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SUMMARY 

Cardiovascular complications, such as myocardial infarction, atherosclerosis, 

cardiomyopathy and heart failure are amongst the major causes of morbidity and 

mortality among diabetic patients. Diabetic cardiomyopathy (DCM) is a progressive 

disease of the heart muscle mediated by hyperglycemia and oxidative stress. 

Endothelial progenitor cells (EPCs) have shown promising potential to repair the 

diabetes induced cardiac damage. EPCs differentiate into functional and mature 

endothelial cells. However, challenges such as deteriorated functional abilities and 

survival of EPCs derived from diabetic subjects limit the possible outcome of 

autologous EPCs based therapies. Diazoxide (DZ), a highly selective mito-KATP 

channel opener, has been shown to improve the ability of mesenchymal stem cells and 

skeletal myoblasts for the repair of damage to heart muscles. In the present study, 

effect of DZ preconditioning was evaluated in determining the ability of diabetes 

affected bone marrow-derived EPCs to repair streptozotocin (STZ) induced DCM in 

rats. 

Diabetic EPCs (DM-EPCs) were characterized by immunocytochemistry, flow 

cytometry and reverse transcriptase PCR for endothelial markers: vWF, VE Cadherin, 

VEGFR2, PECAM, CD34 and eNOS. Preconditioning was performed in vitro, by 

incubation of DM-EPCs in 200 μM DZ for 30 minutes, followed by H2O2 induced 

oxidative stress and hyperglycemic stress. Oxidative stress to preconditioned and non-

preconditioned DM-EPCs was induced by exposure to 200 μM H2O2 for 2 hours 

whereas for hyperglycemic stress induction, the cells were exposed to 30 mM glucose 

media. Non-preconditioned EPCs with and without exposure to H2O2 were served as 

controls. 



IX 
 

The treated cells were evaluated for survival (XTT cell viability assay), 

senescence, paracrine potential (by ELISA for VEGF) and alteration in gene 

expression (VEGF, SDF-1α, HGF, bFGF, Bcl2 and caspase-3). DZ preconditioning of 

DM-EPCs significantly increased survival accompanied by enhanced release of 

VEGF and reduced senescence in DZ DM-EPCs+H2O2 group as compared to DM-

EPCs+H2O2 group under oxidative and hyperglycemic stress conditions. Furthermore, 

DZ preconditioned DM-EPCs exhibited upregulated expression of prosurvival genes 

under oxidative stress (VEGF, SDF-1α, HGF, bFGF and Bcl2) and under 

hyperglycemic stress (VEGF and Bcl2) while down regulated the expression of 

Caspase-3 in DZ DM-EPCs+H2O2 group as compared to DM-EPCs+H2O2 group 

under oxidative and hyperglycemic stress conditions as determined by reverse 

transcriptase PCR and real time PCR. 

For in vivo studies, diabetes was induced in Wistar rats by injecting 40 mg/kg 

streptozotocin. After eight weeks, 2x10
6
/70 μl of serum free medium, each of DZ 

preconditioned DM-EPCs and non-preconditioned DM-EPCs were transplanted into 

the left ventricle (LV) of diabetic rats (n꞊6 rats per group). After four weeks, DZ 

preconditioned DM-EPCs transplanted group showed improved contractility of 

diabetic heart as compared to untreated DM-EPCs group. There was decrease in 

collagen content estimated by Masson's trichrome and Picrosirius red staining in DZ 

DM-EPCs transplanted group as compared to untreated DM-EPCs transplanted group. 

Furthermore, reduced cells injury were observed in DZ DM-EPCs group as evidenced 

by decreased expression of caspase-3 and increased expression of prosurvival genes 

Bcl2, VEGF and bFGF by semi-quantitative real time PCR.  
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In conclusion, the present study demonstrated that DZ preconditioning 

enhanced DM-EPCs survival under oxidative and hyperglycemic stresses and their 

ability to treat DCM. 
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Diabetes is a major cause of morbidity and mortality worldwide with 

continuous rise in prevalence (Cai and Keller, 2014). There were 382 million people 

having diabetes in 2013 and this number is expected to rise to 592 million by 2035. 

China has the largest number of diabetic patients globally (Guariguata et al., 2014). 

Diabetes affects almost every organ in the body and about two third of the mortalities 

in diabetics are caused by cardiovascular diseases (Pappachan et al., 2013). Diabetes 

induced heart disease occurs in the form of cardiac autonomic neuropathy, coronary 

artery disease or diabetic cardiomyopathy (DCM) (Pappachan et al., 2013). 

DCM occurs in both type 1 and 2 diabetes and is the third most common cause 

of cardiac failure and death (Battiprolu et al., 2010; Cheng et al., 2012). Insulin 

resistance, hyperglycemia and metabolic dysfunction coupled with oxidative stress 

build up lead to progression of DCM (Letonja and Petrovic, 2014). DCM is 

characterized by adverse architectural remodeling and disturbed mediation of 

regulatory machinery leading to cardiac hypertrophy, prevalence of apoptosis and left 

ventricular (LV) dysfunction (Mellor et al., 2010; Selvaraju et al., 2012; Pappachan et 

al., 2013). This eventually results in end stage cardiac failure (Neel et al., 2011; Diao 

et al., 2011; Giacco et al., 2010). 

Hyperglycemia is an important contributing factor in the progression of DCM. 

It enhances the levels of free fatty acids and causes deformities in substrate supply 

and utilization, lipid metabolism and calcium homeostasis. Moreover, it enhances 

production and release of reactive oxygen species (ROS), which results in oxidative 

stress build up resulting in abnormal gene expression and defective signal 

transduction in the heart.  Hyperglycemia and oxidative stress lead to activation of 

connective tissue growth factor, fibrosis and the increase in advanced glycation end 
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products and thus causing stiffness of the diabetic hearts (Falcao-Pires and Leite-

Moreira, 2012). 

Currently available various pharmacological and non-pharmacologic agents 

can prolong life span of diabetic patients by maintaining glucose control but they are 

not much effective in restricting occurrence of myocardial ischemia and infarction in 

diabetic patients. Hence, more effective therapeutic approaches are compulsory (Cai 

and Keller, 2014). 

Stem cell based therapies have shown promising potential to improve cardiac 

function after myocardial damage (Khan et al., 2013). Endothelial progenitor cells 

(EPCs) take part in neovascularization and tissue repair to promote the recovery of the 

ischemic myocardium (Hung et al., 2009; Trachtenberg et al., 2011). Moreover, 

transplantation of the ex vivo cultured EPCs has been reported as a novel strategy for 

the repair of diabetes mellitus and its related vascular complications (Georgescu et al., 

2011; Grapensparr et al., 2011). EPCs populations have been identified by using 

different antigenic markers including CD34, CD133, CD45, VEGFR2, CD133, 

CXCR4, CD14 and CD31 (Risau., 1995; Ashara et al., 1997; Strauer et al., 2002; 

Rehman et al., 2003; Schatteman et al., 2007; Libby et al., 2009). In the present study, 

various surface markers vWF, VE Cadherin, VEGFR2, PECAM, eNOS and CD34 

were used for the characterization of DM-EPCs. 

EPCs have the capability to differentiate into functional and mature 

endothelial cells as well as enhance angiogenesis by release of growth factors which 

act on mature endothelial cells of restricted potential leading to an improvement in 

oxygen supply (Foley and Mercola, 2004). Vascular endothelial growth factor 

(VEGF) and Stromal derived factor-1α (SDF-1α) released by EPCs enhance the 
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migration of mature endothelial cells and the formation of vessels (Urbich et al., 

2005). Hence, diabetic individuals having vascular complications could potentially 

benefit from EPCs therapy. However, diabetic individuals derived EPCs have reduced 

therapeutic potential (Doehring et al., 2010) and reduced angiogenic potential (George 

et al., 2005). Diabetic EPCs exhibit attenuated proliferative and migratory capability 

(Bentzon et al., 2006; Hagensen et al., 2011). Diabetic EPCs upon transplantation in 

normal mice demonstrated reduced vascularization potential (Hagensen et al., 2011). 

Diabetic EPCs fail to release sufficient levels of factors in the diabetic 

microenvironment (Kiuru et al., 2009). The functional impairment of cultured EPCs 

has been reported in both type 1 and 2 diabetic patients (Kim et al., 2012).  

Though stem cells transplantation has shown great promise for cardiac 

regeneration but the deteriorated efficacy of the engraftment and reduced viability of 

the transplanted stem cells especially diabetes affected autologous stem cells limits its 

use. Harsh microenvironment of ischemia or diseased tissues may cause apoptosis and 

death of transplanted cells as well resulting in poor therapeutic efficacy (Zhu et al., 

2006). Preconditioning is one of the potential strategies which can improve the 

therapeutic potential of diabetic EPCs to repair cardiovascular diseases. Various stem 

cells preconditioning strategies include hypoxic preconditioning, genetic modulation 

of stem cells and pharmacological preconditioning (Haider and Ashraf, 2008).  

Diazoxide (DZ) has been extensively used to enhance cell survival (Niagara et 

al., 2007). DZ reduces cell apoptosis by relieving ROS damage, decreasing calcium 

overload in mitochondria, maintaining mitochondrial intramembrane potential steady, 

inhibiting cytochrome c release, reducing caspase-3 activation (Otani, 2008). DZ 

preconditioning promotes survival of skeletal myoblasts (Niagara et al., 2007; Haider 

et al., 2010) and MSCs (Afzal et al., 2010; Suzuki et al., 2010) in vitro as well as in 
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vivo. Moreover, transplantation of preconditioned cells into the infarcted heart was 

associated with smaller infarct size, myogenic differentiation, angiogenesis and 

improved LV function (Niagara et al., 2007; Afzal et al., 2010; Haider et al., 2010). 

The cytoprotective effects of DZ on skeletal myoblasts are because of increased 

release of growth factors such as hepatocyte growth factor (HGF) and basic fibroblast 

growth factor (bFGF) and due to the activation of survival kinase PI3K/Akt (Niagara 

et al., 2007). However, the effect of DZ in altering the therapeutic potential of 

diabetes affected EPCs and for the treatment of DCM has not been studied yet. 

The current study addresses the effect of pharmacological preconditioning in 

augmenting the survival, proliferation and angiogenic potential of diabetic EPCs. This 

novel approach of DZ preconditioning of diabetic cells prior to transplantation will 

bring new insights in devising therapeutic strategies for the repair of diabetes 

associated heart diseases especially DCM. 
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Stem cells 

Stem cells are unspecialized cells that have the ability to self-renew and to 

differentiate into other cell types. Depending on the ability to differentiate into 

multiple cell types, stem cells are categorized into various types such as totipotent, 

pluripotent and multipotent (Salem and Thiemermann, 2010). The stem cells division 

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 into a mature differentiated 

cell type (Gomperts and Strieter, 2007). 

Sources of stem cells 

Stem cells can be categorized on the basis of various parameters such as their 

functions, anatomy, transcription factors and proteins. However, stem cells are 

classified into two major divisions: embryonic stem cells and adult stem cells. 

Embryonic stem cells are present in embryo while adult stem cells are present in 

various adult tissues (Mathur and Martin, 2004). 

A) Embryonic stem cells  

B) Adult stem cells  

A) Embryonic stem cells 

  Embryonic stem cells are isolated from the embryo at the blastocyst stage and 

have the potential to fully differentiate into different cell types including 

cardiomyocytes. Apart from ethical issues, the use of embryonic stem cells is 

restricted in clinical studies because of the possibility of teratoma formation 
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(Thomson et al., 1998). They have unlimited self renewal and differentiation capacity. 

They are capable of producing cells of the three somatic germ layers: ectoderm, 

mesoderm, and endoderm (Blum and Benvenisty, 2008; Rae et al., 2011). 

B) Adult stem cells  

An adult stem cell is an undifferentiated cell present among differentiated cells 

in a tissue or organ, having self renewal capacity and differentiation potential to yield 

the major specialized cell types of the tissue or organ. The primary roles of adult stem 

cells in a living organism are to repair and maintain the tissue in which they are found 

(Locatelli and Stefano, 2004; Morshead and van der Kooy, 2001). Adult stem cells 

comprise of three groups:  

1) Bone marrow stem cells 

2) Circulating stem cells 

3) Tissue resident stem cells  

Adult stem cells have been isolated from bone marrow, umbilical cord blood, 

peripheral blood, muscle, liver, skin and brain (Pittenger et al., 1999; Beyer and Da, 

2006; Sethe et al., 2006). However, the most well characterized source for adult stem 

cells is still adult bone marrow. 

