely in the presence of few growth factors 

(Gomperts & Strieter, 2007). The remarkable plasticity seen in both MSCs and MAPCs may 

be attributed to their ability of cell fusion. Transdifferentiation is the term used for change in 

phenotype of one cell into another type of cell which may be the result of cell fusion (Terada 

et al., 2002; Ying et al., 2002). 

 ASCs play an important role in tissue homeostasis by supporting tissue regeneration 

and replacing the cells lost due to injury and apoptosis. So a fine balance between both is 



inevitable for normal functions to ta e place in an individual’s life span. The study of 

mechanisms that govern this fine balance is crucial to our understanding of stem cell 

regulation, cancer development and potential therapeutic use of stem cell (Linheng & Ting, 

2005).                                          

2.5 CARDIOVASCULAR SYSTEM 

Cardiovascular system is comprised of heart and associated blood vessels by which 

blood is pumped and distributed throughout the body. This distribution of blood occurs by 

three important forms of blood circulations which are: pulmonary, systemic and coronary. 

During which blood supplies nutrients, oxygen, hormones, salts, etc. vital for the functioning 

of all body tissues and removes the wastes harmful for these tissues.  

2.5.1 Heart 

Human heart is a fibromuscular pumping organ that lies in the middle mediastinum 

between the lungs. It is enclosed by a pericardium which consists of two components that 

include a fibrous and a serous pericardium. Heart is somewhat conical in shape. The two 

distinct parts of a heart include an apex and a base. An average adult heart is 12 cm long 

from base to apex and a diameter of 8 to 9 cm at the broadest part. It weighs about 300g in 

males and 250g in females (Standrings et al., 2008). 

Heart comprise of four chambers. These are two atria and two ventricles. The division 

of heart in to four chambers produces externally visible grooves called sulci (Fig.2.1A). The 

two atria have weak contractility and empty blood in to ventricles which with their powerful 

contraction pump blood to the arterial trunk. The figure 2.1B briefly describes the key 

anatomical parts of the heart. 

 



 

Figure 2.1 Anatomy of heart A. sulci B. internal anatomy.               

2.5.2 Microstructure of the Heart 

 Heart consists of three layers. An outer thin epicardium, middle thick myocardium 

and an inner thin endocardium. The epicardium and endocardium consist of simple squamous 

epithelium and simple squamous endothelium respectively overlying a thin layer of areolar 

tissue. The middle layer which is thickest called myocardium. The bulk of myocardium 

consists of muscle cells called cardiac cells, cardiac myocytes or cadiomyocytes (Saladin, 

2005). It should be noted that the muscles of the ventricle are spiral and this is the reason that 

in the microscopic sections cardiac muscle fibres never appear linear in arrangement. Linear 

arrangement is only seen in sections of papillary muscles and trabeculae carneae. 

 Cardiac muscle cells are elongated in shape and branched at their ends containing one 

or two nuclei. The average size of a normal cardiac muscle cell is 120µm long and 20-30 µm 

in diameter. The arterial muscle cells are smaller in size as compared to the ventricular 

muscle cells. Some 35 % of the cardiac cell volume is occupied by mitochondria indicative 

of requirement for high oxidative metabolism. In this context cardiac muscle cells are 



supplied by a heavy anastamosing complex of capillaries. This clearly shows why the cardiac 

cells are sensitive to ischemic events. This complex of capillaries also provides a potential 

means to develop collateral circulation in case of ischemic attacks.  The ends of cardiac 

muscle cells are joined together to form a complex and the adjacent cardiac cells are 

connected with each other by gap junction complex. The forces of contraction of muscle cells 

are strengthen by gap junctions and their complex networking establishes contractions as 

syncytium. The contractile proteins arranged in sarcomere in the cardiac muscle cells are 

responsible for this contraction. The sarcoplasmic reticulum lies in close association to the 

sarcomere and is concerned with the storage, release and reaccmulation of calcium (Fig.2.2). 

When calcium is released in to the sarcoplasm, it causes contraction which corresponds to the 

systolic phase of the heart cycle. The reuptake of calcium by sarcoplasmic reticulum 

produces relaxation that corresponds to the diastolic phase of the heart cycle (Standrings et 

al., 2008).  



 

Figure 2.2. Microstructure of the heart tissue. 

2.5.3 Blood Circulation 

Blood distributes nutrients, oxygen, hormones, etc. throughout the body as a result of 

pumping action of the heart. It is this contraction of the heart which, together with the help of 

great vessels and the complex network of the arteries, veins and capillaries, ensures an 

efficient blood circulation. Pumping of the heart feeds a minor loop which takes blood 

towards the lungs for oxygenation, constitute pulmonary circulation. While the major loop it 

feeds, constitute systemic circulation for the distribution of the oxygenated blood. With few 

limited exceptions the blood remains within these loops and does not usually leave the 

circulation. This is what known as a closed type of blood vascular system. 

During course of blood circulation the right atrium receives venous blood from 

superior vena cava, inferior vena cave and the main venous inflow from the heart itself. The 



venous blood enters the right ventricle through the atrioventricular orifice guarded by the 

tricuspid valve. The contraction of the right ventricle forces the venous blood into the 

pulmonary trunk through the pulmonary valve. The contraction of the right ventricle 

particularly its apical trabecular component ensures closure of the tricuspid valve and 

prevents blood to re enter in to the right atrium again. The left atrium receives all the 

oxygenated blood coming from the lungs together with some coronary venous in flow. 

Contraction of the left atrium causes the blood to enter left ventricle through the 

atrioventricular orifice guarded by the mitral valve. The contraction of the left ventricle 

rapidly increases pressure on its apical trabecular component which closes mitral valve. This 

strong buildup of the pressure opens the aortic valve and ejects the blood into the aortic 

sinuses and the ascending aorta. The blood is thus distributed to all parts of the body through 

the arterial tree. The exchange of gases, nutrients and wastes then takes place at the level of 

capillaries, after which the blood is again supplied back to the heart by venous system of our 

body. 

 The complex vascular bed in the entire body generates a peripheral resistance which 

helps us to know the reason for the massive structural organization of the left ventricle. 

Although the ejection phase of the left ventricle is shorter than the right ventricle but the 

pressure variation in the left ventricle is more than the right ventricle. So the heart be viewed 

as far from a simple pumping organ (Standrings et al., 2008).  

2.6 CARDIOVASCULAR DISEASES 

 The spread of heart disease is excessive in the developed world and spread of this 

epidemic around the globe is also rapid (Lloyd-Jones et al., 2010). Among various factors 

contributing to an increase in the prevalence of heart disease, diabetes is one of the major 



contributors.  Aging, obesity, and sedentary life style are some of the main factors that 

contribute to a significant increase in the prevalence of diabetes. 

2.6.1 Diabetes and Cardiovascular Diseases 

 In late 1800s it was recognized for the first time that diabetes is associated with 

cardiac diseases (Gaede et al., 2003). Later, studies provided definite evidence of the role of 

diabetes in HF and indicated the increased risk of HF in diabetics compared with the subjects 

without diabetes (Kannel et al., 1974; Kannel & McGee, 1979). The cardiovascular 

complications of diabetes have been reported to account for 80% of mortality in diabetics 

(Amos et al., 1997) and are considered as one of the leading causes of deaths in diabetics 

(Candido et al., 2003; Sowers et al., 2001; Mazzone et al., 2008). Hyperglycemia has also 

been implicated to increase the mortality rate in patients of acute myocardial infarction. In 

animal model diabetes has shown to enhance severity of acute myocardial infarction (AMI) 

by causing an increase in infarct size and development of HF (Di Filippo et al., 2005; Frantz 

et al., 2005; Liu et al., 2005;  Marfella et al., 2004; Verma et al., 2002). 

 Diabetes induced damage to the cardiac muscle has been reported by both animal and 

clinical data as mentioned above. The association of diabetes with some of the most known 

risk factors for HF is established now. Among such risk factors include obesity, 

hypercholestoremia, hyperlipidemia, hypertension, infarction, endothelial dysfunction, 

coronary artery disease and activation of number of cytokine and cytokine system (Wang et 

al., 2006) as depicted in Figure 2.3. 

 Although hypertension and coronary artery disease are mainly responsible for the 

most of the myocardial abnormality such as LV hypertrophy and impaired contractility seen 

in diabetics, the evidence of cardiomyopathy has been reported long ago to contribute to 



myocardial dysfunction in absence of coronary artery atheroma (Fisher et al., 1986). The 

development of DCM in the absence of established risk factors has also been recently 

documented (Sarwar et al., 2010). 

 

Figure 2.3. Some of the diabetes associated risk factors for HF. AGE: advanced glycation 

end product. (Adopted from Wang et al., 2006). 

2.6.2 Diabetic cardiomyopathy (DCM)  

 Rubler et al coined the phrase ― diabetic cardiomyopathy‖ and described diabetes as 

the key factor that elicits changes at the cellular and molecular level and results in structural 

and functional abnormalities of the heart (Rubler et al., 1972). Cardiomyopathy in type 1 or 

type 2 diabetic patients is associated with a cluster of common features (Wang et al., 2006) 

shown in Figure 2.4. 



 

Figure 2.4.  Interacting pathways of ROS production and injury in diabetic cardiomyocytes. 

FFA: free fatty acid; FATP: free fatty acid transport protein; CPT-1: carnitine 

palmitoyl transferase-1; AGE: advanced glycation end products; AT1R: 

angiotensin 2 type 1 receptor; Glut: glucose transporter; SR: sarcoplasmic 

reticulum. SRCA: sarcoplasmic reticulum Ca 2+-ATPase.(Adopted from Wang 

et al., 2006). 

 
      
 The mechanisms at the molecular level which cause diabetic cardiomyopathy are 

poorly known. The previous findings indicate that enhanced cardiac fibrosis (Tschope et al., 

2004; Westermann et al., 2007; Zhang et al., 2008) generation of ROS and cardiac 

inflammation (Li et al., 2007; Tschope et al., 2005; Westermann et al., 2007) are some 

important contributors leading to DCM. Enhanced dependence of diabetic cardiomyocyte on 

fatty acid metablolism has  been previously reported to be an uncertain but a suspect cause of 



cardiomyopathy (Yagyu et al., 2003). This excessive dependence on fatty acid metabolism 

can produce harmful effects on mitochondria (Di Paola & Lorusso, 2006) and one of the fatty 

acid, palmitate has been described to induce apoptosis in cardiomyocytes (Sparagna et al., 

2004) and damage the contractile apparatus (Dyntar et al., 2001). 

 Hyperglycemia has been implicated in cardiomyopathy based on vast evidence 

reported from diabetes type 1 and type 2 experimental models(An & Rodrigues, 2006). ROS 

and AGEs comprise important components known to cause cellular injury as a result of 

exposure to high glucose. The production of stable covalent modifications of proteins by 

glucose or glucose metabolites leads to formation of AGEs. The protein adducts not only 

contribute to ROS generation but can  cause direct damages as well (Wang et al., 2006).    

 The recent studies also indicate hyperglycemia induced mitochondrial ROS to be a 

major contributor in the development of DCM (Hayat et al., 2004 ; An & Rodrigues, 2006; 

Boudina & Abel, 2010; Dobrin & Lebeche, 2010). 

 Pathology of DCM is characterized by myocardial damage, hypertrophy, tissue 

fibrosis, structural and physiological changes of small coronary vessels, cardiac autonomic 

neuropathy and disorder of the metabolic cardiovascular load. These modifications make it 

difficult for the diabetic heart to recover from ischemic attack and increase its susceptibility 

to ischemia. Arterial hypertension frequently coexists with and exacerbates cardiac 

functioning, leading to the premature appearance of HF. (Voulgari et al., 2010).  

 In conclusion, the pathogenic contribution to the development of DCM includes 

insulin resistance, increased formation of AGEs, Metabolic syndrome (MetS), 

hyperglycemia, dyslipidemia, obesity, and presence of microangiopathy. Their interplay is 

complex, since they can act in parallel and synergically and, at the same time, have a cause 



and effect result. Thus, they should be equally predicted and effectively treated (Voulgari et 

al., 2010). The contribution of the various factors in the development of DCM is depicted in 

Figure 2.5. 

 

Figure 2.5. The pathophysiological substrate of DCM: in diabetes, hyperglycemia, excess 

FFA release, and insulin resistance, cause adverse metabolic events that affect 

the cardiac myocytes. Hyperglycemia is associated with decreased glucose 

transportation (GLUT), uptake, and oxidation, as well as increased formation of 

AGEs and increased activation of protein kinase C (PKC). Excess FFA release is 

followed by cardiac lipotoxicity, i.e. increased cardiac lipid accumulation and 

increased generation of reduced ROS at the level of the electron transport chain. 

Together with insulin resistance and impaired insulin action and signaling, these 

metabolic paths augment vasoconstriction, produce and further aggravate arterial 

hypertension, increase inflammation with liberation of leukocyte-attracting 

chemokines, increase production of inflammatory cytokines, and augment 

expression of cellular adhesion molecules. Thrombosis is further promoted, 

together with platelet activation. (Adopted from Voulgari et al., 2010). 

 

 

 

 

 



2.7 TREATMENT AND MANAGEMENT OF DCM 

2.7.1 Life style 

 Obesity in both type 1 and type 2 diabetics is an important issue in the management 

of DCM. Important management measures, therefore, include increase in physical activity, 

reduction in fat consumption and total energy intake. These changes in life styles have been 

shown to significantly reduce the incidence and magnitude of DCM (Guang et al., 2002; Hu 

et al., 2004). Reduction in magnitude of DCM has also been reported following cessation of 

smoking, which also reduces absolute risk of cardiovascular deaths in the diabetic subjects 

compared with the non diabetics (Stamler et al., 1993; Kempler, 2005).  

2.7.2 Glycemic Control 

 The UK Prospective Diabetes Study (UKPDS) indicates a reduction in risk for MI 

and HF in type 2 diabetic patients following exposure to glycemia over time (UKPDSG, 

2000). Good glycemic control thus represents another important approach towards 

management of DCM. An analysis of multicenter, population based prospective study in 

newly diagnosed type 2 diabetes patients, also indicates decrease in incidence of both risk for 

myocardial infarction (MI) and DCM (Hanefeld et al., 1996; Meier & Hummel, 2009).  

2.7.3 Dyslipidemia Treatment 

 Use of cholesterol lowering agents in diabetic patients is associated with a decrease in 

incidence of coronary heart disease as indicated by a double-blind, randomized, placebo-

controlled, multicenter clinical trial study (Haffner, 1997). A similar study using gemfibrozil 

also reported a decrease in incidence of DCM and major cardiovascular events in diabetic 

patients (Robins et al., 2001). 

 



2.7.4 Antihypertensive Treatment 

 The use of antihypertensive medicines to keep tight control of blood pressure (B.P.) 

(<155/85mm Hg) in patients of hypertension has been reported to be associated with 

decrease in cardiovascular risk and HF. A randomized control study indicates some 24% 

reduction in cardiovascular risk related to diabetes and 56% reduction in risk of HF following 

tight control of hypertension (UKPDSG, 1998). Another study employing strategy of 

lowering B.P. in diabetic patients indicates reduction in fatal and nonfatal macrovascular and 

microvascular complications (Holman, 1998). 

2.8 SOME ADDITIONAL THERAPEUTIC STRATEGIES: 

2.8.1 Apelin and Cardiac Output 

 In conditions of pressure overload such as DCM, apelin plasma levels have been 

associated with compensatory mechanism to maintain cardiac output. In one such study 

conducted in streptozotcin-induced diabetic rats the myocardial expression was found to be 

down regulated as against its plasma levels after increase of pressure over load. Similar 

findings were seen in diabetic patients in another parallel study (Falcão-Pires et al., 2010). So 

apelin may represent a possible target for treatment of conditions due to pressure overload. 

2.8.2 Kinins 

 The Kallikrein-kinin system (KKS) has been shown to protect from inflammation, 

fibrosis, and apoptosis in myocardial disease. Kinins which are vasoactive peptides are part 

of KKS and recent observations indicate their role in different aspects of remodeling, 

inflammation and angiogenesis. Formation of new blood vessels, recruitment of EPCs in the 

ischemic areas and endothelial dysfunction are some of the novel functions of KKS. The 

KKS therefore has potential to treat DCM and myocardial ischemia (Savvatis et al., 2010). 



2.8.3 Sarcoplasmic Reticulum Calcium ATPase (SERCA2) 

 It has been previously indicated that the reduction of SERCA2 expression plays a 

significant role in the myocardial dysfunction of DCM (Rodrigues et al., 1998). A recent 

study carried out in this perspective on streptozotocin induced male diabetic mice focused on 

the activation of SERCA2 expression by administring resveratrol. The data demonstrate that 

in DCM, where the expression of SERCA2 is reduced, resveratrol enhances the expression of 

the SERCA2 and improves cardiac function (Sulaiman et al., 2010).  

2.8.4 Antioxidants 

 Role of ROS in the development of DCM has been previously documented (Devereux 

et al., 2000; Singh et al., 2001). ROS induced matrix metalloproteinase2 (MMP2) activation 

has been implicated in conditions of acute loss of myocardial contractile functions. In a 

recent in vivo study in STZ-induced diabetic rats the use of sodium selenate or pue Omega 3 

fish oil with antioxidant vitamin E has demonstrated prevention of diabetes induced 

functional changes. These agents could have therapeutic benefits in DCM (Aydemir-Koksoy 

et al., 2009). 

 The suppression of mitochondrial oxidative stress and mitochondrion-dependent 

myocardial apoptosis was aimed in another study with the administration of antioxidant α-

lipoic acid (α-LA) to check progression of DCM. In a streptozotocin-induced diabetic rat 

model  α-LA was administered (100 mg/ g i.p. per day) for 12 wee s.  ntioxidant α-LA 

effectively attenuated mitochondrion dependent cardiac apoptosis and exerted a protective 

role against the progress of DCM. This activity of α-LA was concomitant with an increase in 

manganese SOD activity and glutathione content of myocardial mitochondria (Li et al., 

2009). 



2.8.5 Erythropoietin (EPO) 

 EPO is a hematopoietic cyto ine which was initially termed as ―hemopoietine‖. The 

ability of EPO to stimulate erythropoiesis was first demonstrated in 1906 by the 

revolutionary study of Carnot and DeFlandre. Recent studies indicate the presence of EPO 

receptors (EPOR) on nonhematopoietic organs including heart (Parsa et al., 2003; Calvillo et 

al., 2003). The direct involvement of EPO on cardiomyocytes has been strengthened by the 

findings of EPOR on myocardial tissues of various species including man (Wright et al., 

2004; Deeping et al., 2005). The discovery prompted a keen interest of the researchers to 

discern nonhematopoietic functions of EPO. This is evident from some recent studies which 

demonstrate tissue protective effects of EPO and its role in prevention of vascular and tissue 

damage in conditions of acute ischemia in different organs including heart (Ruschitzka et al., 

2000; Fliser & Haller, 2007; Lipsic et al., 2006). The protective role of EPO at the cellular 

level involves multiple signal transduction pathways and is depicted in the figure 2.6. Recent 

insights in to mechanism involved in cytoprotection of H9C2 cells, both perfused and in situ 

rat hearts, reveal an upregulation of Akt, ERK1/2 and JAK1-STAT signal pathways (Parsa et 

al., 2003; Bullard et al., 2005). Besides this EPO has been implicated in enhancing release of 

nitric oxide (NO) which carries significance in prevention of cardiovascular diseases. NO 

released, eNOS being the predominant form in the vascular system, from the intact 

endothelial cells is known to cause vascular relaxtion and provide antiproliferative and 

antithrombotic functions. Ruschitzka et al. (2000) generated transgenic EPO overexpressing 

polyglobulic mice. These mice were observed for survival and cardiovascular functions to 

determine role of NO. It was found that blood pressure, heart rate and cardiac output of 

transgenic mice remained unaltered despite high hematocrit values as compared to the non-



transgenic littermates. The EPO overexpressing mice had a six fold increase in levels of 

eNOS. The transgenic mice did not develop hypertension, MI, stroke or thromboembolism 

apparently because of the constitutive expression of eNOS associated with high NO 

bioavailability.  