1) Bone marrow stem cells 

Bone marrow has been considered as the most primitive source of several 

different types of progenitor and primitive cells. These progenitors and primitive cells 

have capacity to repopulate many stromal tissues. The bone marrow cells are easy to 

isolate and possess multi-lineage potential. Thus, it provides fundamental reserve of 

stem cells in the body to replenish injured tissues. Different population of cells such 
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as hematopoietic stem cells, mesenchymal stem cells, endothelial progenitor cells and 

multipotent adult progenitor cells reside in bone marrow. 

Hematopoietic stem cells 

Hematopoietic stem cells (HSCs) are found in the bone marrow (Anversa et 

al., 2004; Liao et al., 2007). HSCs can differentiate into multiple lineages that 

comprise the hematopoietic system including mature blood cells. They are positive for 

CD34 or CD133 (Orlic, 2003; Orlic, 2004). 

Mesenchymal stem cells 

Mesenchymal stem cells (MSCs) are adult stem cells having potential to 

differentiate into a variety of cells like cardiomyocytes, osteocytes, myocytes, 

adipocytes and chondrocytes (Wagner et al., 2008). MSCs expressed markers include 

CD29, CD44, CD71, CD90, CD106, CD120a, CD124, SH2, SH3, and SH4 while 

they are negative for CD45 (Da et al., 2006; Buhring et al., 2007). 

Endothelial progenitor cells 

Endothelial progenitor cells (EPCs) enter the peripheral blood after they leave 

bone marrow. They circulate and home in various adult tissue sites. EPCs express 

markers such as CD34, vascular endothelial growth factor receptor-2 (VEGFR-2), and 

Ties-2 but are negative for CD45 (Asahara and Kawamoto, 2004; Urbich & 

Dlmmeler, 2004). Flow cytometry studies of 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 angiogenesis. 
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Multipotent adult progenitor cells 

Fully developed adult tissues and organs contain niches of multipotent adult 

progenitor cells (MAPCs). MAPCs were described as being able to differentiate into 

varying cell types. MAPCs express CD44 antigen at very low level and are negative 

for CD45, CD34, and c-kit but are positive for Thy 1, AC133, and Sca1 (Roelandt et 

al., 2010; Busch et al., 2011). 

2) Circulating stem cells 

The circulating stem cells include different types of cells among which the 

most commonly studied are the EPCs (Asahara et al., 1999; Liao et al., 2007). They 

are positive for expression of CD34, VEGFR-2 and CD133 (Bernardi et al., 2012). 

3) Tissue resident stem cells 

Adult stem cells have been identified in many tissues like bone marrow, brain, 

spinal cord, kidney, dental pulp, liver, peripheral blood, pancreas, skeletal muscles, 

and heart (Bearzi et al., 2007; Liao et al., 2007). These cells can be isolated by SDF-

1(chemokine) mediated chemo attraction (Sasaki et al., 2007). Similarly, another 

chemokine named as granulocyte colony stimulating factor (GCSF) also plays an 

important role in mobilization of tissue resident cells which express CXCR4 

chemokine receptor. SDF-1 is expressed in damaged tissues like pancreas, liver, 

myocardium, and skeletal muscle; attracts the circulating CXCR4+ tissue resident 

cells and therefore promote tissue regeneration (Saxena et al., 2008; Cheng et al., 

2008). 
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An introduction to diabetes mellitus (DM) 

DM is rapidly emerging as one of the most common non infectious disease 

worldwide (Shaw et al., 2010). In 2013, there were 382 million people with DM and 

this number will increase to 592 million by 2035. Aging of population, population 

growth and urbanization with linked lifestyle changes is likely to lead to a 55 % 

increase in diabetics worldwide by 2035. China has largest number of diabetic people 

globally (Guariguata et al., 2014). The rise in incidence and prevalence of diabetes 

also imposes a significant economic burden globally, particularly in developed 

countries, with an estimated 12% of the worldwide health care expenditure spent on 

the treatment and prevention of diabetes (Farag and Gaballa, 2011). 

Diabetes is a progressive, chronic metabolic disorder characterized by insulin 

deficiency or resistance resulting in increased plasma glucose levels. There are mainly 

two types of diabetes; type 1 diabetes mellitus (T1DM), formerly known as insulin 

dependent or juvenile diabetes and type 2 diabetes mellitus (T2DM), otherwise known 

as non-insulin dependent or adult onset diabetes. T1DM, which accounts for 

approximately 5–10 % of all cases of diabetes (Raskin and Mohan, 2010), has a 

steadily increasing incidence worldwide (Karvonen et al., 2000). Auto-immune 

mechanisms or environmental risk factors are regarded as key triggers of T1DM (Di 

Lorenzo et al., 2007). T2DM, characterized by insulin resistance, accounts for the 

remaining approximately 90 % of all cases of diabetes, and occurs predominantly but 

not exclusively in the older population (Zimmet et al., 2001). The global rate of 

mortality attributable to T2DM has been estimated to be 2.9 million, or 5.2 % of all 

deaths (Roglic et al., 2005; Nolan et al., 2011). 
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T1DM is developed as result of permanent destruction of insulin producing β-cells 

present in the pancreatic islets of Langerhans. Individuals suffering from T1DM have 

lost about 80% of their β-cell population, resulting in impaired insulin secretion and 

an inability to regulate blood glucose levels properly. The β-cell destruction in T1DM 

is usually caused by an autoimmune mechanism (Godfrey et al., 2012). T1DM is a 

complex disease resulting from the interaction between epigenetic, genetic and 

environmental factors (Hakonarson et al., 2011). The incidence of T1DM among 

children has been increasing globally (Forlenza et al., 2011). Over the last few 

decades, the incidence of T1DM has been rising approximately 3 % to 5% annually, 

and it is estimated that there are approximately 65,000 new cases per year in children 

(Borchers et al., 2010; Bruno et al., 2010; Jarosz-Chobot et al., 2011). This significant 

global rise in the incidence of T1DM recommends the importance of interplay of 

environmental factors and genetic predisposition in the multifactorial etiology of 

T1DM (Thomas and Pietropaolo, 2011;  Polychronakos and Li, 2011; Diaz-Horta et 

al., 2012).  

Auto-antibodies against islet antigens are important in the development of disease 

(Eisenbarth, 2012). Antigen presenting cells like dendritic cells and macrophages are 

the first to infiltrate islets followed by CD4 and CD8 T lymphocytes, natural killer 

cells and B lymphocytes (Yoon, 1998; Waldron-Lynch and Herold, 2011). It has been 

reported that interleukin-12 (IL-12) released by macrophage activate Th1-type CD4 T 

cells (Yoon, 1998). IL-2 and proinflammatory cytokines secreted by activated CD4 T 

cells e.g., interferon-γ (IFN-γ), tumor necrosis factor (TNF-α) and IL-1β enhances the 

activation of cytotoxic CD8 T cells, the final effectors of β-cell death through 

apoptosis. IFN-γ may also stimulate macrophages to secrete proinflammatory 

cytokines and reactive oxygen species (ROS). Proinflammatory cytokines further 
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induce signal transducer and activator of transcription 1, nuclear factor κB, and 

interferon regulatory factor 3 in β-cells, helping in the amplification and maintenance 

of the immune processes (Eizirik et al., 2009). Eventually, T-cell-mediated β-cell 

destruction is influenced by the interplay between receptor-mediated interactions 

(e.g., TNF-TNF receptor and Fas-Fas ligand, CD40-CD40 ligand), release of 

proinflammatory cytokines and ROS, as well as the release of granzymes and perforin 

from cytotoxic effector T cells. Th17 cells may also contribute to 

immunopathogenesis (Honkanen et al., 2010), while regulatory T cells (Treg cells) 

play a key role in determining the fate of the disease process (Cabrera et al., 2012). 
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Diabetic cardiomyopathy 

Diabetic cardiomyopathy (DCM) occurs due to functional and structural 

changes of myocardium independent of presence of coronary atherosclerosis. DCM is 

considered to be a microvascular disease and mainly occurs due to chronic 

hyperglycemia and increased glycosylation end yields (Hayat et al., 2004). Heart 

failure (HF) is more frequently observed in individuals suffering from the 

complications of diabetic cardiovascular disease. Due to this fact, DCM is 

progressively documented as an origin of HF (Tziakas et al., 2005; Radovits et al., 

2009). Diabetes, itself has an elevated risk of HF independent of presence of coronary 

artery disease (Voulgari et al., 2010).  

Various alternative pathways cause the DCM including the deficiency of 

normal signaling of insulin, oxidative stress and hyperglycemia (Boudina 2007). 

Increased glucose conditions induce internalization of cardiac myocyte glucose 

receptors selectively in DCM. Normal state of cardiac metabolism shifts to free fatty 

acid oxidation following the glucose receptor uptake at cellular level. This transfer of 

energy production precedes to increased ROS and synthesis of ceramide and cell 

death through apoptosis (Tarquini et al., 2010). 
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Fig 2.1. Phathophysiologic mechanisms of diabetic cardiomyopathy (Pires and Moreira, 2012). 

Features of the diabetic heart 

It is generally believed that some of the features which are common in the 

diabetic heart are LV diastolic and often systolic dysfunction, cardiomyocyte 

hypertrophy, myocardial interstitial fibrosis, upregulation of oxidative stress and 

increased apoptosis. In this way, the DCM has complicated and multifactorial 

pathophysiology (Hahn et al., 2003; McQueen et al., 2005; Connelly et al., 2007; 

Palmieri et al., 2008). 

1) Diastolic dysfunction 

One of the first signs in LV DCM is diastolic dysfunction that often develops 

before systolic dysfunction (Schannwell et al., 2002; Diamant et al., 2003; Palmieri et 

al., 2008). The basic characteristic of heart failure is diastolic dysfunction; other 

impairments which are possible to occur in diastolic dysfunction are concentric 

hypertrophy and vascular stiffness (Alagiakrishnan et al., 2013; Paulus and Tschope, 
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2013). Cardiac morphology differences may result from systolic and diastolic 

dysfunction, associated for example with an enlarged ventricle versus the lack of 

chamber enlargement, respectively (Wood et al., 2011). Streptozotocin (STZ)-induced 

type 1 diabetes mellitus (T1DM) rats and mice exhibited diastolic dysfunction (Hoit et 

al., 1999; Joffe et al., 1999; Wang et al., 2006; Lacombe et al., 2007; Huynh et al., 

2010; Ritchie et al., 2012; Huynh et al., 2013). Rodent models of T2DM including the 

db/db mouse and sucrose fed rat also exhibited diastolic dysfunction (Vasanji et al., 

2006; Connelly et al., 2007; Huynh et al., 2012). Major factors associated with LV 

diastolic dysfunction include enhanced collagen deposition (Mizushige et al., 2000; 

van Heerebeek et al., 2008), insulin resistance (Bajraktari et al., 2006), Ca2+ 

homeostasis (Davidoff et al., 2004; Fulop et al., 2007), alterations in both glucose 

metabolism (Belke et al., 2000), generation of ROS (Huynh et al., 2012; Ritchie et al., 

2012; Huynh et al., 2013). 

 

Fig 2.2. Summary of interactions between the vascular and myocardial changes in diabetic hearts 

and their role in the development of diabetic cardiomyopathy (Asghar et al., 2009). 
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2) Systolic dysfunction 

The majority of evidence regarding DCM considers LV diastolic dysfunction 

to largely occur in isolation, or prior to LV systolic dysfunction. Abnormal systolic 

function may also be evident in both experimental (Semeniuk et al., 2002; Wichi et 

al., 2007) and clinical settings (Vinereanu et al., 2003). Subclinical systolic 

dysfunction has been exhibited in T2DM patients, who demonstrate regional LV 

systolic function impairments, on both radial and longitudinal systolic velocities 

despite peak systolic velocity, normal ejection fraction and functional reserve 

(Vinereanu et al., 2003). The development of systolic dysfunction in experimental 

diabetic animals may be model dependent; systolic function is preserved in STZ-

induced T1DM mice (Huynh et al., 2010; Ritchie et al., 2012; Huynh et al., 2013), 

although STZ in C57BL/6 mice can reduce cardiac output, stroke volume, fractional 

shortening and LV ejection fraction (Westermann et al., 2007). 

3) Cardiomyocyte hypertrophy 

LV hypertrophy in diabetic patients is a strong predictor of myocardial 

infarction (MI), stroke and death from HF (Bernardo et al., 2010). LV hypertrophy 

develops initially as an adaptive response to elevated hemodynamic stress (Ritchie et 

al., 2009), neurohormonal activation (Eguchi et al., 2008) and reduced number of 

functional contractile cardiomyocytes (van Empel and De Windt, 2004). LV 

hypertrophy is usually associated with increased afterload in diabetic patients with 

hypertension (Bell, 2008) however; it can also occur independent of pressure overload 

(Galderisi et al., 1991; Eguchi et al., 2008; Huynh et al., 2010).  
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4) Myocardial fibrosis 

Development of interstitial fibrosis or perivascular fibrosis is another physical 

hallmark of the diabetic myocardium. Elastin, collagen, fibronectin and laminin are 

the components of extracellular matrix, which provide a scaffold for cardiomyocytes. 