 

Figure 2.6. Signal transduction pathways involved in EPO mediated cytoprotection.  

      (Adopted from Maiese et al., 2008). 

 
 Initial findings in late 90s demonstrated protective role of EPO in ischemic brain 

injuries (Sadamoto et al., 1998; Sakanaka et al., 1998). Protective role of EPO against 

ischemia-reperfusion injuries of heart tissue was elucidated in number of subsequent studies 

such as those carriedout by Calvillo et al. (2003) and Tramontano et al. (2003). Similarly 

Moon et al. (2003) demonstrated reduction in infarct size following intravenous 

administration of EPO (3000 I.U. /kg) at the time of coronary ligation in a myocardial 



ischemia model. In an experimental setup of isolated perfused rat hearts, Cai et al. (2003) 

reported improvement in left ventricular function and reduction in apoptosis of 

cardiomyocytes 24 h after EPO administration. Four independent studies evaluating role of 

EPO in post MI left ventricular dysfunction also confirm the useful effects of EPO on  

microvascularization and cardiac function (Li et al., 2006; Hirata et al., 2006; Toma et al., 

2007; Prunier et al., 2007). EPO has been described to preserve cardiac function in cases of 

chronic HF and myocardial ischemia largely by neovascularization and inhibition of 

apoptosis (Ruifrok et al., 2008). Recently in a mice model of coronary ligation, EPO has 

been shown to decrease infarct size, inhibit left ventricular remodeling, enhance angiogenesis 

and improve cardiac function (Ueda et al., 2010). 

 Although the studies investigating role of EPO on heart under diabetic conditions are 

limited, yet these indicate beneficial effects of EPO administration. In diabetic and non 

diabetic subjects with severe and resistanat congestive HF, EPO administration has been 

reported to decrease fatigue and increase LV ejection fraction. This improved the health 

status of the patients and significantly increased their early discharge from hospital 

(Silverberg et al., 2006). In vitro studies of Chong et al. (2007) report strong cytoprotective 

effects of EPO which enhanced survival of endothelial cells (ECs) exposed to high glucose. 

A recent study has focused on evaluating the role of EPO treatment in DCM and as claimed 

represents first of its kind in demonstrating beneficial effects of a recombinant human EPO 

(rHuEPO) treatment on chronic non-ischaemic cardiac tissue injury in mice diabeitic model. 

Shushakova et al. (2009) have demonstrated that chronic rHuEPO treatment, in a mouse 

model of diabetes exhibiting clinical features of DCM characterized by fibrosis and 

contractile dysfunction inhibits cardiac fibrosis and protects cardiac tissue. 



 The findings mentioned above are clearly suggestive of beneficial effects of EPO in 

different heart ailments and thus holds significance to treat diabetic HF.   

2.8.6 Cellular Therapy  

 Reduction in number of cardiomyocytes is evident in many forms of both paediatric 

and adult heart diseases. Repopulating such hearts with new cardiomyocytes can potentially 

reverse cardiac diseases. Different approaches have been adopted in this respect. These 

involve transplantation of skeletal myoblasts, cardiomyocytes, mobilization and 

transplantation of stem cells (Rubart & Field, 2006). Recently the discovery of resident 

cardiac stem cells has given a new insight into our understandings regarding regenerative 

capability of heart (Bearzi et al., 2007). 

 Previous data indicate that bone marrow cells constitute a collection of stem and 

progenitor cells and are most extensively studied in animal and clinical studies designed for 

cardiac repair (Fazel et al., 2006; Haider & Ashraf, 2005). In addition endometrial stem cells, 

circulating blood-derived progenitors, induced pluripotent stem cells, umbilical cord cells 

and mononuclear cells are some of the diverse cell types which have also been proposed for 

heart repair (Voulgari et al., 2010). 

 In the repertoire of bone marrow cells, MSCs represents a common source of adult 

stem cells. Cardiomyognic differentiation of MSCs has been demonstrated in both in vivo 

and in vitro studies (Shake et al., 2002; Toma et al., 2002; Wang et al., 2000). MSCs have 

also been documented for their paracrine effects. The effects of media of MSCs culture has 

been shown to be similar to MSCs therapy. Similarly in a murine model of hind limb 

ischemia, enhancement of tissue repair was attributed to secretion of multiple cytokines such 

as VEGF, FGF-2 and placental growth factor (PIGF) by MSCs (Kinnaird et al., 2004). Basic 



characteristics of MSCs such as ease in acquisition, isolation, and expansion together with 

low immunogenicity make them suitable for potential clinical applications (Mishra, 2008).  

 Extensive studies in animals and clinical studies conducted during the last decade 

indicate the feasibility and potential of cell based therapy for cardiac repair (Anversa et al., 

2007; Sanchez & Garcia-Sancho, 2007) which can be potentially used in the treatment of 

DCM to restrict consequences of decrease contractile functions and compliance of damaged 

ventricles. Patients receiving stem cell therapy should be in early stage of HF. The therapy, 

however, is not an alternate to heart transplantation and foremost objective is to avoid or 

delay organ transplantation (Voulgari et al., 2010). Besides these limitations and the low 

regenerative potential of human heart, the efforts to remuscularize the damaged heart are in 

progress. Some of the main strategies employed for heart repair use adult stem cells and 

pluriipotent stem cells, cellular reprogramming and tissue engineering which are expected to 

treat or prevent HF in a better way (Laflamme & Murry, 2011). 

2.8.7 Combining MSCs Transplantation and EPO Treatment 

 The ischemic myocardium has been described to be hostile environment for the 

transplantation of MSCs and warrants strategies to improve its survival and engraftment 

(Haider & Ashraf, 2008). Among various strategies include transplantation of MSCs 

combined with EPO treatment. Previous studies have shown that the combined strategy 

enhances efficiency of stem cells in different disease conditions. A study describes that EPO 

can help in synergistic way with MSCs to enhance post ischemic neurogenesis (Esneault et 

al., 2008). Similarly Zhang et al. (2006) demonstrated that EPO increases the therapeutic 

potential of MSCs and improved angiogenesis and cardiac function. Recently Zhang et al. 

(2007) have reported that combinating EPO and Intramyocardial delivery of bone marrow 



cells effectively enhanced cardiac repair by reducing fibrotic area and enhancing capillary 

density. Apart from its role in wide range of processes in cardiovascular pathophysiology, the 

clinical trials involving use of EPO for the HF and renal failure reveal contradictory results 

(Mastromarino et al., 2011). Moreover the literature survey indicates that studies which 

could explore potential of EPO treatment for diabetic heart combined with MSCs 

transplantation are missing. 

 The present study, therefore, aims to characterize the effects of preconditioning on 

diabetes-impaired MSCs and evaluate the potential of EPO treatment for improvement in 

cardiac status of the diabetic mice after transplantation of preconditioned MSCs. The 

application of this combined approach for improvement in cardiac status of the diabetic mice 

is viewed as a pioneer study of its type known to date and holds significance for future 

strategies to treat diabetic HF.   
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3.1 Animals 

The recommendations and procedural guide lines for the use and care of laboratory 

animals were carefully observed throughout the experimental period as approved by the 

Institutional Committee of the National Center of Excellence in Molecular Biology, Pakistan.  

3.2 Mouse Model for Diabetes  

Six to 8 weeks old C57BL/6 male wild-type mice were treated with intra peritoneal 

injections of streptozotocin (55mg/kg) for five consecutive days to induce diabetes as 

previously described (Leiter & McNeill, 1999). Owing to the rapid metabolization of 

streptozotocin within 24 h mice were housed with absorbent bedding and given free access to 

water and food. Blood glucose levels of mice were measured at day 16 after the first injection 

and only those mice were included in the study that had blood glucose levels > 300mg/dL. 

3.3 In vitro Study 

3.3.1 Cell Culture 

Isolation of MSCs was done from bone marrow as described earlier (Khan et al., 

2009). Cells were isolated from femur and tibia bones of 60-day diabetic C57BL/6 mice and 

cultured in Iscove’s modified Dulbecco’s medium (IMDM) at 37°C in humidified air with 

5% CO₂. IMDM used for cell culture was supplemented with streptomycin (100 µg/mL), 

penicillin (100U/mL) and 20% fetal bovine serum (FBS). Non-adherent cells were removed 

by changing the medium at 48 h post plating and then every 3 day afterward. 

3.3.2 Flow Cytometry 

MSCs of diabetic mice (N=6) were analyzed for CD34, CD45, CD44, CD90 and CD 

105 by flow cytometry. MSCs were incubated with CD34PE, CD45FITC, CD44PE, 

CD90FITC, and CD105FITC antibodies (BD Biosciences) for 30 min in dark at room 



temperature. Specific fluorescence of 10,000 cells was examined by using Cell Quest Pro 

software on FACScalibur (Becton Dickinson).  

3.3.2 Preconditioning of Diabetic MSCs 

IGF-1 and FGF-2 growth factors (Santa Cruz Biotechnologies) were selected for 

preconditioning. The two growth factors were used in different concentrations alone as well 

as in combination. This was followed by selection of an optimum preconditioning regimen 

based on cell proliferation assay using XTT as per manufacturer’s instruction (Roche). 

Briefly, the assay was carriedout in a 96-well plate.  Some 4×10³ diabetic MSCs were plated 

in each well containing IMDM supplemented medium in a humidified incubator at 37°C with 

5% CO₂ and left overnight. Cells were preconditioned under serum free conditions with IGF-

1 and FGF-2 in different concentrations (ng/mL) for 1 h and cell proliferation was quantified 

at 48 h by measuring absorbance values at 450 nm using Spectra max PLUS 384 (Molecular 

Devices). Absorbance values at 650 nm were also taken as reference wavelength. 

Corresponding experiments involved preconditioning of diabetic MSCs with vascular 

endothelial growth factor (VEGF) (Santa Cruz Biotechnologies) which is also known for its 

potential to protect from hyperglycemia. For this purpose cell proliferation with VEGF 

preconditioning was quantified for proliferating cell nuclear antigen (PCNA) by real time 

polymerase chain reaction on a 7500 Real-Time PCR system (Applied Biosystems). 

3.3.3 Gene Expression Profiling of MSCs 

The three groups of MSCs that included preconditioned diabetic MSCs, untreated 

diabetic MSCs and normal MSCs were used for RNA extraction using trizole reagent 

(Invitrogen Corporation). RNA samples were subsequently quantified by ND-1000 

spectrophotometer (NanoDrop Technologies). Moloney Murine Leukemia Virus (M-MLV) 



reverse transcriptase (Invitrogen Corporation) was used to synthesize cDNA from 1 µg of 

RNA sample. cDNA samples were then used for reverse transcriptase-PCR (RT-PCR) 

analysis for different proapoptotic, prosurvival, and cardiac markers which included IGF-1, 

FGF-2, Akt,  p16ᴵᴺᴷ⁴ᵃ, p66ˢʱᶜ, p53, Bax, Bak, GATA-4, and Nkx 2.5. RT-PCR analysis was 

carriedout on a GeneAmp PCR system 9700 (Applied Biosystem) and glyceraldehydes 3-

phosphate dehydrogenase (GAPDH) was used as an internal control. The details of different 

primers used with the description of their product size (bp) and sequences (5ˊ–3ˊ) have been 

mentioned in Table 1. The RT-PCR products run on 2.5% agarose gel were quantified using 

Quantity One ® 1-D Analysis Software, version 4.4 (Bio-Rad Laboratories, Inc.) as per 

recommended guidelines with the quantity of the ladder (Fermentas) used as standard.   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table 1. List of primers, their product size (bp) and sequence 5´—3´. 

 

Genes Product 
Size(bp) 

Sequence (5´—3´) 

GAPDH (f) 370 CTCTTGCTCTCAGTATCCTTG 

GAPDH (r)  GCTCACTGGCATGGCCTTCCG 

β-Actin (f) 106 GCTGTGTTGTCCCTGTATGC 

β-Actin (r)  GAGCGCGTAACCCTCATAGA 

IGF-1 (f) 166 AGGCTATGGCTCCAGCATTC 

IGF-1 (r)  AGTCTTGGGCATGTCAGTGTC 

FGF-2 (f) 154 TGTCTATCAAGGGAGTGTGTGC 

FGF-2 (r)  CAACTGGAGTATTTCCGTGACC 

Akt (f) 151 CCTCAAGAACGATGGCACCT 

Akt (r)  CAGGCAGCGGATGATAAAGG 

p16ᴵᴺᴷ⁴ᵃ (f) 196 GCTCAACTACGGTGCAGATTC 

p16ᴵᴺᴷ⁴ᵃ (r)  TCGCACGATGTCTTGATGTC 

p66ˢʱᶜ (f) 194 TGACTTCAATACCCGGACTCAG 

p66ˢʱᶜ (r)  TGAGGTTAAGGCTGCTGGTAGA 

p53 (f) 157 AGCATCTTATCCGGGTGGAAG 

p53 (r)  CCCATGCAGGAGCTATTACACA 

Bax (f) 152 TGGAGATGAACTGGACAGCA 

Bax (r)  CAAAGTAGAAGAGGGCAACCAC 

Bak (f) 182 CAGGACACAGAGGAGGTCTTTC 

Bak (r)  TAGCGCCGGTTAATATCATCTC 

Ang I (f) 143 GACACCTTGAAGGAGGAGAAAG 

Ang I (r)  GTGTCCATGAGCTCCAGTTGT 

VEGF (f) 200 ACCCCGACGAGATAGAGTACAT 

VEGF (r)  CTTCTAATGCCCCTCCTTGT 

PCNA (f) 720 GGTTGGTAGTTGTCGCTGTA 

PCNA (r)  CAGGCTCATTCATCTCTATCG 

GATA-4 (f) 197 CCTCTCCCAGGAACATCAAA 

GATA-4 (r)  ACCCATAGTCACCAAGGCTG 

Nkx 2.5 (f) 147 GGTCTCAATGCCTATGGCTAC 

Nkx 2.5 (r)  GTTCACGAAGTTGCTGTTGG 

 

3.3.4 Hypoxic Stress 

Diabetic MSCs (both untreated and preconditioned) were exposed to hypoxic stress 

with H₂O₂ (100 µM) in serum free medium for 90 min followed by 1 h recovery in serum-

supplemented medium. After the recovery period the two sets of diabetic MSCs were 



analyzed for parameters such as superoxide dismutase (SOD) activity, apoptosis, in vitro tube 

forming ability, and chemotactic attraction to evaluate the effects of preconditioning. 

3.3.5 Superoxide Dismutase (SOD) Assay  

 SOD activity helps cells to cope with the oxidative stress. The two sets of MSCs 

(both untreated and preconditioned) were analyzed for SOD activity using SOD activity 

colorimetric assay kit (Abcam) as per recommended protocol. Briefly, after 24 and 48 h of 

recovery period the cells of the two sets of MSCs were lysed with lysis buffer. SOD activity 

from 10 µg samples of the total protein extract was measured by taking absorbance values at 

450 nm using Spectra max PLUS 384 (Molecular Devices). 

3.3.6 Apoptosis 

Flow cytometric analysis for number of apoptotic cells in the two sets of diabetic 

MSCs (untreated and preconditioned) was carriedout on FACScalibur (Becton Dickinson) 

using fluorescein isothiocyanate (FITC) Annexin-V  it as per manufacturer’s instructions 

(Abcam). 

3.3.7 In vitro Tube-forming Assay 

Matrigel was first thawed on ice to avoid premature polymerization before plating. 

Then to a pre-cooled 48-well tissue culture plate (Corning), aliquots of 50 µL matrigel were 

plated into each well. The culture plate was then placed in an incubator at 37°C for about 30 

minutes for polymerization of the matrigel. The two sets of diabetic MSCs (untreated and 

preconditioned) were trypsinized with trypsin / Ethylene diamine tetra acetic acid (EDTA) 

and plated on matrigel-coated wells at 1.5×10⁴ cells/well. The cells were incubated at 37°C 

in 5% CO₂ and examined under a phase-contrast microscope (IX-51 Olympus) at 6, 24, and 

48 h to evaluate the effect of preconditioning on development of tube like structures.  



3.3.8 Chemotactic Attraction 

Preconditioning effect on mobilization of diabetic MSCs towards chemotactic signals 

was studied as described earlier (Kucia et al., 2004). Briefly, to a 6-well transmembrane 

culture plate (Costar) 2 mL of serum free medium was added in the lower chamber and 

supplemented with 50ng/mL of stromal cell-derived factor-1α (SDF-1α; Upstate 

Biotechnology). The wells without SDF-1α supplementation containing serum free medium 

alone served as control. Diabetic MSCs (both untreated and preconditioned) in concentration 

of 5×10⁴ cells/well were plated on the upper chamber after hypoxia treatment and examined 

at 24 h for migration towards SDF-1α. The migrated cells were stained with 4´, 6-diamidino-

2- phenylindole (DAPI) and counted in 10 high power fields using an inverted microscope 

IX-51 (Olympus). 

3.3.9 Glucose Stress 

To analyze the effect of preconditioning on the ability of diabetic MSCs to tolerate 

hyperglycemia, diabetic MSCs (untreated and preconditioned) were given exposure to high 

glucose stress (30 mmol/mL) for 1 h under serum free conditions followed by 1 h recovery in 

serum supplemented medium. RNA extracted from the representative groups were used for 

Quantitative PCR (qPCR) analysis of mRNA expression of Ang-I, VEGF, and p16ᴵᴺᴷ⁴ᵃ in a 

reaction volume of 25 µL using Maxima SYBR Green qPCR Master Mix (Fermentas) on 

IQ5 Multi color Real-Time PCR Detection System (Bio-Rad).    

 

 

 

 



3.4 In vivo Study 

3.4.1 Diabetic Mouse Model 

 Diabetes was induced in C57BL/6 male mice using streptozotocin as mentioned 

previously. Mice at 40 days being diabetic were included in the study for EPO treatment and 

transplantation experiments with age and sex match animals as control were carriedout. 

3.4.2 EPO Treatment 

 In the first phase of the experiments recombinant human EPO (Cheil Jedang 

Corporation) alone was used to assess its effects on diabetic myocardium. The mice were 

divided into three groups (N=6). These included normal control (group -1), diabetic untreated 

(Group-2) and diabetic EPO-treated (Group-3). The mice in the treated group were given 

injections (1000 IU/Kg i.p.) of EPO for five consecutive days while control and untreated 

groups received injections of normal saline. On day six mice were euthanized and tissue 

procurement carried out for subsequent RNA extraction and histological studies. 