An integral element of extracellular matrix is collagen, as it enables connections 

between muscle bundles and the cells preserving myocardial assembly, structure, 

chamber thickness and shape (Shimizu et al., 1993; Daniels et al., 2009). Increased 

extracellular matrix deposition can be responsible for the myocardial fibrosis; 

particularly collagen raises the myocardial stiffness. Diabetes increases collagen in 

the insoluble form (Shimizu et al., 1993). Raised myocardial content and upregulated 

gene expression of extracellular matrix proteins (mainly collagen) is often observed in 

experimental models of both T1DM (Huynh et al., 2010; Ritchie et al., 2012) and 

T2DM (Ritchie et al., 2013), and is closely associated with impairments in LV 

diastolic filling. 

5) Apoptosis 

Defective programmed cell death is implicated in a number of cardiac 

pathologies including diabetes.  Apoptosis is programmed cell death and is essential 

for maintaining tissue homeostasis under normal physiology (Lee and Pervaiz, 2007). 

Apoptotic pancreatic β-islet cell death is probably the causal factor in both T1DM and 

T2DM (Leonardi et al., 2003; Lee and Pervaiz, 2007). Transition from the 

compensated to decompensated hypertrophic state in the diabetic heart resulted in 

increased apoptosis of myocytes (Frustaci et al., 2000). Cardiomyocyte apoptosis is 

associated with blood glucose levels (Fiordaliso et al., 2000). Diabetes induced 

cardiomyocyte apoptosis often occurs concomitantly with myofiber disarray (Yoon et 

al., 2005), increased interstitial fibrosis (Ritchie et al., 2012; Huynh et al., 2013) and 
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is probably believed to be a direct consequence of hyperglycemia triggered caspase-3 

activation (Cai et al., 2002).  

6) Microvascular abnormalities 

DCM can develop independent of the macrovascular complications of the 

disease. In diabetic patients, structural and functional changes in coronary vasculature 

aggravate DCM. Sustained hyperglycemia is correlated with endothelial dysfunction 

(Woodman et al., 2008). As a result, the risk of elevated microvascular permeability, 

impaired microvascular blood flow and subsequent tissue ischemia is increased 

(Oltman et al., 2006). Changes in the bioavailability and expression of vasoactive 

factors released from the endothelium, including upregulation of endothelin-1 (ET-1) 

and downregulation of nitric oxide exacerbated this process (Farhangkhoee et al., 

2006). Nitric oxide is a potent negative regulator of abnormal cardiomyocyte growth 

and endogenous vasodilator (Leo et al., 2011). 

Pathophysiologic triggers of diabetic cardiomyopathy 

1) Hyperglycemia 

One of the key factors of metabolic, structural and functional changes in the 

diabetic heart is hyperglycemia. Anomalies in glucose regulation itself is adequate to 

stimulate a collection of dysfunctional processes comprising hyperactive insulin 

resistance and insulinemia (Shanik et al., 2008), renin angiotensin aldosterone system 

(RAAS) activation (Putnam et al., 2012), changes in free fatty acid oxidation 

(Robertson et al., 2004), assemblage of advanced glycation end products (Yao and 

Brownlee, 2010), increased generation of ROS (Yao and Brownlee, 2010) and 

changed Ca2+ handling (Ligeti et al., 2006). DCM growth and progression is the result 

of all of these processes (Fang et al., 2004). Elevated level of protein kinase C (PKC) 
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is induced by diacylglycerol in hyperglycemia (Bilim et al., 2008). Contraction 

proteins like troponin-I, troponin-T and the complex of troponin-tropomyosin are 

affected by the PKC. Increased PKC activity affects nuclear gene transcription by 

cascade of mitogen activated protein kinases (MAPK) that ultimately enhances 

production of Angiotensin converting enzyme (ACE) and skeletal actin (Xiaa et al., 

2007). ACE may take part in the development of DCM. 

 

Fig 2.3. Proposed mechanism of impaired cardiac function in diabetes (Zhang and Chen, 2012). 

2) Insulin resistance 

Progression and the development of cardiovascular disease mainly depend 

upon substantial risk factors such as the resistance of insulin and the frequently 

associated hyperinsulinemia. A fundamental relationship between hypertension, 

hyperinsulinemia and coronary artery illness can be expressed by several evidences. A 

number of studies demonstrated that the developmental risk of coronary artery disease 

is positively linked to hyperinsulinemia (Eddy et al., 2009). Cardiac abnormalities, 

including fibrosis, cardiomyocyte dysfunction and LV hypertrophy often already 
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appear in the prediabetic insulin-resistant stage as observed in animal models in vivo 

(Ritchie et al., 2013). Other possible motivators of cardiac insulin resistance comprise 

of the inflammation, stress kinase signaling, cytokine upregulation, mitochondrial 

dysfunction and the endoplasmic reticulum stress (Gray and Kim, 2011). 

3) Metabolic disturbances in diabetes: implications for the heart 

Energy metabolism disturbances of the heart are important contributors to 

diabetes associated cardiac complications (Lopaschuk et al., 2010). Mitochondrial 

dysfunction at the cellular level particularly contributes to the progression and 

development of both vascular and cardiac complications of diabetes (Dhalla et al., 

2013; Galloway and Yoon, 2013). Alterations in mitochondrial shape, fission–fusion 

dynamics, uncoupling, Ca2+ load, ATP generation and substrate utilization are clearly 

evident in exerting harmful effects on diabetic myocardium. Mitochondria also play a 

critical role in pathophysiological trigger of DCM as a key source of ROS.  

4) Neurohormonal activation 

Evidences of activation of neurohormones in the diabetic heart consist of the 

elevation of ET-1, sympathetic nervous system and RAAS. Other neurohormones like 

the natriuretic peptides: ANP, BNP, ET-1 and circulating angiotensin II as well as 

catecholamines (norepinephrine and epinephrine) are also raised (Forbes and Cooper, 

2013).  

5) Oxidative stress in the diabetic heart 

The progression and development of diabetic complications is because of 

increased oxidative stress. Molecular oxygen in its ground state is unable to accept 

electrons from other biological molecules. However, the enzyme driven addition of 

electrons to the oxygen molecules strongly enhances their reactivity, giving rise to a 
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family of ROS. The oxidizing ability of ROS is used by aerobic cells to regulate the 

function and activity of cell signaling molecules; this process, however, must be 

tightly regulated by antioxidants to prevent oxidative damage (Selemidis et al., 2008). 

An imbalance between the ability of the biological system to detoxify reactive 

intermediates and ROS generation results in oxidative stress. Excessive ROS 

production plays critical role in the progression of different pathologies due to their 

capability to directly oxidize DNA, lipid and proteins membranes (Wold et al., 2005; 

Murdoch et al., 2006). 

6) Dysregulation of microRNAs 

MicroRNAs (miRNAs) may take part in the pathogenesis of DCM. miRNAs 

play an important role in different biological processes (e.g. development, 

oncogenesis and apoptosis). They also regulate gene activity by causing inhibition of 

protein synthesis or mRNA degradation (Bernardo et al., 2012a; van Rooij and Olson, 

2012). Thus, miRNAs may contribute to the progression of wide range of different 

diseases, including cardiovascular disease (Bernardo et al., 2012b), cancer (Farazi et 

al., 2011), and metabolic disorders such as diabetes (Guay et al., 2011). A number of 

studies have been performed to identify differentially expressed miRNAs and their 

target genes in DCM by miRNA expression profiling in STZ T1DM mice (Shen et al., 

2011).  

7) Contractile dysfunction and Ca2+ handling abnormalities 

Abnormal Ca2+ handling in the cardiomyocytes is also involved in DCM. 

Calcium is a key ionic regulator in the heart for the excitation-contraction coupling 

process and is responsible for normal cardiac function. T1DM and T2DM rodent 

models demonstrated altered function, activity and expression of all excitation–



21 
 

contraction coupling transporters, Na+/Ca2+ exchanger, ryanodine receptor (Hattori et 

al., 2000), sarcoplasmic reticulum Ca2+ ATPase (Trost et al., 2002), dysfunctional 

intracellular calcium signaling (Vetter et al., 2002) as well as plasma membrane Ca2+ 

ATPase (Golfman et al., 1998).  

Treatment of diabetic cardiomyopathy 

According to recent consideration of hyperglycemia and its associated adverse 

effects on myocardium, it is estimated as a key driver for the DCM, so the treatments 

have concentrated on effective glycemic control (Meier and Hummel, 2009). It has 

been documented that better glycemic control is linked with reduced rate of DCM in 

contrast to poor glycemic control (Voulgari et al., 2010). It has been reported that 

improvement in glycemic control increased the energy production of myocardium, 

contractility and the microvascular perfusion (Von Bibra et al., 2007; Bibra et al., 

2009). Traditional therapies for heart failure are used as possible treatments for DCM. 

Well established treatment for the systolic dysfunction is the usage of angiotensin 

converting enzyme inhibitors (ACEIs) and β-blockers. Moreover, β-blockers may 

have the beneficial effect in insulin resistance (Voulgari et al., 2010). The use of 

angiotensin-1 receptor blockers (ARBs) and ACEIs limits collagen deposition, 

myocardial remodeling and fibrosis in patients (Aneja et al., 2008). For DCM, many 

unique treatments are under research in addition to therapies for HF and glycemic 

control.  

Cannabidiol, another agent due to its anti-inflammatory properties may also 

contain beneficial effects for DCM patients. Rajesh et al. (2010) recently verified its 

capability to lessen myocardial fibrosis, inflammation and oxidative stress in animal 

models. An alternative and unconventional therapeutic method is to use the stem cells 
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transplantation to recover the function of infarcted heart. Cardiac function has also 

been reported to recover by the transplantation of bone marrow derived mesenchymal 

stem cells in the rat model of diabetic cardiomyopathy via antiapoptotic influence (Li 

et al., 2008). Cell transplantation contains the great potential for the cure of DCM. 
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Stem cells therapy for cardiac repair  

Existing treatment approaches offer only symptomatic relief and cardiac 

transplantation strategy is limited due to less donors. That is why it is a basic need to 

develop the alternative strategies for the treatment of the damaged heart. Favorable 

method that has been developed for the replacement of impaired heart tissue and its 

functional myocytes is stem cell therapy (Steinhauser and Lee, 2011). Since last two 

decades, myocardial repair by transplantation of stem cells still consists of major 

defects such as widespread death of donor cells and their ability of poor 

differentiation despite of encouraging experimental results in human and in animal 

models. Participation by exogenous stem cells will be important for cardiac repair. 

Various types of stem cells utilized for the repair of myocardium are 

1) Bone marrow derived stem cells  

2) Hematopoietic stem cells  

3) Endothelial progenitor cells 

4) Embryonic stem cells 

5) Induced pluripotent stem cells  

6) Myoblasts 

7) Endogenous cardiac resident stem cells  

1) Bone marrow derived stem cells  

The most widespread clinically used cells are bone marrow derived stem cells 

(BMSCs) for many decades (Segers et al., 2008). Patients can use their own BMSCs 

regarded as an autologous transplant. BMSCs are the bone marrow derived non-

hematopoietic multipotent stem cells and adherent fibroblastic cells isolated by 

density gradient medium (Pittenger et al., 2004). Their adhesion characteristics make 
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them able to be separated from the hematopoietic cells on the dish. Surface markers 

expressed by BMSCs are CD29, CD166, CD90 and SH3, SH2 (CD105) and SH4 

(CD73) while do not express the HLA-DR, CD11b or CD14, CD19 or CD79α, CD34 

and CD45 (Pittenger et al., 2004; Gnecchi et al., 2012).  

BMSC have potential to differentiate into three germ cell lines, adipocytes, 

osteoblasts and chondrocytes (Pittenger et al., 2004). BMSCs are considered as 

excellent candidates for the stem cell based therapies in various studies. During 

postmortem study, Y-chromosomes positive cells isolated from male donors were 

present in female recipient heart (Quaini et al., 2002). Being influenced by this 

discovery, BMSCs were transplanted into ischemic heart and they differentiated into 

cardiac cells (Orlic et al., 2001). BMSCs also have the potential to differentiate into 

cardiac cells in the existence of methylation inhibitor of DNA that is 5-azacytidine 

(Shim et al., 2004). The differentiated BMSCs beat impulsively and synchronously 

and contraction rate enhances with induction by isoproterenol. The BMSCs after 

differentiation into cardiac lineage cells also express genes like cTnI, GATA-4 and α-

actinin. The BMSCs can differentiate into cardiac lineage cells on co-culturing with 

newborn cardiomyocytes (Xu et al., 2004). BMSCs take part in cardiac recovery by 

release of paracrince factors, angiogenesis which increases cardiomyocytes survival 

and reduces LV remodeling after infarction (Laflamme et al., 2011). Further research 

studies are required to solve controversies associated with the use of stem cells and 

also to choose the most efficient and effective stem cells therapeutic method.  

2) Hematopoietic stem cells 

Hematopoietic stem cells (HSCs) are progenitor cells subpopulation found 

predominantly in placenta and bone marrow. They are capable of differentiation into 
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myriad tissues and paracrine effects (Green et al., 2013). HSCs can also be isolated 

and cultured from umbilical cord blood (Dahlberg et al., 2011). Leri and his 

colleagues clarified the three opportunities of HSCs and BMSCs established therapy 

(Leri et al., 2005): (1) stimulation of myocardium by developing the angiogenesis, (2) 

angiogenesis and de-novo myogenesis and (3) Progenitor cells of cardiac site can be 

stimulated by induction of paracrine effect through implantation of BMSCs. 

3) Endothelial progenitor cells 

Endothelial progenitor cells (EPCs) are another class of progenitor cells that 

are present in bone marrow and blood (Asahara et al., 1997). EPCs are reported to 

recover the damaged tissue by neovascularization. EPCs can express various surface 

markers such as vascular endothelial growth factor receptor-2 (VEGFR-2, known as 

KDR), vascular endothelial cadherin (VE-Cadherin), CD34+ and CD133+ (Joggerst 

et al., 2009). Common and shared characteristics of EPCs and HSCs are CD133+ and 

CD34+. EPCs activated by granulocyte colony stimulating factor (GCSF) and 

vascular endothelial growth factor (VEGF) released by bone marrow mobilize 

towards the damaged tissues like cancer, burns and MI for incurring repair effects. MI 

treatment by using EPCs is a safe and feasible cell type without side effects to recover 

the damaged function of left ventricle in MI (Kawamoto et al., 2003).  

4) Embryonic stem cells 

Embryonic stem cells (ESCs) are derived from the inner cell mass of the 

blastocysts and have potential of self-renewal, pluripotency and clonogenicity 

(Steinhauser and Lee, 2011). EPCs can be cultured in vitro, forming aggregates as 

embryonic bodies while still remaining in undifferentiated state. ESCs differentiation 

potential is higher than other stem cells derived from adult tissue. ESCs during their 
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development can be differentiated into three types of germ layers; endoderm, 

mesoderm and ectoderm. However, teratoma formation and other ethical issues have 

limited the use of ESCs for clinical trials. This barrier can be overcome by using an 

approach of fully or partially differentiated ESCs transplantation to overcome the risk 

of teratoma production (Tang et al., 2011). Moreover, ethical issues concerning 

human ESCs use need to be addressed with public support.  

5) Induced pluripotent stem cells  

Induced pluripotent stem cells (iPSCs) production is the most amazing 

achievement in regenerative medicine and biotechnology. Primarily, Yamanaka and 

his colleagues produced iPSCs through transfection of retrovirus with stemness 

associated four genes in human cells and in mice (Takahashi et al., 2006; Takahashi et 

al., 2007). Graft rejection and ethical issues can be eliminated by using iPSCs. In this 

prospective, iPSCs are easy to modify and custom-engineer by utilizing the cells of 

patients. However, tumorigenic potential of iPSCs still remains a major concern for 

clinical use (Ahmed et al., 2011). To overcome this problem, two safeguard systems 

have been proposed (Zhong et al., 2011). However, iPSCs safety has not been 

accepted clinically so far, and future research should more focus on development of 

safer iPSCs for use in stem cells therapy.  

6) Myoblasts 

The earliest cell resource for regeneration of myocardium is the use of skeletal 

myoblasts. They develop from satellite cells, which are found under the basal 

membrane of mature muscle and are dormant unless muscle is damaged (Buckingham 

et al., 2008). MI and muscle damage can be recovered by using the skeletal 

myoblasts. In contrast to ESCs, there is reduced capability to stimulate the formation 
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of teratoma as they are highly differentiated cells. Moreover, they can be expanded 

easily after isolation from the host in vitro, thus prevent the need for 

immunosuppression. Genetic modification of myoblasts has been relatively successful 

(Konoplyannikov et al., 2013).  

7) Endogenous cardiac resident stem cells 

Endogenous cardiac resident stem cells (CSCs) have a number of strengths as 

an applicant for stem cell therapy. These cells usually are autogenic so ethical issue or 

immune response is not problematic here. The pool size of adult stem cells is usually 

set during prenatal life or early after birth and stem cell migration, proliferation, 

maturation and death regulate the homeostasis of the adult heart. CSCs are 

characterized as undifferentiated local cardiac cells which exhibit specific stem cell 

antigens; MDR1, Sca-1 and c-kit (Leri et al., 2005).  

Routes of cell delivery 

Several routes of cell delivery are employed, including  

(1) Intravenous  infusion  

(2) Intracoronary infusion 

(3) Direct intramyocardial infusion 

Each technique of delivery carries its own benefits and risks, and suitability of 

using each technique may rely on the type of the cells used.  

1) Systemic intravenous infusion 

 The least destructive technique is intravenous systemic infusion, which 

involves incorporation of cell suspension of progenitor cell into a vein leading to 

colonization of these cells to the damaged myocardium (Price et al., 2006).  The 
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major drawback of this methodology is that pulmonary circulation can trap the cells 

before these cells go into the systemic circulation (Templin et al., 2006) 

2) Intracoronary infusion 

The most commonly used route of cell delivery is intracoronary cell delivery. 

In this technique, wire balloon tube is used to inject the cells into the vessel delivering 

the ischemic region. The balloon is alternatively inflated to temporary prevent 

coronary flow and permits cell distribution.  

3) Direct intra myocardial injections 

Ischemic myocardium is injected directly with intra myocardial injections 

through epicardium in cardiac surgery when the heart is fully exposed. The benefit of 

using this technique is the capability to target the scar and specific region of 

myocardium under straight visualization. On the other hand due to lower cell 

diffusion, the use of this technique is limited (Melo et al., 2004) and multiple 

injections are required for larger regions. Consequently, the most favorable route of 

cell delivery depends on the type of cells used and clinical setting. 
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Fig 2.4. Proposed mechanism of action of stem/progenitor cells in cardiovascular repair 

(Dimmeler et al., 2008). 
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EPCs as candidate cells for the repair of damaged heart 

EPCs are bone marrow derived cells that can be located in the umbilical cord 

and peripheral blood (Asahara et al., 1997). In vitro models define the two main 

groups of EPCs, early EPCs obtained from monocytes which express surface markers: 

CD11b, CD11c¸ CD14 and CD45 while late EPCs are considered to be a subclass of 

CD14-CD34-KDR-(kinase insert domain protein receptor) that lack the expression of 

CD14 or CD45 (Fang and Xiao-qin, 2010). Studies regarding EPCs modulation and 

function involve their isolation and expansion. This could be done by using 

unfractionated mononuclear cells (MNCs) from blood via direct flushing of bone 

marrow followed by their expansion in specific endothelial media (Timmermans et 

al., 2009). 

To enhance neovasculogenesis, EPCs migrate from the bone marrow as a 

result of endogenous or exogenous signals and home to peripheral tissue sites. Their 

surface receptor P-selectin glycoprotein ligand-1(PSGL-1) interacts with P-selectin 

and E-selectin expressed on endothelial cells, followed by autocrine and paracrine 

activation of EPCs resulting in proliferation, vascular growth and differentiation 

(Fang and Xiao-qin, 2010). EPCs do not only participate in physiological 

neovascularization but also take part in tissue remodeling (HF and DM), growth of 

tumors and regeneration of ischemic tissues (e.g. limb ischemia, myocardial ischemia) 

and wound healing (Asahara et al., 1999). Maintenance of vascular integrity is a 

physiological function of circulating EPCs and it is very critical in various disease 

pathogenesis with vascular insults (Fang and Xiao-qin, 2010). 
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Paracrine function of EPCs 

The degree of vascular engraftment of the administered putative EPCs/BMSCs 

fluctuates in different studies and lies between none to very high percentage (Asahara 

et al., 1997; Schatteman et al., 2000; Caballero et al., 2007). Regardless of the number 

of cells that physically make vessel wall and the antigenic/phenotypic characteristics 

they express, circulating bone marrow derived progenitor cells take part in vascular 

repair and enhance vascular growth by secreting proangiogenic factors. Direct 

evidence of the paracrine interaction between subsets of EPCs was also provided by 

Krenning et al. (2009) who showed that CD34+ cells enhance proliferation and 

endothelial differentiation of CD14+ cells by releasing IL-8, HGF and MCP-1. 

Conditioned medium of culture expanded EPCs produces a strong migratory response 

in ECs in vitro that is abolished by neutralizing antibodies to SDF-1 and 

VEGF. Recently, CD133+cells were shown to release growth factors, interleukins and 

chemokines that have the capacity to enhance vascular network formation in vivo and 

promote the healing of ischemic ulcers in diabetic mice (Barcelos et al., 2009). 

In case of diabetes, paracrine function of EPCs has not been extensively 

studied however the literature suggests that diabetic EPCs have weakened paracrine 

function in vitro and in vivo. Diabetic EPCs are not capable of releasing sufficient 

levels of factors in the diabetic environment or alternatively, the diabetic environment 

may degrade these factors before they are capable of enhancing neovascularization. 

These findings can be described on the basis of paracrine release of anti angiogenic 

factors by cells of diabetic origin. We observed that the release of stem cell factor 

(SCF) and HGF by diabetic CD34+ cells into the conditioned medium was lower 

whereas the secretion of TGFβ1 was higher in comparison to the non-diabetic cells. 
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Moreover, conditioned medium of diabetic cells did not support the migration and 

proliferation of non-diabetic cells in vitro (Jarajapu et al., 2009). 
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Factors affecting success of cell based therapies  

Stem cell therapy has developed as a promising approach for the recovery of 

damaged myocardium. On the other hand, substantial death of stem cells transplanted 

in the infarcted heart has been observed using this approach. The success of stem cells 

therapies is affected by the following factors: 

1) Optimal cell types  

2) Cell survival and proliferation  

3) Cell to cell communication  

4) Cardiac differentiation  

5) Paracrine factors 

6) Cell fusion  

 

Fig 2.5. Mechanisms of cardiac repair (Selem et al., 2011). 
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1) Optimal cell types 

Successful stem cell therapy is based on optimal selection of cell type that is 

not only a fundamental but also a critical factor to be considered by therapists. In 

clinical and research areas, several types of stem cells are being used for decades, but 

the use of optimal type of cells is still debatable. Stem cells plasticity, proliferation 

capacity and synchronizing ability are all main criteria disputing this matter (Segers et 

al., 2008). Suitable cardiac differentiation is an additional issue. Teratoma formation 

can result from the abnormal stem cells differentiation. Another significant factor is 

the capability of optimal cells to communicate with the neighboring cells. Cardiac 

activities should be mediated by transplanted cells as well, including gap junction 

formation, beating and so forth. 

2) Cell survival and proliferation 

One of the significant concerns associated with stem cell therapies is cell 

survival. Severe conditions of the damaged recipient tissues produced by lack of 

nutrition and oxygen should be tolerated by transplanted cells. It has been reported 

that even though cells were transplanted into the ischemic heart, about 92.6 % cells 

disappeared within 3 days as measured by presence of thymidine-labeled male 

myoblasts into female mice hearts (Suzuki et al., 2004). Enhancement of cell survival 

is one of hurdles for stem cell therapy after transplantation. Stem cell survival can be 

supported by use of preconditioning of these cells (Haider and Ashraf, 2008; Kim et 

al., 2009). Rate of cell survival improvement will demonstrate the success of stem cell 

therapy.  
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3) Cell to cell communication 

Incomplete interaction between cardiac environment and stem cells is 

responsible for arrhythmia. Basic fibroblast growth factor (bFGF) and bone 

morphogenetic protein-2 (BMP-2) were used to increase the c-kit+/Sca-1+ BMSCs 

incorporation into a cardiac phenotype (Degeorge et al., 2008). Cell to cell 

communication can be determined by factors like junctional proteins. Connexins 

show a significant role in facilitating the movement of signals and small molecules in 

cell to cell comunication by the formation of gap junctions (Hosoda et al., 2010). 

Other important junctions for the stem cells anchorage are adherence and integrin 

junctions. The role of integrin receptors is to bind the stem cells to extracellular 

matrix (Perez-Moreno et al., 2003).  