3.4.3 Transplantation and EPO Treatment  

In the second phase of experiments, transplantation of MSCs was done. The mice 

were divided into six groups (N=6). Four non-transplanted groups of mice included normal 

mice (Group-1), sham operated diabetic mice (Group-2), the diabetic mice injected with 

normal saline (Group-3) and the diabetic-EPO treated mice (Group-4). The remaining three 

groups included diabetic mice transplanted with untreated MSCs (Group-5), diabetic mice 

transplanted with preconditioned MSCs (Group-6) and the diabetic mice transplanted with 

preconditioned MSCs and given EPO treatment (Group-7). Some 20,000 MSCs (both 

untreated and preconditioned) at passage-1 from sixty days diabetic GFP transgenic male 

mice were transplanted at two random sites in the left ventricles of the respective non GFP 



groups of diabetic mice (Group-5, 6 & 7) using a 30G syringe. The group-3 mice received 

injections of normal saline only while EPO treatment for five consecutive days was given to 

the mice of group-4 and group-7. Four weeks following transplantations functional analysis 

of the heart was done using Millar apparatus and hearts of the euthanized mice from different 

groups examined for MSCs homing and tissue fibrosis.   

3.4.4 RNA Extraction and cDNA Synthesis  

 Freshly isolated hearts of the euthanized mice were dissected to separate left 

ventricles of different treatment groups. RNA extraction was then carried out from 50mg of 

LV heart tissues using Trizole reagent and quantified using ND-1000 spectrophotometer. 1 

µg RNA from respective samples was used to synthesize cDNA using M-MLV reverse 

transcriptase. 

3.4.5 Gene Expression Study 

RT-PCR was carried out for IGF-1 using GeneAmp PCR system 9700 (Applied 

Biosystem) with β-actin as internal control. The gene specific primers (Table 1) were used 

under PCR conditions of initial denaturation at 95°C for 5 min, 35 cycles of denaturation at 

95°C for 45 sec, annealing at 60°C (IGF-1) and 58°C (β-actin) for 45 sec, extension at 72°C 

for 45 sec, and final extension for 10 min at 72°C.  

 Quantitative RT-PCR was done for mRNA expressions of Bax and p16
INK4a

 using 

7500 thermal cycler (Applied Biosystem). The 20uL reaction mixture (triplicate) was made 

using maxima sybr green (Fermentas) and cDNA amplified using gene specific primers 

(Table.1). Amplification conditions were same as described for RT-PCR with annealing 

conditions at 58°C and 60°C for Bax and p16
INK4a 

respectively. β-actin was kept as internal 

control and normalized gene expression analysis carried out using 7500 System SDS 

software (version 1.3.1). 



 

3.4.6 Tissue Procurement for Histological Studies  

For paraffin sections the hearts of the euthanized mice were first perfused while for 

cryo-sections the hearts were freshly isolated and rapidly frozen in liquid nitrogen. The 

isolated hearts were cut into three sections representing its apex, middle and base. The 

middle sections were then undertaken for the respective processing procedures.  

Briefly, for paraffin sections, the middle sections were fixed in 4% paraformaldehyde 

(PFA) and then dehydrated in increasing ethanol grades (70%, 80%, 95% and 100%). This 

was followed by clearing step in xylene. The sections were then placed in liquid paraffin at 

70°C for 30 minutes twice and then embedded. 5µM thick sections were made using 

microtom machine (HM-340E, Microm Inc.USA). For cryo-sections, sections were first 

embedded in Tissue-Teck OCT (Sakura Torrance, CA, USA) then rapidly frozen in liquid 

nitrogen. The tissue sections were kept frozen at -20°C until sectioning was done using 

cryostat (Microm) at -20°C on tissue treated slides. 5µM thick sections were then processed 

for tunel assay and immunostaining. 

3.4.7 Tunel Assay 

 To assess LV myocardial cell apoptosis frozen serial sections 5µm thick from group-

1, 2&3 of EPO treatment experiments were subjected to tunel staining. Briefly sections were 

first washed in PBS for thirty minutes and fixed for 10 minutes by 4% PFA. The sections 

were labeled with TUNEL as per protocol provided by the manufacturer (Millipore). After 

incubation with Avidin-FITC for 30 minutes in dark, the sections were counterstained with 

DAPI (Tuo et al., 2008). Apoptosis was quantified by counting tunel positive cells in the left 

ventricle at six random sites per slide in sets of three slides per treatment group and average 

taken.  



 

3.4.8 Immunostaining for eNOS 

 The frozen ventricular tissue sections of the above mentioned treatment groups of the 

EPO experiment were air dried and washed with PBS for 5 minutes followed by fixation in 

ice cold methanol for 15 minutes. The sections were then treated with normal serum specific 

to secondary antibody at room temperature for 30 minutes. Sections were incubated 

overnight at 4°C with a rabbit polyclonal anti eNOS antibody (1: 100 dilution, Abcam plc. 

Cambridge, UK) in blocking serum. Sections were then incubated with a rhodamine 

conjugated anti-rabbit IgG for 1 h. This was followed by counterstaining with DAPI and 

mounting using Vectashield (Vector Labs). Images of LV sections of the respective treatment 

groups at six random fields in triplicate per treatment groups were taken using an inverted 

microscope IX-51 (Olympus).  

3.4.9 Detection of Stem cells in LV Tissue 

 The frozen heart sections of the different transplanted groups (Group-5,6&7) were 

analyzed for homing of transplanted stem cells. The frozen sections were stained with DAPI 

and visualized for homing of GFP⁺ stem cells in the left ventricular tissue using inverted 

microscope IX-51 (Olympus). Six random fields in set of three per treatment groups were 

selected and an average count of GFP⁺ stem cells made. 

3.4.9.1  Sirius Red Staining 

Paraffin embedded serial sections of the two control non-transplanted (Group-1 & 2) 

and the three transplanted (Group-5, 6&7) groups in the transplantation experiments were 

analyzed for fibrosis by Sirius red staining. Before rehydration step the slides were baked at 

60°C for 1 h followed by the xylene clearing step. The slides were then passed through 

graded ethanol (100%, 95%, 85%, 75%, 60%, and 50%) into distilled water. A saturated 



picric acid solution with 0.1% Sirius Red (Aldrich Chemicals) was used to stain the slides for 

overnight.  Slides were then washed for two minutes in 0.01 N HCl and quickly dehydrated 

in graded ethanol. After passing through xylene slides were coverslipped in mounting 

medium (Grimm et al., 2003). The slides were visualized for collagen accumulation and 

images taken using inverted microscope IX-51 (Olympus) equipped with a digital camera 

DP-71 (Olympus). Images from six random fields in set of three per treatment groups were 

then analyzed for percentage of fibrosis in left ventricular tissue by image J software. 

3.4.9.2  Millar Analysis 

Hemodynamic parameters of the mice in the different treatment groups (Group 1―6) 

of transplantation experiment were taken using a Millar microtip pressure transducer. Briefly, 

mice were intubated after anesthetizing with Pentobarbital sodium (55 mg  g−1) and 

ventilated with room air by using MiniVent (type 845, Harvard Apparatus). The breathing 

rate of mice was maintained at 95 breaths per minute and body temperature kept at 37°C 

during the procedure. The catheter was advanced into the left ventricle through the right 

carotid artery. Pressure volume loops were observed on the chart recorder and the data 

recorded in the closed chest preparation (Limana et al., 2002; Leri et al., 2003; Anversa et 

al., 2002; Pacher et al., 2008). The parameters assessed included maximum pressure, end 

systolic pressure, stroke volume and ejection fraction. 

3.5 Statistical Analysis 

Analysis of data for different experiments such as cell proliferation, densitometry, 

SOD activity, apoptosis, chemotactic ability, real time PCR, homing of GFP positive MSCs 

and tissue fibrosis, was performed using Student’s unpaired t-test (p value of <0.05 was 

considered statistically significant) and all the data are expressed as mean ± standard error of 

the mean except for homing studies where expressed as +SD. 
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4.1 In vitro Studies 
4.1.1 Characterization of MSCs 

The study included mice at diabetic day 60 with blood glucose levels above 

300mg/dL (Fig. 4.1).  

   

 

 
 

 

Figure 4.1. Mouse model of diabetes. Streptozotocin induced changes in blood glucose levels 

of C57BL/6 wild-type mice till 60 days. (STZ: streptozotocin).   

 

MSCs from mice at diabetic day 60 were isolated, cultured and analyzed for stem cell 

markers by flow cytometry. The analysis revealed that MSCs were positive for CD44 

(97.7%), CD90 (95.4%), and CD105 (92.3%) and negative for CD34 (1.4%) and CD45 

(0.8%) (Fig. 4.2  ―E). 

 



FLOW CYTOMETRY 
 

 
 

Figure 4.2. Flow cytometry of diabetic MSCs: (A–C) diabetic MSCs positive for CD44, 

CD90, and CD105 and (D-E) negative for CD45 and CD34 (hematopoietic 

markers).  
 

 

4.1.2 Stimulation of Cell Proliferation in Preconditioned Diabetic MSCs 

 

IGF-1 & FGF-2 were used alone and in combination in different concentrations to 

precondition diabetic MSCs. The best cytokine regimen was selected on the basis of cell 

proliferation measured after 48 h of preconditioning. The preconditioning of diabetic MSCs 

with IGF-1/FGF-2 in combination at 50ng/mL each showed the highest cell proliferation 

(1.61±0.11) as against of untreated cells (0.92±0.08). Cell proliferation figures of 1.10±0.11, 

1.35±0.12, 1.37±0.05, 1.44±0.07 and 1.38±0.09 were observed for preconditioning with 50 

ng/mL IGF-1, 50 ng/mL FGF-2, 100 ng/mL IGF-1, 100 ng/mL FGF-2, and combination of 1 

ng/mL FGF-2, and 50 ng/mL IGF-1 respectively (Fig. 4.3A). The growth factors regimen 



showing highest cell proliferation was thus represented by 50ng/mL each of IGF-1 & FGF-2 

in combination and used as the preconditioning strategy for subsequent experiments.  