4) Cardiac differentiation  

Myogenesis of transplanted stem cells is another significant factor affecting 

the success of stem cell therapy. Inability of transplanted cells to differentiate into the 

accurate cardiac cells or cardiomyocytes makes them unable to recover the impaired 

cardiac function. Angiogenesis is an important factor for successful cardiac repair in 

addition to myogenesis. Hypertension, ischemic heart disease, unsuccessful healing of 

a valvular deficiency and idiopathic expanded cardiomyopathy with perseverance of 

ventricular abnormality and hypertrophy of myocardium are responsible for extreme 

ventricular decompensation with time. Vessels formation alone can cause the 

significant restoration of performance of impaired heart. 

5) Paracrine factors 

The effects of paracrine factors released by transplanted cells have been 

studied widely. Even though the role of stem cells in differentiation is debatable but 
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the effects of paracrine factors in aiding differentiation of stem cells have been 

extensively described by many researchers (Steinhauser and Lee, 2011; Laflamme 

and Murry, 2011). MSCs overexpressing vascular endothelial growth factor (VEGF) 

or HGF have been reported to display considerably elevated level of proliferation in 

vitro as well as in vivo in infarcted tissues suggesting paracrine factors’ activities 

being responsible for the recovery of myocardium instead of solely differentiation of 

stem cells into myocardium. Akt induced SCF secreted by MSCs has been shown to 

enhance cardiac repair through cytoprotective mechanisms (Beigi et al., 2013). 

Evidences provided by experiments recommended that properties of released 

paracrine factors by stem cells are usually valuable to impaired myocardium for 

enhanced stem cell differentiation and damaged tissue viability.  

6) Cell fusion 

Cell fusion is thought to have beneficial effects on transplantation of stem 

cells. In 1980 it was particularly popular and considered to be well accepted concept 

in the field of regenerative medicine. Cell fusion and cardiac differentiation were 

equally shown by ischemic heart on transplantation of Sca1+ CSCs (Oh et al., 2003). 

Enzyme translocation between neighboring cells and movement of whole organelles 

from single cell to the adjacent cells could be explained by the discovery of 

nanotubular highways formed in cells (Rustom et al., 2004). On the other hand, cell 

fusion possibility by stem cell transplantation is opposed by some reports. According 

to Malliaras et al. (2013), it is not the cell fusion but the stem cell proliferation and 

differentiation which are responsible for regeneration of cardiac muscles (Malliaras et 

al., 2013). However, cell fusion is still considered as one of the promising methods in 

stem cell based therapies. 
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Signaling pathways mediating cell based therapy 

Important signaling pathways mediating therapeutic effects of stem cells are 

described as follows: 

1) Insulin growth factor (IGF)/IGF1R: survival, proliferation, gap junction formation  

IGF-1 is recognized as a dual effector to prevent cell death and to develop the 

integration between host cardiomyocytes and transplanted cells (Haider and Ashraf, 

2008). IGF-1 like growth factor enhances cell survival via upregulation of 

phosphoinositude3-kinase (PI3K) and its downstream target Akt (Protein kinase B). 

Cell survival can be enhanced when mitochondrial cell membrane receptor of 

myocytes and transplanted cells is activated by this pathway (Haider et al., 2008). 

Another cell survival pathway induced by IGF is MAPK/Erk1/2 stimulated by DNA 

damage, myogenic signals or oxidative stress (Lu et al., 2012). Elevated expression of 

connexin 43 (CX43) is responsible for integration of transplanted cells to the adjacent 

cells which is another beneficial effect of IGF. Lu and colleagues showed that Sca-1+ 

BMSCs activated PI3K/Akt-dependent survival pathway as well as CX43 even after 

transplantation in the infarcted heart (Lu et al., 2009). Consequently, two vital 

functions of IGF1/IGF1R are cytoprotection as well as mediation of cell to cell 

communication for stem cell therapy.  

2) Stromal derived factor-1 (SDF-1)/CXCR4+: chemo attractant for CXCR4+ cells  

BMSCs homing have not been fully recognized yet. It is known that cytokines 

secreted by the ischemic area of heart, stimulate the mobilization of stem cells and 

colonization into the damaged site. The binding of SDF-1 to CXCR4 receptor triggers 

stem cell mobilization to the site of injury. Recent studies presented that elevated 

expression of SDF-1 itself can have therapeutic effect on cardiac recovery. Cardiac 
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function is found to be improved by transplantation of BMSCs overexpressing SDF-

1α observed both in clinical trials as well as experimental research (Penn et al., 2012).  

3) Hepatocyte growth factor (HGF)/c-Met: mobilization of CSCs  

HGF is an 80 kD cytokine secreted by MSCs and participates in various 

biological functions: angiogenesis, cell proliferation, tumorigenesis, tissue 

regeneration as well as cell mobilization. HGF is identified to be involved in cell 

homing and mobilization (Sala et al., 2011). Under hypoxic condition, HGF acts as a 

chemo attractant to stimulate the homing of stem cells to the damaged area, thus 

stimulating angiogenesis, differentiation and proliferation. Cardiac progenitor/stem 

cells express various receptors including c-Met. HGF and IGF-1 increased c-Met and 

IGF-1 receptors on clonogenic CSCs. This induced migration of these cells to the 

damaged tissue and recovered cardiomyopathy in dog heart (Linke et al., 2005). 

Besides the stem cell colonization, SDF-1 upregulates the expression of HGF to 

enhance the homing of stem cells (Tang et al., 2010). Furthermore, various studies 

proved that HGF gene transfer enhanced the functional improvement of damaged 

heart by using coronary artery disease model (Hahn et al., 2011) and it is under 

research for clinic use (Yang et al., 2009).     

4) Vascular endothelial growth factor (VEGF)/VEGFR: EPC mobilization 

EPCs mobilization, angiogenesis and arteriogenesis is regulated by VEGF 

(Holmes et al., 2007). It contains five members of its family named as VEGF-A, -B, -

C, -D, -E and they all are related to PDGF family. Three types of VEGF receptors 

(VEGFR1, VEGFR2 (Flk), VEGFR3) are bounded by these VEGFs (Holmes et al., 

2007). Thus angiogenesis is regulated by formation of new sprouting blood vessels 

from the pre-existing vessels. One of the significant angiogenesis mechanisms is the 
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movement of EPCs induced by VEGF. Direction of VEGF encourages recruitment of 

bone-marrow derived EPCs to contribute in neovascularization (Asahara et al., 1999). 

VEGF is considered as powerful healing growth factor to increase survival of cells 

and to stimulate the angiogenesis (Haider and Ashraf, 2008). Matsumoto and his 

colleagues said that VEGF transfected MSCs were transplanted into infarcted heart 

and it displayed the very well cardiac improvement in function with decrease in 

infarction size and increase in number of capillaries in infarcted area (Matsumoto et 

al., 2005). Therefore we can say, VEGF and all its associated mechanisms must be 

widely exploited for the success of stem cell therapies. 

5) Cell survival signaling  

Activation of cell survival signaling is one of the most significant challenges 

of stem cell based therapies. The enhancement of survival of transplanted stem cells 

should be the first strategy because it has been reported that approximately 90 % of 

transplanted cells were unable to survive within 24 hrs of transplantation (Azarnoush 

et al., 2005). The transplanted stem cells might die via either apoptosis or necrosis 

pathway. Apoptosis is characterized by DNA degradation, cellular proteolysis and 

caspase signaling, whereas necrosis is caused due to rupture of the membrane via 

caspase independent pathways. Various strategies have been applied to stimulate 

prosurvival signaling, such as growth factor administration (IGF-1, VEGF, HGF, 

GCSF), anti-oxidant pretreatment of stem cells, genetic modifications of stem cells to 

upregulate Akt, Bcl2, hypoxia induced factor-1 (HIF-1), heat shock proteins (Hsp) 

(Abraham and Gerstenblith, 2007). 
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6) Cell adhesion signaling  

Cell adhesion is also an important mechanism for the success of stem cell-

based therapy. Focal adhesion kinase (FAK) plays a key role in cell adhesion and 

‘anoikis’, specialized apoptosis of adherent cells. FAK is non-tyrosine receptor 

kinase, which is expressed ubiquitously and highly conserved among species (Lu and 

Rounds, 2012). It is known to regulate cell survival and proliferation (Ammoun et al., 

2011; Daval et al., 2011) and differentiation (Hakuno et al., 2005). Konstandin and 

colleagues observed that fibronectin expression in infarcted area was corelated to c-kit 

expression and fibronectin ablation reduces proliferation of CSCs (Konstandin et al., 

2013). They also found that fibronectin enhances cytoprotection and proliferation of 

CSCs mediated by β1-Integrin-FAK Stat3-Pim1 except Akt-independent mechanism, 

suggesting the critical role of cell adhesion signaling for stem cell therapy. 
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Preconditioning strategies to enhance survival of stem cells 

Cardiac damage can be repaired most effectively by stem cells therapy both in 

patients and animals. On the other hand, consideration of role of stem cells in tissue 

regeneration has been truly compromised because of their limited survival in ischemic 

environment. In order to enhance the success rate of stem cells therapy, many 

approaches like preconditioning have been used for enhanced engraftability of stem 

cells before transplantation. The idea of “stem cells preconditioning” devised from 

epoch-making technique for the ischemic preconditioning (IP) of the heart (Murry et 

al., 1986). IP of the heart involves a repeated brief period of ischemia/anoxia followed 

by reperfusion which makes the heart tolerant against longer period of ischemia for 

prevention of lethal ischemic injury. The survival of donor stem cells post 

engraftment has been improved by many adapted strategies. Preconditioning of stem 

cells either through a short period of hypoxia/re-oxygenation or treatment with 

alternatives improves their survival and differentiation characteristics (Niagara et al., 

2007; Kim et al., 2009). Moreover, stem cells preconditioning enhances their 

differentiation and survival after engraftment. Preconditioning of stem cells also 

primes them by promoting the survival signals after transplantation into severe MI 

condition (Haider and Ashraf, 2008; Haider and Ashraf, 2010). Preconditioning of 

stem cells can be performed by many strategies including genetic modulation, 

pharmacological manipulation or hypoxic/anoxic pretreatment of the stem cells before 

transplantation. 

 Different kinds of preconditioning approaches applied to enhance stem cell function 

are 

1) Ischemic preconditioning 
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2) Pharmacological preconditioning 

3) Preconditioning of stem cells by gene modification 

4) Preconditioning of stem cells by growth factors 

5) Electrical stimulation as a novel approach of preconditioning 

1) Ischemic preconditioning  

Stem cells survival can be enhanced by ischemic preconditioning (IP) after 

transplantation. IP stimulated prosurvival signaling and paracrine factors release heart 

can improve survival of stem cells and hence heart function (Herrmann et al., 2010). 

IP enhances survival of transplanted cells through miR-210 overexpression by 

targeting caspase-8 associated protein (Kim et al., 2009). 

2) Pharmacological preconditioning  

Pharmacological approaches are important to substitute IP for appreciation 

under clinical conditions. Pharmacological preconditioning with mitochondrial 

potassium channel opener for example diazoxide supresses apoptosis and enhances 

the proliferation (Niagara et al, 2007). Diazoxide preconditioning promoted the MSCs 

survival via miR-146 upregulation through Fas targeting signaling (Suzuki et al, 

2010). Use of sildenafil (Viagra®) for the phosphodiesterase-5 (PDE-5) inhibition in 

adipose derived stem cells (ADSCs) was reported to recover ADSCs survival and to 

improve the cardiac function after transplantation. Sildenafil induced 

cytoprotectective effect was mediated through the release of growth factors like 

bFGF, IGF or VEGF (Hoke et al., 2012). In general, the novel pharmacological 

strategies mimicking IP are required for improving the efficacy of stem cell therapy.  
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Fig 2.6. Proposed mechanism to enhance cell survival by pharmacological preconditioning of 
skeletal myoblasts (Haider and Ashraf, 2008). 

Diazoxide Preconditioning  

Mitochondrial ATP-sensitive potassium channels (mitoKATP) is a significant 

moderator of cardioprotection (O'Rourke, 2004). Opening of potassium channels has 

been presented to enhance protection through avoiding calcium overload, hindering 

mitochondrial permeability transition pore (mPTP) opening, succinate dehydrogenase 

inhibition, uncoupling of mitochondrial oxidative phosphorylation, stabilization ATP 

synthesis, decreasing harmful ROS production at reperfusion  and PKC motivation. In 

recent times, Ashraf’s group has featured diazoxide (DZ) in a number of studies for 

preconditioning of progenitor and stem cells. They have presented that ex vivo 

preconditioning of stem cells using DZ can enhance the survival of skeletal myoblasts 

(Haider et al., 2010; Niagara et al., 2007) and MSCs (Afzal et al., 2010; Suzuki et al., 

2010) both invitro and invivo post-transplantation. Moreover, transplantation of 
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preconditioned cells into the infarcted myocardium was associated with improved LV 

function, angiogenesis, smaller infarct size and myogenic differentiation (Niagara et 

al., 2007; Afzal et al., 2010; Haider et al., 2010).  

The cytoprotective effect of DZ is caused by various potential mechanisms in 

the skeletal myoblasts such as increased secretion of paracrine growth factors like 

HGF and bFGF, and activation of survival kinase PI3K/Akt (Niagara et al., 2007). A 

later study by the same group expanded the mechanistic finding to include IL-11, the 

ERK1/2-STAT3 signaling pathway and up-regulation of miR-21 (Haider et al., 2010). 

Afzal et al. reported in MSCs that NFκB activation is another significant underlying 

mechanism of diazoxide induced protection particularly during late phase 

preconditioning (Afzal et al., 2010). The stimulation of NFκB in diazoxide 

preconditioned MSCs was associated to regulate miR-146a expression, which inturn 

downregulate the Fas gene, that is a death receptor of apoptosis (Suzuki et al., 2010). 

3) Preconditioning of stem cells by gene modification 

The therapeutic efficacy of donor stem cells can be improved by their genetic 

modification. Various genetic modifications were used for improving stem cell 

survival. For instance, the overexpression of prosurvival gene, β-carotene helped the 

cells to survive longer and reduce infarct size (Hahn et al., 2006). Survival rate of 

stem cells transplanted in infarcted tissue is increased as a result of upregulation of 

prosurvival genes by angiogenic growth factor delivery (Yau et al., 2005) or Akt 

overexpression (Mangi et al., 2003). Heat shock is another preconditioning strategy to 

promote proliferation and cell division (Haider and Ashraf, 2008). Myocytes, 

genetically modified to overexpress Hsp72 or Hsp20 genes were found to be more 
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resistant to the hypoxia (Wang et al., 2009). Taken together, genetically modified 

stem cells assist in enhancing stem cells survival. 

4) Preconditioning of stem cells by growth factors  

Cell survival can be increased by preconditioning of donor stem cells with 

growth factors prior to transplantation. Also, the growth factors released from 

transplanted cells in ischemic heart were reported to be useful in stimulating the 

improvement of cardiac function (Beigi et al., 2013). BMSCs released cytokines are 

considered to be effective in stem cell therapy and ischemic injury attenuation. Xu 

and his colleagues discovered various paracrine factors with anti-apoptotic properties 

including SDF-1, IGF-1, bFGF and VEGF (Xu et al., 2006).  

Treatment with the paracrine factors secured the cardiomyocytes and ischemic 

heart model. In an earlier study of Ashraf lab it was presented that IGF-1 treatment 

improved anti-apoptotic effects and CX43 overexpression in the cells which are 

thought to be important for mechanical and electrical cell integrity (Lu et al., 2009). 

IGF-1 preconditioned Sca-1+ cells were protected against apoptosis on exposure to 

the oxygen glucose deprivation for 8 hours. This type of preconditioning stimulated 

the prosurvival PI3K/Akt signaling in addition to the expression of particular cardiac 

markers including GATA-4, MEF-2c and CX43. Thus, the diverse paracrine factors 

have several effects on engraftment, differentiation and survival of transplanted cells.  

5) Electrical stimulation as a novel approach for preconditioning  

The heart is considered as single largest generator of bioelectrical power, 

superior than any of the other organ including skeletal muscle, brain and nerve (Hart 

et al., 1998). In the clinical trials electrical stimulation (EleS) is being used. For 

example the therapy of muscle is the most famous one utilizing EleS in clinical trials 
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(Maffiuletti et al., 2011). EleS is divided into two methods; direct current (DC) and 

alternating current (AC) stimulation methods. Both have been used for differentiation 

and proliferation of stem cells.  
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Animals 

Wistar rats (12-14 weeks old and weighing 150-200 grams) obtained from the 

Animal House of National Centre of Excellence in Molecular Biology (CEMB), 

Lahore, Pakistan were used in the study. The experimental procedures were carried 

out according to guidelines of the Committee of Animal Care, National Centre of 

Excellence in Molecular Biology, Lahore, Pakistan. 

Rat model of diabetes 

Streptozotocin (Sigma Aldrich, USA) solution was prepared by dissolving 100 

mg streptozotocin (STZ) in 1000 μl citrate buffer and intraperitoneally injected in 

male and female Wistar rats at a dose of 40 mg/kg body weight for diabetes induction. 

At day 6 after the injection, their blood glucose was measured. Only rats with blood 

glucose levels >300 mg/dl were considered diabetic and were included in the study. 

After confirmation of diabetes, male rats were left for four months for progression of 

diabetes and its complications and then were used for in vitro studies. For in vivo 

experiments, female Wistar rats after confirmation of diabetes were left for two 

months for progression of diabetes and its complications and were used for cell 

transplantation. 

IN VITRO STUDY 

Isolation and culture of diabetes affected endothelial progenitor cells (DM-EPCs) 

and mesenchymal stem cells (DM-MSCs) 

Four months after diabetes induction, DM-EPCs and DM-MSCs from the 

bone marrow of male animals were cultured. For this purpose, epiphysis from each 

bone was removed with a scissor and the marrow was collected by flushing the bones 
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with M199 medium (Sigma Aldrich, USA) containing 20 % fetal bovine serum (FBS; 

Sigma Aldrich, USA), 0.05 mg/ml bovine pituitary extract (Sigma Aldrich, USA), 

100 units/ml penicillin, 100 μg/ml streptomycin (Sigma Aldrich, USA), 0.1 g/l of L-

glutamine (Gibco, Brazil), 10 units/ml heparin (Huons Co. Ltd., Korea) using 10 ml 

syringe. The cells suspension was passed through a 100 μm nylon cells strainer (BD 

Biosciences, USA) to remove any cell clumps and broken pieces of bones. Then, for 

culture of DM-EPCs, half of the flushed bone marrow cell suspension was layered 

onto Histopaque1077 (Sigma Aldrich, USA) and centrifuged at 850 g for 25 min at 4 

°C. The mononuclear cell layer was resuspended in M199 medium (Sigma Aldrich, 

USA) containing 20 % FBS (Sigma Aldrich, USA), 0.05 mg/ml bovine pituitary 

extract (Sigma Aldrich, USA), 100 units/ml penicillin, 100 μg/ml streptomycin 

(Sigma Aldrich, USA), 0.1 g/l of L-glutamine (Gibco, Brazil), 10 units/ml heparin 

(Huons Co. Ltd., Korea) and were plated in 2 % gelatin coated 25 cm2 tissue culture 

flask (Corning Inc., USA) and kept in an incubator (Napco, USA) at 37 °C and 5 % 

CO2. After 72 hours (hrs), the medium was replaced with fresh medium after rinsing 

the flask with phosphate buffered saline (PBS; Sigma Aldrich, USA). Thereafter, the 

medium was replaced with fresh medium after every two days. 

Whereas, for DM-MSCs culturing, the other half of the flushed bone marrow 

suspension was centrifuged at 1200 rpm for 8 min and the pellet was re-suspended in 

DMEM supplemented with 20 % FBS, penicillin 100 units/ml (Gibco, USA) and 

streptomycin 100 μg/ml (Gibco, USA). Cells were plated in 25 cm2 tissue culture 

flask (Corning Inc., USA) and kept in an incubator (Napco) at 37 °C and 5 % CO2. 

After 48 hrs, medium was replaced with fresh medium after rinsing the flask with 

PBS. The medium was replaced after every two days.  
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The cultured DM-EPCs and DM-MSCs were harvested at 70-80 % confluency 

with 0.25 % trypsin-EDTA (Gibco, USA) and splitted further in three 25 cm2 flasks 

which were considered as first passage cells. Both the DM-EPCs and DM-MSCs at 

passages 2 (P2) were used in the present study. P2 DM-MSCs were used as control 

cells for characterization experiment whereas DM-EPCs were used throughout the 

study for all further experiments. 

Characterization of DM-EPCs and DM-MSCs by flow cytometry  

1x105 cells (DM-EPCs and DM-MSCs) at P2 were characterized by flow 

cytometry. The cells were characterized with eNOS (1:100, Abcam, Cambridge, UK) 

and VE Cadherin (1:20; Santa Cruz Biotechnology, USA) overnight on ice. Standard 

isotype controls were used with each antibody. Subsequently, the cells were labeled in 

dark with FITC goat anti-rabbit IgG (1:50; against eNOS) and FITC goat anti-mouse 

IgG (1:50; against VE cadherin) from Santa Cruz, USA, for 2 hrs on ice. 10,000 

events were acquired for each sample using FACS Calibur (BD Biosciences, USA). 

Data was analyzed using BD Cell QuestPro data analysis software. At least three 

separate cultures were used in duplicate for flow cytometry analysis. DM-MSCs were 

used as control cells. 

Characterization of DM-EPCs and DM-MSCs by immunocytochemistry 

Both the cell types (DM-EPCs and DM-MSCs) at P2 were also characterized 

by immunocytochemistry for vWF, VEGFR2 (1:200; Abcam, Cambridge, UK) and 

VE cadherin, PECAM (1:100; Santa Cruz Biotechnology, USA). Briefly cells were 

fixed with ice cold 4 % PFA for 15 min and blocked the non-specific binding sites by 

using 5 % BSA in 1 × PBS for 30 min. The cells were then incubated with the above 

mentioned primary antibodies reconstituted in 1 × PBS containing 1 % BSA 
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overnight at 4 °C. Subsequently, the cells were labeled in dark with FITC goat anti-

rabbit IgG (1:100, against vWF and PECAM) and FITC goat anti-mouse IgG (1:100, 

against VE cadherin and VEGFR2) from Santa Cruz Biotechnology, USA, for 2 hrs at 

room temperature. After mounting with mounting media (Vector Laboratories Inc., 

USA), 30 images were captured randomly using an Olympus BX61 microscope 

(Olympus, USA). At least three separate cultures were used in duplicate for 

immunocytochemistry analysis. 

Characterization of DM-EPCs and DM-MSCs by RT PCR 

RNA was extracted from 2 × 105 cells using Trizol reagent (Invitrogen, USA) 

and cDNA was synthesized from 1μg RNA by Revert Aid H-Minus first strand cDNA 

synthesis kit (Invitrogen, USA) according to the manufacturer’s protocol and assessed 

for gel band expression of CD34, vWF, VEGFR2 and PECAM genes by reverse 

transcriptase PCR. Primer sequences and annealing temperatures are given in Table 

3.1. At least three separate cultures were used in duplicate for PCR analysis. 
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Table 3.1. Primer sequences of various genes 

Genes Sequences (5’-3’) Product size 

(bp) 

Annealing 

Tm 

β-Actin (F) GCTGTGTTGTCCCTGTATGC 106 

 

57 

 β-Actin (R) GAGCGCGTAACCCTCATAGA 

VEGFR2 (F) AGATGACAGCCAGACAGACAG 125 

 

60 

 VEGFR2 (R) CCACAGACTCCCTGCTTTTAC 

vWF (F) TGTCAGCAGCAATGTGTAGATG 139 

 

59 

 vWF (R) AGTCTTGAGGGAGGGAGGTG 

SDF-1α (F) AGCCAGTCAGCCTGAGCTAC 104 

 

57 

 SDF-1α (R) GGCACAGTTTGGAGTGTTGA 

CD34 (F) GGGTAGCTCTCTGCCTGATG 173 

 

60 

 CD34 (R) TCTCTGAGATGGCTGGTGTG 

VEGF (F) GCCCTGAGTCAAGAGGACAG 270 

     

55 

 VEGF (R) GAGGAGGAGGAGCCATTACC 

bFGF (F) GTATGTGGCACTGAAACGAAC 100 

 

60 

 bFGF (R) TCAGCTCTTAGCAGACATTGG 

PECAM (F) CTCTGCTGCCGTCAAATACT 120 

 

60 

 PECAM (R) GAGAAGCACTGTACACCTCCA 

HGF (F) AGTATTTACGGCTGGGGCTAC 101 

 

60 

 HGF (R) TGGTGCTGACTGCATTTCTC 

Bcl2 (F) CGACTTTGCAGAGATGTCCA 223 

 

55 

 Bcl2 (R) ATGCCGGTTCAGGTACTCAG  

SRY (F) TGGTTACCTCTTCCTCCCACTC 118 

 

58 

 SRY (R) CTGGGCCATGTGCAGTCTAC 

Caspase-3 (F) ACAGAGCTGGACTGCGGTAT 110 57 

Caspase-3 (R) TGCGGTAGAGTAAGCATACAGG 
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Hydrogen per oxide (H2O2) dose optimization 

1 × 104 cells/well were plated in 96 well plate and were used to optimize H2O2 

dose. DM-EPCs were exposed to 100 μM, 200 μM and 300 μM H2O2 for 1, 2 and 3 

hrs. The cytotoxicity induced by H2O2 was analyzed by MTT cell viability assay 

(Sigma Aldrich, USA). Media was aspirated and cells were incubated with MTT stock 

solution (5 mg/ml) for 3 hrs. Then the medium was removed and the attached cells 

were solubilized with dimethyl sulphoxide (DMSO) and the absorbance was 

measured at 570 nm Spectra max PLUS 384 (Molecular Devices, USA). The 

background absorbance of the multi well plates was measured at 690 nm and these 

values were subtracted from the primary wavelength values measured at 570 nm and 

cell viability (% control) was calculated using following formula: 

Cell survival (%) = (Optical density of experimental groups / Optical density 

of control   

                                 group) × 100 

Diazoxide (DZ) dose optimization  

1 × 104 cells/well were plated in 96 well plate and used to optimize DZ dose. 