 

Figure 4.3A. Cell proliferation after preconditioning of diabetic MSCs. All values were 

expressed as mean±standard error of the mean; *P<0.05 versus untreated 

diabetic cells.  

 

Cell proliferation of diabetic MSCs based on PCNA expression was also determined 

after preconditioning with VEGF (50ng/mL) and compared with IGF-1/FGF-2 (50ng/mL 

each) preconditioning. The PCNA expression in the two preconditioned groups as quantified 

by qRT-PCR showed a significantly higher PCNA expression in the IGF-1/FGF-2 (50ng/mL 

each) group compared to that of VEGF (50ng/mL) (Fig. 4.3B).   

 



 
 

Figure 4.3B. Analysis of cell proliferation for (PCNA) expression comparing VEGF and 

IGF-1/FGF-2 preconditioning of diabetic MSCs. 

 

4.1.3 Gene Expression Profiling of MSCs 

 

 The two sets of diabetic MSCs, one preconditioned with VEGF and the other with 

IGF-1/FGF-2 were compared with the normal and diabetic untreated MSCs for the gene 

expression profiling. The analysis revealed a down regulation of prosurvival markers (IGF-1, 

FGF-2, and Akt) and an upregulation of senescent (p16ᴵᴺᴷ⁴ᵃ, p66ˢʱᶜ, and p53), and apoptotic 

markers (Bax and Bak) in the diabetic untreated MSCs compared with MSCs from normal 

animals (Fig. 4.4A&B). Improvement in gene expression profiling of diabetic MSCs was 

observed after preconditioning with both VEGF (50ng/mL) and IGF-1/FGF-2 (50ng/mL 

each). Low levels of prosurvival (IGF-1, FGF-2, and Akt) and differentiation markers 

(GATA-4 and Nkx 2.5) observed in the diabetic untreated MSCs significantly increased after 

preconditioning. Whereas high levels of apoptotic markers (Bax and Bak) in the diabetic 

untreated MSCs significantly reduced after preconditioning. A similar reduction in the 



expression levels of senescent markers (p16ᴵᴺᴷ⁴ᵃ, p66ˢʱᶜ and p53) was also observed in the 

preconditioned diabetic MSCs compared with the diabetic untreated MSCs. Gene expression 

results after VEGF and IGF-1/FGF-2 based preconditioning of diabetic MSCs differed 

significantly and IGF-1/FGF-2 preconditioning appeared better than VEGF. (Fig. 4.4C&D). 

Densitometry of the gel was performed for quantification of bands and analysis made 

accordingly (Fig. 4.4E). 

 

 
 
Figure 4.4A-D. Gene expression profiling of MSCs. (A) Normal MSCs; (B) diabetic 

untreated MSCs; (C) diabetic MSCs preconditioned with VEGF; (D) 

diabetic MSCs preconditioned with IGF-1/FGF-2. 
 
 
 



 
 
Figure 4.4E. Quantification of gene expression profiling of MSCs. The difference between 

gene expression in IGF-1/FGF-2-preconditioned versus VEGF-preconditioned 

MSCs was significant; *P<0.05. Quantification of gels was done as per 

recommended guidelines in the user manual using Quantity One-1-D Analysis 

Software, version 4.4 (Bio-Rad Laboratories, Inc.). Ladder band was used as a 

standard.  
 
  The results of PCNA expression and gene expression profiling data clearly indicated 

IGF-1/FGF-2 combination to be better than VEGF treatment. So this treatment regimen was 

selected for preconditioning of diabetic MSCs in all subsequent experiments. The 

preconditioning of MSCs, therefore, would refer to treatment of MSCs with 50 ng/mL each 

in combination.  

4.1.4 Increased SOD Activity in Preconditioned MSCs  

 

SOD activity increased significantly in the preconditioned MSCs (52.3% ±2.0%, 

P<0.05) after 24 h of hypoxia treatment compared with the untreated diabetic MSCs 

(36.9%±3.1%). Although SOD activity showed a decline after 48 h of hypoxia treatment in 



both sets of MSCs, nevertheless the SOD activity was significantly higher in the 

preconditioned MSCs (32.2% ±2.5%) compared with the untreated diabetic MSCs (23.1% 

±2.2%). SOD activity measured under normoxic conditions in the MSCs from normal and 

diabetic animals was used as a standard (Fig. 4.5). 

 
Figure 4.5. Comparison of SOD activity among normal, diabetic untreated and diabetic 

preconditioned MSCs under normoxia and hypoxia. Under normoxia, a high 

SOD activity was observed in MSCs from normal animals compared with 

MSCs from diabetic. Under hypoxia, a significant increase in SOD activity was 

seen in the preconditioned diabetic MSCs compared with the untreated diabetic 

MSCs at 24 h followed by a decline in both sets of MSCs at 48 h. * and ** 

represents comparison between diabetic preconditioned and diabetic untreated 

MSCs at 24 and 48 h, (P<0.05 considered significant). 
 
4.1.5 Effect of IGF-1 and FGF-2 Preconditioning on Apoptosis 

 

A significant reduction in number of apoptotic cells was observed in the 

preconditioned diabetic MSCs (51.8% ± 2.3%) compared with the untreated diabetic MSCs 

(76.2% ± 1.8%) after hypoxia treatment as determined by flow cytometry for annexin-V (Fig. 

4.6). The figure under normoxic conditions in both sets of diabetic MSCs was 17.2% ± 3.3% 

and 31.5% ± 2.4% respectively. 

 
 



 

 
Figure 4.6.  Flow cytometry for annexin-V-positive cells. Preconditioned MSCs showed a 

reduction in annexin-V positive cells compared with untreated cells. All values 

were expressed as mean±SEM and (*P<0.05). 

 
 
4.1.6 Chemotactic Ability of Preconditioned Diabetic MSCs 

 

The mobilization of diabetic MSCs (both untreated and preconditioned) towards 

chemotactic signals from SDF-1α under hypoxic stress was analyzed. The analysis revealed 

that preconditioned diabetic MSCs showed a significantly high mobilization number 

(73.9±5.3, P<0.05) towards SDF-1α compared with the untreated diabetic MSCs (31.9±5.9) 

(Fig. 4.7). Wells with serum free medium alone without SDF1-α supplementation and 

containing both sets of MSCs were considered as control. 



 

 

Figure 4.7. Mobilization of untreated and preconditioned MSCs to SDF-1α.  

A significantly high mobilization of preconditioned MSCs to SDF-1α seen as  

compared to untreated MSCs. All values were expressed as mean±SEM. *P<0.05. 
 

 

4.1.7 In vitro Tube-forming Ability in Diabetic MSCs 

 

In vitro tube forming ability of both sets of diabetic MSCs (untreated and 

preconditioned) was studied under both normoxia and hypoxia. It was evident from the 

results that the preconditioned diabetic MSCs exhibited better tube forming ability under 

both hypoxia and normoxia compared with the untreated diabetic MSCs (Fig. 4.8). In 

addition, the ability of preconditioned diabetic MSCs to form tubular structure was much 

better under hypoxia compared to normoxia (Fig. 4.8A&C). 

 



 

Figure 4.8A-D. Preconditioned MSCs (A&C) demonstrate better tube-forming ability than 

untreated cells (B&D) under conditions of both normoxia and hypoxia 

(100×; Scale bar: ˜20 µm). 

 

 

 The quantification of tube formation in both sets of MSCs further confirmed the 

enhanced angiogenic ability of the preconditioned diabetic MSCs compared with the 

untreated diabetic MSCs (Fig. 4.8E). 

 



 
Figure 4.8E. Quantification of tube forming cells under hypoxic and normoxic conditions. 

MSC, mesenchymal stem cell. 
 
4.1.8 Real-time RT-PCR Gene Expression after Glucose Stress 

 

A real-time RT-PCR analysis of two angiogenic markers (Ang-1 and VEGF) and a 

senescent marker (p16ᴵᴺᴷ⁴ᵃ) in two sets of diabetic MSCs (untreated and preconditioned) was 

performed under conditions of high glucose (HG) stress. The preconditioned diabetic MSCs 

showed an increase in gene expression of Ang-1 and VEGF and a decline in the expression of 

p16ᴵᴺᴷ⁴ᵃ gene compared with the untreated diabetic MSCs (Fig. 4.9).  



 

Figure 4.9. Real-time RT-PCR gene expression analysis under conditions of HG stress. 

 

4.2 In vivo Studies 

4.2.1 Effect of EPO Treatment on Gene Expression of Diabetic Heart 

 In EPO treatment experiments without transplantation of MSCs, the quantitative RT-

PCR results showed a significant decrease in the left ventricular mRNA expressions of Bax 

and p16ᴵᴺᴷ⁴ᵃ in the diabetic EPO treated group (Group-3) as compared to the diabetic 

untreated group (Group-2). Bax and p16ᴵᴺᴷ⁴ᵃ mRNA expressions of the control normal group 

(Group-1) were less than both the previous groups (Fig.4.10A).  

 RT-PCR based Left ventricular mRNA expression of IGF-1 was better in the EPO 

treated group as compared to the untreated diabetic group. The control normal group showed 

high expression than both of these groups (Fig. 4.10B). 



 

 

Figure 4.10. Left ventricular mRNA expression of Bax, p16ᴵᴺᴷ⁴ᵃ and IGF-1 in different 

treatment groups of C57BL/6 male mice. A. Real time RT-PCR and B. RT-

PCR. (*p<0.05 vs. diabetic untreated). 

4.2.2 Decreased Myocardial cell Apoptosis 

 Concomitant to the real time RT-PCR results for expression of bax, tunel assay for 

apoptosis performed on LV cryosections revealed a significant decrease in myocardial cell 

apoptosis in the EPO treated group (4±0.3) compared with the untreated group (8±0.5). 

Apoptosis was significantly less in the normal heart sections (1±0.3) compared with both the 

untreated and EPO treated groups (Fig.4.11). 



 

  

 

Figure 4.11. A.TUNEL assay for apoptosis in left ventricular heart sections (40 X) of 

different treatment groups of C57BL/6 male mice. B. Number of apoptotic cells 

per random field in respective heart sections. (*p<0.05). 

4.2.3 Enhancement of eNOS Expression  

 Expression of eNOS, a constitutive form of nitric oxide synthase expressed in the 

endothelial cells, was found to be decreased in the diabetic group compared with the control 

normal group. The expression of eNOS in the diabetic myocardium was found to be 

increased after EPO treatment (Fig. 4.12). 



 

Figure 4.12. Expression of eNOS in the left ventricular heart sections (20 X) of different 

treatment groups of C57BL/6 male mice.  

 

 The treatment of diabetic mice with EPO alone indicated an improvement in the 

microenvironment of the diabetic heart. This was shown by a decrease in myocardial cell 

apoptosis and an increase in expression of prosurvival marker (IGF-1) and eNOS. In the light 

of the beneficial effects of preconditioning on diabetic MSCs mentioned earlier, 

transplantation studies were performed which employed a combined strategy of transplanting 

preconditioned diabetic MSCs in to the left ventricle of diabetic heart followed by EPO 

treatment in vivo. 



4.3 Transplantation Studies  

4.3.1 Homing of MSCs 

 GFP positive (GFP⁺) MSCs (Both untreated and preconditioned) transplanted in left 

ventricle of various transplantation groups of diabetic mice were studied for homing. A 

significant number of GFP⁺ cells were observed in the mice transplanted with preconditioned 

MSCs (Group-6) compared with that of diabetic untreated MSCs (Group-5) (Fig. 4.13 A, B). 

Additional improvement in homing was observed in the diabetic mice transplanted with the 

preconditioned MSCs and given EPO treatment (Group-7) compared with the previous two 

groups (Fig. 4.13C). The diabetic myocardium transplanted with untreated diabetic MSCs 

contained 12±1.5 GFP positive cells, followed by 25±2.0 in the preconditioned MSCs and 

45±3.5 in the diabetic preconditioned MSCs and EPO-treatment group (Fig. 4.13 D).  

   

 

 

 

 

 

 

 



 

 

 

Figure 4.13.  A-C. Homing of GFP-positive MSCs in Left ventricular heart sections (40 X) of 

different treatment groups of C57BL/6 male mice. D. Number of GFP positive 

cells, all values were expressed as mean standard deviation of the mean; 

*P<0.05 versus untreated diabetic group.  

 

 

 



4.3.2 Reduction in Tissue Fibrosis 

 Paraffin embedded sections (LV) of various transplanted groups stained with Sirius 

red staining showed reduction in fibrosis percentage (Fig.4.14 A-E). Maximum fibrosis 

(14.75%±1.75%) was noted in the diabetic heart without transplantation. This was followed 

by the group transplanted with untreated MSCs (13.16±0.5%), diabetic group transplanted 

with the preconditioned MSCs (10.59%±1.25%) and the diabetic group transplanted with 

preconditioned MSCs and given EPO treatment (6.67%±0.25%).  

 

 

 

 

 

 

 

 

 

 



 

 

Figure 4.14. A-E. Fibrosis as seen in left ventricle heart sections(40 X) of different treatment 

groups of C57BL/6 male mice by sirius red staining. F. Percentage of collagen 

accumulation in LV sections (A-E) of different treatment groups (* p<0.05). 



4.3.3 Hemodynamic Parameters 

 Hemodynamic parameters of diabetic mice of various treatment groups in the 

transplantation experiments were analyzed by Millar analysis. Millar analysis of normal 

(group-1) and diabetic mice (group-2) without transplantation of MSCs were performed and 

considered as standard. The analysis between the two groups (group-1 & group-2) for 

parameters such as maximum pressure, end systolic pressure, stroke volume, and ejection 

fraction showed an obvious impairments in the diabetic group compared with the normal 

mice group. The heart functions of diabetic mice however increased significantly after EPO 

treatment alone (Group-4) (Table 2). 

 The Millar analysis of the transplanted groups for the aforesaid cardiac parameters 

revealed that the group-7 (Diabetic mice transplanted with the preconditioned MSCs and 

given EPO treatment) showed the highest improvement in the heart functioning of diabetic 

mice followed by group-6 (diabetic mice transplanted with the preconditioned MSCs) 

compared with the group of diabetic mice transplanted with untreated MSCs (Group-5) 

(Table 2).  

 

 

 

 

 

 

 

 



 

Table 2. Cardiac parameters as determined by Millar analysis in different treatment groups of 

C57BL/6 male mice. All values were expressed as mean±standard error of the mean; 

NS; Normal saline group. UT; Untreated. Pre; Preconditioned. 
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Among various types of stem cells used to repair injured myocardium, MSCs derived 

from BM represent the most common type used for this purpose (Ohnishi et al., 2007; Song 

et al., 2009). The potential of MSCs to repair damaged heart has been highlighted in some 

recent studies and constitute an important area of research for the treatment of diabetic HF 

(Zhang et al., 2008; Abdel Aziz et al., 2008; Dong et al., 2008; Paul et al., 2009; Li et al., 

2010; Jin et al., 2011). However, hyperglycemia can affect their reparability by forcing stem 

cells into early aging (Rota et al., 2006) and could severely undermine the outcome of stem 

cell based therapies for HF. So the present study intended to delineate the effects of diabetes 

on MSCs derived from bone marrow and augment the function of diabetes-impaired MSCs 

using a preconditioning strategy.  

 The RT-PCR results indicated a downregulation of survival markers (IGF-1, FGF-2, 

Akt) and a high expression of senescent (p16ᴵᴺᴷ⁴ᵃ, p66ˢʱᶜ, p53) and apoptotic (Bax, Bak) 

genes in the diabetic MSCs compared with the MSCs form normal animals. These findings 

highlight diabetes-induced impairment of MSCs and are in agreement with the previous 

reports which also describe that hyperglycemia can cause stem cell dysfunction (Awad et al., 

2005; Ohnishi et al., 2007). Rota et al. (2006) for instance, reported that diabetes increases 

the expression of p16ᴵᴺᴷ⁴ᵃ, p66ˢʱᶜ, and p53 and can promote apoptosis in stem cells. A 

negative correlation between senescent and prosurvival markers as documented previously 

(Pons et al., 2008) also helps explain our present findings in the diabetes affected MSCs. 

 A preconditioning strategy employing growth factors was adopted to enhance the 

functioning of diabetic MSCs. The IGF-1/FGF-2 growth factors in combination (50ng/mL 

each) represented the best preconditioning regimen as determined by the cell proliferation 

assay (Fig. 4.3A). This was also reflected in the results of gene expression profiling where 



preconditioning of diabetic MSCs with IGF-1/FGF-2 significantly upregulated the 

prosurvival markers (IGF-1, FGF-2, Akt), and downregulated the senescent (p16ᴵᴺᴷ⁴ᵃ, p66ˢʱᶜ, 

p53) and apoptotic markers (Bax, Bak). The preconditioning also resulted in a significant 

increase in the expression of early cardiac differentiation markers (GATA-4, Nkx2.5) in the 

preconditioned diabetic MSCs compared with the untreated diabetic MSCs (Fig. 4.4). The 

selection of IGF-1/FGF-2 growth factors to precondition diabetic MSCs was a key factor for 

this remarkable cellular response. Owing to the known role of IGF-1 in survival pathways 

(Anversa, 2005) IGF-1 has been in extensive use to enhance stem cell function (Li et al., 

2007; Lu et al., 2009). The previous data on FGF-2 indicate its role in promoting expression 

of early cardiac differentiation markers (Degeorge et al., 2008), cell proliferation (Choi et al., 

2008) and suppressing cellular senescence (Ito et al., 2007). Therefore, the use of this novel 

combination of IGF-1/FGF-2 resulted in an increase in cell proliferation, the expression of 

survival genes and more importantly caused a decline in expression of the senescent genes. 

 Owing to the multifunctional attributes ascribed to VEGF (Tong et al., 2006), a 

parallel treatment option of preconditioning diabetic MSCs with VEGF (50ng/mL) was also 

used. The rationale behind this strategy was to compare the two treatment options (IFG-

1/FGF-2 vs. VEGF preconditioning) and select the better one. The diabetic MSCs did show 

improvement in cell senescent state, cell survival signaling and proliferation after VEGF 

preconditioning but these effects were less than the overall effects of IFG-1/FGF-2 based 

preconditioning (Fig. 4.4). IGF-1/FGF-2 preconditioning was hence identified as a better 

treatment option to enhance the functionality of MSCs under hyperglycemia and used for 

further analysis in subsequent sets of experiments.      



 Hypoxic and high glucose insults given to the preconditioned MSCs formed the basis 

of these subsets of experiments in a way to imitate microenvironment of the diabetic heart. 