DM-EPCs were subjected to 0 μM, 50 μM, 100 μM, 200 μM and 400 μM DZ for 30 

min and then exposed to 200 μM H2O2 for 2 hrs to optimize DZ dose. The 

cytotoxicity was analyzed by MTT cell viability assay (Sigma Aldrich, USA) as 

described above. 

In vitro effect of DZ preconditioning on DM-EPCs for sustaining oxidative stress 

For in vitro experiments, 2 × 105 cells per well were cultured in M199 medium 

containing 20 % FBS (Sigma Aldrich, USA), 0.05 mg/ml bovine pituitary extract 
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(Sigma Aldrich, USA), 100 units/ml penicillin, 100 μg/ml streptomycin (Sigma 

Aldrich, USA), 0.1 g/l of L-glutamine (Gibco, Brazil), 10 units/ml heparin (Huons 

Co. Ltd., Korea) in 6 well culture plates. The effect of DZ preconditioning of DM-

EPCs in counteracting H2O2 induced oxidative stress was studied in four groups as 

shown in Table 3.2. 

Table 3.2. Description of experimental groups for oxidative stress 

Groups Description 

Untreated Non-DM  

EPCs group 

Control group i.e. Untreated EPCs from non-diabetic 

animals  

Untreated DM-EPCs 

group 

Diabetic EPCs without DZ and H2O2 treatment 

DM-EPCs+H2O2 

group 

Diabetic EPCs treated with 200 μM H2O2 for 2 hrs 

DZ DM-EPCs+H2O2 

group 

Diabetic EPCs preconditioned with 200 μM DZ for 30 min 

followed by treatment with 200 μM H2O2 for 2 hrs 

Cells from oxidative stress experimental groups were analyzed for various parameters 

as follows. 

In vitro effect of DZ preconditioning on DM-EPCs for sustaining hyperglycemic 

stress 

To check the effect of DZ preconditioning on DM-EPCs under hyperglycemic 

conditions, 2 × 105 cells per well were cultured in M199 medium containing 20 % 

FBS (Sigma Aldrich, USA), 0.05 mg/ml bovine pituitary extract (Sigma Aldrich, 

USA), 100 units/ml penicillin, 100 μg/ml streptomycin (Sigma Aldrich, USA), 0.1 g/l 
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of L-glutamine (Gibco, Brazil), 10 units/ml heparin (Huons Co. Ltd., Korea) in 6 well 

culture plates (Corning, USA) and divided into four experimental groups as shown in 

Table 3.3 and were analyzed for various parameters as follows: 

Table 3.3. Description of experimental groups for hyperglycemic stress 

Groups Description 

5.5 mM glucose group Diabetic EPCs treated with 5.5 mM glucose medium for 48 

hrs 

DZ-5.5 mM glucose 

group 

Diabetic EPCs preconditioned with 200 μM DZ for 30 min 

followed by treatment with 5.5 mM glucose medium for 48 

hrs 

30 mM glucose group Diabetic EPCs treated with 30 mM glucose medium for 48 

hrs 

DZ-30 mM glucose 

group 

Diabetic EPCs preconditioned with 200 μM DZ for 30 min 

followed by treatment with 30 mM glucose medium for 48 

hrs 

 

Gene expression profiling 

EPCs from all the experimental groups (Table 3.2 and 3.3) were used for RNA 

extraction. RNA was extracted using Trizol reagent (Invitrogen, USA) and quantified 

with ND-1000 spectrophotometer (NanoDrop Technologies, USA). cDNA was 

prepared from 1μg RNA by Revert Aid H-Minus first strand cDNA synthesis kit 

(Invitrogen, USA) according to the manufacturer’s protocol. Reverse transcriptase 

polymerase chain reaction (RT-PCR) analysis of all EPCs groups subjected to H2O2 

induced oxidative stress (Table 3.2) was carried out for SDF-1α, bFGF, HGF 
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(survival genes), VEGF (angiogenic gene), caspase-3 (apoptotic gene) and Bcl2 

(antiapoptotic gene). Whereas for DM-EPCs groups subjected to hyperglycemic 

stress, the RT PCR analysis was performed for VEGF, Bcl2 and caspase-3 genes. Beta 

actin (β-actin) was used as an internal control. PCR conditions for amplification of the 

genes and primer sequences are given in Table 3.1. The PCR product was resolved in 

2.5% agarose gel. 

 

Fig 3.1. Reverse transcription polymerase chain reaction scheme. 

Primer designing 

Primers were designed using online software Primer3 

(http://frodo.wi.mit.edu/primer3/). Sequences were taken from ENSEMBL. The 

oligonucleotide sequences (5' to 3') specific for the selected genes are presented in 

Table 3.1.  

Semi-quantitative real time PCR 

The gene expression analysis of all the invitro study groups (Table 3.2 and 

3.3) were further studied by semi-quantitative real time PCR as well using Maxima 

SYBR Green qPCR Master Mix (Fermentas, USA) according to manufacturer’s 

protocol and run on PikoReal 96 real time PCR (Thermo Scientific, USA). The 
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relative gene expression analysis was done by using PikoReal software (Thermo 

Scientific). β-actin was used for normalization. 

Cell viability assay 

1 × 104 cells/well was plated in 96 well plates for both the oxidative and 

hyperglycemic stresses. Media was removed and cells were incubated with mixture of 

XTT (sodium 3–[1 {phenylaminocarbonyl}-3, 4-tetrazolium]-bis {4-methoxy-6-

nitro} benzene sulfonic acid hydrate) and Electron Coupling reagent (50:1) according 

to the manufacturer’s protocol (Roche, USA). Absorbance was taken at 48 hrs at 450 

nm using Spectra max PLUS 384 (Molecular Devices, USA) with 650 nm as 

reference wavelength.  

Estimation of vascular endothelial growth factor (VEGF) release 

Concentration of VEGF in the media of all experimental groups (Table 3.2 

and 3.3) was determined using enzyme linked immunosorbant assay (ELISA). 

Briefly, after oxidative and hyperglycemic treatments, the media were collected and 

centrifuged at 2000 × g at 25 °C for 10 min. The micro well plate was coated with 

VEGF antibody (Abcam, Cambridge, UK) and incubated with media from the 

experimental groups as well as standards at room temperature for 2 hrs. After three 

washings with washing buffer (for 3 min each), the micro wells were incubated with 

horse reddish peroxidase (HRP) conjugated corresponding secondary antibody for 1 

hr at room temperature. After three washings with washing buffer (for 3 min each), 

chromogenic substrate (3, 3′, 5, 5′-Tetramethylbenzidine substrate, Sigma Aldrich, 

USA) was added for 15 min and the process was stopped by addition of 100 μl of 2 M 

H2SO4. The plate was read at 450 nm. A standard curve was plotted on semi 
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logarithmic paper with A450nm as ordinate and log10 concentration of standard as 

abscissa to determine the concentration of VEGF. 

Senescence 

Cellular senescence was detected using senescence detection kit (Abcam, 

Cambridge, UK) according to the manufacturer’s instructions. In brief, the culture 

medium from all the groups of EPCs (Table 3.2 and 3.3) was removed and the cells 

were fixed with 4 % PFA for 15 min at room temperature followed by incubation at 

37 °C overnight with 500 μl staining solution. At least 25 images per group were 

captured for quantification of senescent cells using Olympus IX51 microscope 

(Olympus, USA). 

In vitro angiogenesis assay 

In vitro angiogenic potential of DM-EPCs with and without exposure to 

oxidative stress was assessed by matrigel assay. For this purpose, growth factor 

reduced matrigel (BD Biosciences, USA) was thawed in a refrigerator overnight. 60 

μl matrigel was added in each well of a 48 well tissue culture plate (Corning, USA) 

using sterile precooled pipette tips and allowed to polymerize in a 37 °C culture 

incubator for 30 min. After treatments (Table 3.2), 1 × 104 cells were plated on the 

matrigel coated wells and incubated at 37 °C in 5 % CO2. After 24 hrs, tube formation 

was examined. At least 25 images per group were captured for analysis of tube 

formation using Olympus IX51 microscope (Olympus, USA). 
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IN-VIVO STUDY 

PKH26 labeling and DM-EPCs transplantation 

DM-EPCs from male diabetic rats (with 4 months of sustained diabetes) were 

labeled with PKH26 cell labeling dye (Sigma Aldrich, USA) according to 

manufacturer’s instructions, prior to transplantation. Female rats after 2 months of 

diabetes induction were divided into four groups (n = 6 rats per group) as illustrated in 

Table 3.4.  

Table 3.4. Description of experimental groups for in vivo study. 

Groups Description 

Non-Diabetic group Control group i.e. Non diabetic rat  

Diabetic group Diabetic rats injected with serum free medium 

Untreated DM-EPCs 

group 

Diabetic rats transplanted with untreated diabetic EPCs 

DZ DM-EPCs group Diabetic rats transplanted with DZ preconditioned diabetic 

EPCs 

 

In brief, rats were anaesthetized with a single dose of ketamine (88 mg/kg) and 

xylazine (14 mg/kg). The rats were intubated through the trachea and ventilated using 

a rodent ventilator (Harvard Bioscience Inc., USA). Body temperature was 

maintained at 37 °C throughout the procedure with the help of a thermal heating pad 

(Havard Biosciene Inc., USA). After exposing the heart, pericardium was removed. 2 

× 106 EPCs per 70 μl were transplanted by intramyocardial injections at two random 

sites in the left ventricle of each diabetic rat. The chest was closed using 6/0 silk 
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suture and the animal was carefully monitored until it has fully recovered from the 

anaesthesia. 

Assessment of heart function 

Rats at 4 weeks after transplantation were sedated as mentioned earlier. 

Different cardiac parameters were measured by using Millar pressure-volume systems 

MPVS-400 (ADI instruments, USA). After sedation, the body temperature was 

carefully maintained during whole surgical procedure by using heat lamps and the 

thermal pad. A mid line incision extending from the mandible to the sternum was 

made and the thin muscle layer around the throat was dissected to expose the right 

carotid artery. The artery was then secured with the help of a loosely placed suture 

around the distal portion of the carotid artery. At the proximal end of the artery, small 

metal clip was placed to minimize bleeding during catheter insertion. A tiny incision 

was then made with micro incision scissors near the distal end of the carotid artery 

and the left side of the arterial flap was grasped. The arterial flap was slightly 

retracted while inserting the micro tip pressure transducer catheter (SPR-839, Millar 

Instruments Inc., USA) connected to MPCU-400 pressure volume (PV) signal 

conditioning hardware for data acquisition into artery and then the metal clip was 

removed. The catheter tip was then quickly moved further into the carotid artery 

beyond the proximal suture and the suture was then tightened around the catheter 

shaft. Then the catheter tip was retrograded down into the left ventricle. The optimal 

placement within the left ventricle was determined on the bases of shapes of PV loops 

captured. LV function was determined by assessment of maximal rate of pressure rise 

and pressure fall (dP/dtmax and dP/dtmin), ejection fraction (% EF), LV end diastolic 

pressure (LVEDP), LV end systolic pressure (LVESP) and preload recruitable stroke 

work (PRSW) in the study groups. Millar’s PVAN software (Version 3.3) was used 
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for data analysis. After collection of all the data, the proximal suture was loosened 

and the catheter was gently slided out of the right carotid artery to remove it from the 

left ventricle. The catheter was then cleaned carefully and stored for next time usage.  