Preconditioned diabetic MSCs showed a significant improvement in SOD activity under 

conditions of hypoxic stress compared with the untreated diabetic MSCs exhibiting low SOD 

activity (Fig. 4.5). In a recent study Stolzing et al. (2008) reported that SOD activity depends 

on ROS levels and is affected by the donor age. ROS levels tend to become high in diabetes 

(Ohshima et al., 2009) and this may have caused the low SOD activity observed in the 

diabetic MSCs. ROS generation in hyperglycemia is also well documented to cause stem 

cells susceptibility to apoptosis, and necrosis (Fiers et al., 1999) and impairs the angiogenic 

ability of cells (Ebrahimian et al., 2006). In concordant with these findings diabetic MSCs 

showed a high number of apoptotic cells and reduced tube-forming ability. After 

preconditioning of diabetic MSCs a significant decline in number of apoptotic cells (Fig. 4.6) 

concomitant with enhanced in vitro tube-forming ability was observed (Fig. 4.8). 

 The mobilization of diabetic MSCs to chemotactic signals in response to SDF-1α also 

significantly improved after preconditioning (Fig. 4.7). De Falco et al. (2009) described 

hyperglycemia-induced impairment of the SDF-1α–CXCR-4 pathway to affect recruitment of 

EPC in patients with coronary artery disease. The importance of SDF-1α–CXCR-4 axis for 

mobilization and recruitment of stem cells has been previously reported by Wang et al. 

(2006) and it has been shown that release of SDF-1α in conditions such as ischemia causes 

upregulation of CXCR-4 receptor in different types of stem cells to ensue mobilization (Zhou 

et al., 2002; Kucia et al., 2004). So a low chemotactic response by the untreated diabetic 

MSCs reported here is in agreement with the previous findings which improved significantly 

after preconditioning with IGF-1/FGF-2 in combination.    



 The tolerance of diabetic MSCs to high glucose stress was evaluated by emulating a 

clinical hyperglycemic condition in vitro. For this purpose diabetic MSCs (both untreated 

and preconditioned) were exposed to high glucose (30 mmol/L) treatment to roughly mimic 

blood glucose levels in patients with inadequately controlled diabetes or as observed under 

conditions of stress like inflammation, infection or hospitalization (Chen et al., 2007). The 

real time-PCR results showed a downregulation in the expression of p16ᴵᴺᴷ⁴ᵃ coupled with 

an upregulation of Ang-I and VEGF in preconditioned diabetic MSCs compared with the 

untreated diabetic MSCs (Fig. 4.9). This exciting finding indicates that preconditioning of 

diabetic MSCs not only improves cell survival and its angiogenic ability but also helps 

withstand cellular senescence under conditions of high glucose stress. 

Thus IGF-1/FGF-2 combination of growth factors has the potential to improve the 

functionality of diabetes-impaired MSCs by enhancing cell proliferation, downregulating 

senescent and apoptotic genes and upregulating prosurvival genes. This novel combination 

also offers protection from hypoxic and high glucose insults and will be of great use in the 

study of diabetes affected MSCs in future. 

 In view of the documented role of EPO in enhancing cellular response in different 

disease modalities such as diabetes, neurodegeneration, cardiovascular system and renal 

systems (Maiese et al., 2008), a subset of experiments were also carriedout in this respect. 

The study intended to evaluate the effects of EPO administration on improvement of diabetic 

myocardium and its functional status after transplantation of MSCs.  

 The gene expression studies showed a down regulation of p16ᴵᴺᴷ⁴ᵃ and Bax genes 

and an upregulation of IGF-1 in the left ventricular tissue of the diabetic heart following EPO 

administration compared with the untreated group (Fig. 4.10). The indication of an increase 



in apoptosis in the diabetic heart tissue was further evident in the results of tunel staining 

(Fig. 4.11A). The EPO treated group on the other hand showed less number of apoptotic cells 

(Fig. 4.11B). These findings are in agreement with the previous studies which support that 

EPO administration reduces complications in diabetes (Silverberg et al., 2006) and decreases 

cardiomyocyte apoptosis in ischemic cardiac diseases (Tramontano et al., 2003; Gao et al., 

2007; Ueda et al., 2010). This relevance is further supported by the findings that one of the 

most common reason of cardiovascular complications is diabetes and the incidence of and 

risk of mortality from cardiovascular disease is two to eight fold higher in the diabetic 

patients (Gaede, et al., 2003; Francia et al., 2009). 

 Although apoptosis prevention by EPO is considered to be a key mechanism in acute 

cardioprotection (Paschos et al., 2008) the role of nitric oxide (NO) is also important 

(Vanhoutte, 1988; De Caterina et al., 1995; Tharaux et al., 1999). The endothelial isoform of 

NO is the prevailing form in the cardiovascular system and depends on eNOS expression. 

eNOS has been documented to protect from hypertension and myocardial infarction in 

transgenic mice model overexpressing recombinant human EPO through up regulation of 

eNOS expression (Paschos et al., 2008). EPO has also been reported to enhance production 

of coronary NO and provide protection from reperfusion-induced myocardial injury (Mihov 

et al., 2009). Better eNOS expression was observed in the left ventricular tissue of the 

diabetic mice following EPO administration compared with the untreated group (Fig. 4.12). 

The site of eNOS upregulation in the left ventricular tissue most likely seems to be the 

coronary endothelium, since no difference in eNOS expression of cardiomyocytes was 

reported in a recent study employing EPO administration in rat model of ischemia / 

reperfusion injury (Mihov et al., 2009). EPO together with its benefit of cardioprotection 



may be an indicator of enhanced angiogenesis, since studies have shown that EPO 

independently leads to angiogenesis (Reinders et al., 2006; Li et al., 2007) and promotes 

mobilization  of EPC that is associated with neovascularization of ischemic tissue (Heeschen 

et al., 2003). 

  In continuation of these findings, transplantation of MSCs in the left ventricular 

tissue of diabetic mice was done followed by EPO administration to evaluate improvement of 

diabetic myocardium. The study involved assessment for homing of MSCs and reduction in 

fibrosis in various transplantation groups which was followed by Millar analysis of cardiac 

parameters.  

 The results indicated a significant increase in homing of the preconditioned MSCs 

and reduction in left ventricular tissue fibrosis after EPO treatment compared with the 

preconditioned MSCs group (Fig. 4.13 & 4.14) without subsequent EPO treatment. The 

preconditioned MSCs group without EPO treatment in turn showed a significant homing and 

reduction in fibrosis compared with the untreated group (Fig. 4.13 & 4.14). Evidence of 

increase in cardiac fibrosis due to diabetic cardiomyopathy has previously been documented 

(Tschope et al., 2004; Westermann, et al., 2007; Zhang, et al., 2008). The reduction in 

fibrosis reported in the present study is in concordant with the previous findings which also 

implicate EPO in reducing interstitial fibrosis and cardiac remodeling in cases of ischemic 

heart diseases and MI (Gao et al., 2007; Ueda et al., 2010). 

The functionality of the diabetic heart based on maximum pressure, end systolic 

pressure, stroke volume, and ejection fraction was assessed in different transplanted and non 

transplanted groups (Table 2). Heart functionality of diabetic mice (Group-2&3) was 

considerably impaired as compared to that of control normal mice (Group-1). However, the 



heart functionality of the diabetic mice improved significantly following administration of 

EPO alone (Group-4). A more significant increase in cardiac functions was observed in the 

diabetic mice transplanted with the preconditioned MSCs (Group-6) compared with the 

diabetic mice transplanted with untreated MSCs (Group-5) and the group-4 given EPO 

treatment alone. The diabetic mice transplanted with preconditioned MSCs and given EPO 

treatment (Group-7) showed maximum improvement in the cardiac parameters assessed 

compared with all other diabetic groups. In particular, values of the end-systolic pressure 

(ESP) (77.1+6.4mmHg) and ejection fraction (EF) (26.9+0.62%) observed in the 

preconditioned EPO-treated group were closest to the normal standard base line values of 

ESP (90-110 mmHg) and EF (44-62%) as reported by Pacher et al. ( 2008) compared with all 

other diabetic groups. To date no known study has been carried out that characterizes the 

effects of EPO on heart of type-1 diabetic mice and its outcome after transplantation of 

MSCs preconditioned with IGF-1/FGF-2. Although a limited study done on a human atrial 

model of hypoxia/reoxygenation in diabetic patients do indicates reduction in myocardial 

apoptosis and improvement in contractility of the cardiac tissues (Mudalagiri et al., 2008). 

Other studies, which document improvement of heart function after EPO administration, 

mostly involved model of ischemia-reperfusion injury or MI in different animals and human 

subjects (Calvillo et al., 2003; Parsa et al., 2003; Moon et al., 2003; Van der Meer et al., 

2005; Hirata et al., 2006; Westenbrink et al., 2007; Lipsic et al., 2008). So the findings about 

the functionality of the diabetic heart shown in the present study should be viewed as a 

pioneer study of its kind and indicates potential for the future studies. 

  In the present study EPO (1000 I.U/kg) was administered for five consecutive days 

after MSCs transplantation. Future studies should be designed to evaluate the functionality of 



diabetic heart by employing different doses and increasing duration of EPO administration. 

Moreover, different local and systemic factors such as VEGF, endothelin 1 and transformimg 

growth factors known to be modulated by EPO should also be investigated to determine the 

role of EPO in the acute and late cardioprotection (Arcasoy, 2008; Piuhola et al., 2008). The 

study should also address some important safety issues such as rise in levels of serum EPO 

(den Elzen et al., 2010), hemoglobin, blood pressure and risk of thrombosis (Besarab et al., 

1998).  

Although the present EPO based transplantation study indicates improvement of 

diabetic heart at several fronts such as a decrease in myocardial apoptosis, senescence, left 

ventricular tissue fibrosis, and an increase in homing of preconditioned MSCs, expression of 

eNOS and heart functionality, the inclusion of above mentioned considerations for future 

studies would further illuminate the potential of this novel combination to treat diabetic HF.  
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