Organ procurement and processing 

The rats were sacrificed after data acquisition and immediately each heart 

tissue was perfused with 0.1 M cadmium chloride (10ml; MP Biomedicals, USA), 

PBS (40ml; Sigma Aldrich, USA) and formalin (10ml; Sigma Aldrich, USA) 

respectively. The hearts were cut cross sectionally after perfusion and processed for 

histological analysis. The tissue was embedded in paraffin wax and stored at 4 °C for 

further histological analysis. The sections were made at 5 μm thickness with the help 

of a Microtome (Microm, Germany). The sections were mounted on poly-L-lysine-

coated microscopic slides. 

Assessment of homing of transplanted EPCs 

At least two wax embedded 5 μm thick sections from each rat heart were kept 

at 45 °C overnight. After deparaffinization and hydration, the sections were treated 

with 4, 6-diamidino-2-phenylindole (DAPI; Sigma Aldrich, USA) for 15 min in order 

to find the fate of transplanted stem cells and then mounted with mounting medium 

(Vector Laboratories Inc., USA). Atleast four random images were captured for each 

section by Olympus BX-61 microscope (Olympus, USA). The images were captured 

by Image J software for analysis of PKH26 expression in each group. 

Quantification of engraftment by semi-quantitative real time PCR 

EPCs isolated from male diabetic rats were injected into female diabetic rats, 

enabling detection of the SRY gene located on the Y chromosome as an index of 
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engraftment. PCR was performed using hearts isolated at four weeks after 

transplantation (n = 6 rats for each group). The whole heart from each rat was 

harvested and snaps frozen in liquid nitrogen. The frozen tissue was shifted to a 1.5 

ml eppendorf tube containing 800 μL of extraction solution (50 mM Tris-HCL; 400 

mM NaCl and 25 mM EDTA), 100 μl 10 % SDS, and 20 μl Proteinase K (10 μg/μl). 

The heart tissues were homogenized using ultrasonic homogenizer 300V/T (Biologics 

Inc., USA) and kept at 65 °C for 3 hrs. Then, cellular debris and proteins were 

precipitated by the addition of 300 μl 6 M NaCl, kept at 4°C for 15 min. 

Centrifugation was carried out at 25,000 g for 20 min. 500 μl of the supernatant were 

shifted to a new eppendorf with 500 μl 8 M guanidine hydrochloride, and 0.49 M 

ammonium acetate solution, and placed on gentle shaking for 90 min. Nucleic acids 

were precipitated by the addition of 800 μL of cold 100 % isopropyl alcohol and 

centrifuged at 8000 g for 5 min. Pellets were treated with 400 μl of 70 % isopropyl 

alcohol. After drying, pellets were resuspended in 150 μl TE buffer (10 mM Tris-HCl; 

1 mM EDTA and 50 μg/μl RNAse). DNA samples were quantified with the ND-1000 

spectrophotometer (NanoDrop Technologies, USA). PCR reactions were performed 

using 100 ng of the genomic DNA. PCR conditions for amplification of the genes and 

primer sequences are given Table 3.1. The PCR product was resolved in 2.5 % 

agarose gel. 

Picrosirius red staining 

Wax embedded heart sections were fixed with 4 % PFA for 20 min and 

stained with Picrosirius red (Sigma Aldrich, USA) for 1 hr and washed with acidified 

water (0.5 % acetic acid) (Sigma Aldrich, USA). Sections were then dehydrated and 

mounted with cyotseal TM XYL medium (Richard-Allan Scientific, USA). Four 

fields per section were randomly chosen and photographed via Olympus BX-61 
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microscope (Olympus, USA). The contents of collagen fibers stained red and 

myocytes stained pale yellow were measured. The fibrotic area was calculated using 

imageJ software. Images obtained from at least two 250 μm apart sections from each 

heart were used for analysis. 

Masson’s trichrome staining 

Wax embedded heart sections were fixed with 4 % PFA and stained with 

Masson’s trichrome stain according to the guidelines of the kit (Sigma Aldrich, USA). 

Briefly, sections were treated with Bouin’s solution and then incubated in Weigert’s 

Iron Hematoxylin solution. Extensive washes were done between each staining. The 

slides were stained with Biebrich Scarlet-Acid Fuchsin and Aniline Blue. The slides 

were dehydrated and mounted. The collagen fibers were stained blue, the nuclei were 

stained black and cytoplasm was stained red when visualized using Olympus BX-61 

microscope (Olympus, USA). The extent of left ventricular fibrosis was determined 

using imageJ software. At least two sections per rat heart were used for quantitation. 

Assessment of apoptosis by caspase-3 staining and α-smooth muscle actin 

staining  

Wax embedded tissue was cut into 5 μm sections and were placed at 45 °C 

overnight. After deparaffinization, hydration and antigen retrieval, the sections were 

blocked with 5 % BSA for 1 hr at room temperature. Sections were incubated with 

caspase-3 (1:50; Santa Cruz Biotechnology, USA) and α-smooth muscle actin (1:100; 

Sigma Aldrich, USA) antibodies reconstituted 1 × PBS containing 1 % BSA, 

overnight at 4°C in humid conditions. After washing, the sections were incubated 

with corresponding FITC conjugated secondary antibodies for 90 min. Sections were 

incubated with DAPI (Sigma Aldrich, USA) for 15 min to stain the nuclei and finally 
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mounted with mounting medium (Vector Laboratories Inc., USA). Four fields per 

section were randomly chosen and photographed via Olympus BX-61 microscope 

(Olympus, USA). At least two sections from each heart (n꞊6 rats per group) were used 

for analysis. Expression of caspase-3 was quantified by imageJ software and α-

smooth muscle actin positive vessels were counted from each section for analysis. 

Assessment of proliferation 

Immunohistochemical staining for analysis of Ki67 expression was performed 

to determine DZ-DM-EPCs mediated proliferative effect in the diabetic myocardium. 

After deparaffinization, hydration and antigen retrieval, the sections were treated with 

3 % H2O2 for 10 min to inactivate endogenous peroxidase activity. The sections were 

washed with 1 × PBS three times (5 min each). This was followed by blocking with 5 

% BSA in 1 × PBS for 1 hr at room temperature. Sections were incubated with Ki67 

(1:100, Abcam, Cambridge, UK) overnight at 4 °C in humid conditions. The sections 

were then treated with HRP conjugated corresponding secondary antibody. After 

washings, the sections were treated with chromogen substrate 3, 3’-Diaminobenzidine 

Tetra hydrochloride (DAB) solution (Zymed Laborateries, Uk) and counterstained 

with the Weigert Iron Hematoxylin solution. The sections were then cleared in xylene 

and mounted with cytoseal (Richard Allan Scientific, USA). Four random fields per 

section from each group were randomly chosen and photographed via Olympus BX-

61 microscope (Olympus, USA). Ki67 positive nuclei were counted from at least two 

250 μm apart sections from each rat heart for analysis. 

Gene expression profiling 

Total RNA was extracted from frozen left ventricle heart tissue samples of 

control and transplanted groups (n꞊6 rat hearts per group) as described earlier in in 
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vitro studies. cDNA was synthesized using 1 μg RNA as described earlier. Gene 

expression analysis was performed for Bcl2, VEGF, bFGF and Caspase-3. β-actin was 

used as internal control. Sequences of primers are mentioned in Table 3.1. 

Statistical analysis 

The data was analyzed by Graph Pad Prism-5 software (USA). Student’s 

unpaired t- test was used to determine statistical difference between any two groups, 

whereas analysis of variance (ANOVA) followed by Bonferroni post-test was used 

for analysis of more than two groups. All experiments were conducted 3 times and in 

triplicate. 
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Comparison of blood glucose level in normal and diabetic rats 

Blood glucose levels of normal and diabetic rats were monitored at different 

time intervals that is, before STZ injections and at day 1, 60, and 120 post diabetes 

induction. It was observed that there was progressive increase in blood glucose level 

of diabetic rats with the progression of diabetes with maximum blood glucose level at 

day 120 post diabetes induction vs. control rats of same age (587 ± 34.56 mg/dl in 

diabetic rats vs 128 ± 16.46 mg/dl in non-diabetic rats). The levels of blood glucose in 

normal and diabetic rats at different time intervals are given in Fig 4.1. 

 

 

 

 

 

 

 

 

 

 

 

Fig 4.1. Blood glucose level in normal versus streptozotocin (STZ) induced diabetic animals at 

various time intervals. All values are expressed as mean ± SD. 
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Characterization of DM-EPCs 

EPCs from the rats at post diabetes induction day 120 were cultured and 

investigated for stem cell markers by immunocytochemistry, flow cytometry and RT 

PCR. 

Characterization of DM-EPCs by immunocytochemical analysis 

A prominent expression of vWF (Fig 4.2A), VE Cadherin (Fig 4.3A), VEGFR2 (Fig 

4.4A) and PECAM (Fig 4.5A) was observed in the cultured DM-EPCs whereas DM-

MSCs merely expressed vWF (Fig 4.2B), VE Cadherin (Figure 4.3B), VEGFR2 (Fig 

4.4B) and PECAM (Fig 4.5B) as determined by immunocytochemistry.  

      

 

 

 

 

 

 

Fig 4.2. Immunocytochemical expression of vWF in DM-EPCs and DM-MSCs. (A) DM EPCs, 

A1: vWF (FITC), A2: Nuclear staining with DAPI, A3: Overlay of vWF (FITC) + DAPI. (B) DM-

MSCs, B1: vWF (FITC), B2: Nuclear staining with DAPI, B3: Overlay of vWF (FITC) + DAPI 

(Scale 100 μm, 200 × Magnification). 
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Fig 4.3. Immunocytochemical expression of VE Cadherin in DM-EPCs and DM-MSCs. (A) DM 

EPCs, A1: VE Cadherin (FITC), A2: Nuclear staining with DAPI, A3: Overlay of VE Cadherin 

(FITC) + DAPI. (B) DM-MSCs, B1: VE Cadherin (FITC), B2: Nuclear staining with DAPI, B3: 

Overlay of VE Cadherin (FITC) + DAPI (Scale 100 μm, 200 × Magnification). 

 

 

 

 

 

 

 

 

 

 

Fig 4.4. Immunocytochemical expression of VEGFR2 in DM-EPCs and DM-MSCs. (A) DM 

EPCs, A1: VEGFR2 (FITC), A2: Nuclear staining with DAPI, A3: Overlay of VEGFR2 (FITC) + 

DAPI. (B) DM-MSCs, B1: VEGFR2 (FITC), B2: Nuclear staining with DAPI, B3: Overlay of 

VEGFR2 (FITC) + DAPI (Scale 100 μm, 200 × Magnification). 
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Fig 4.5. Immunocytochemical expression of PECAM in DM-EPCs and DM-MSCs. (A) DM EPCs, 

A1: PECAM (FITC), A2: Nuclear staining with DAPI, A3: Overlay of PECAM (FITC) + DAPI. 

(B) DM-MSCs, B1: PECAM (FITC), B2: Nuclear staining with DAPI, B3: Overlay of PECAM 

(FITC) +DAPI (Scale 100 μm, 200 × Magnification). 

 

Characterization of DM-EPCs by flow cytometry 

Expression of VE Cadherin and eNOS was also confirmed by flow cytometry. 

Significant expression of VE Cadherin (53.55 ± 15.73 %) and eNOS (25.36 ± 9.57 %) 

in DM-EPCs (Fig 4.6 A-B) while negative expression of these markers in DM-MSCs 

(Fig 4.6 C-D) was observed. 
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Fig 4.6. Characterization of DM-EPCs by flow cytometry for VE Cadherin and eNOS. Green  

line  represents  the  marker expression while blue  fill  shows  isotype  control.  (A–B)  DM-EPCs 

positive for VE Cadherin and eNOS and (C-D) DM-MSCs were almost negative for VE Cadherin 

and eNOS. 

 

Characterization of DM-EPCs by RT PCR 

RT PCR analysis also confirmed the expression of CD34, vWF, VEGFR2 and 

PECAM genes in DM-EPCs whereas no gel bands of these genes were observed in 

DM-MSCs (Fig 4.7). 
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Fig 4.7. RT-PCR analysis of cultured cells for CD34, vWF, VEGFR2 and PECAM genes.  DM-

EPCs showed prominent gel bands of CD34, vWF, VEGFR2 and PECAM whereas DM-MSCs 

lacked the gel band expression of these genes. 

 

In vitro oxidative injury model 

H2O2 was used to induce cellular injury. 200 μM H2O2 for 2 hrs caused upto 55.1 ± 

3.51 % cellular injury as assessed by MTT cell viability assay (Fig 4.8). Therefore, this dose 

and duration of H2O2 was selected to induce oxidative injury in all subsequent in vitro 

experiments.  
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Fig 4.8. Effect of H2O2 on viability of DM-EPCs. Oxidative stress induced cell death increased 

with increase in concentration of H2O2. All values are represented as mean ± SD. 

 

Dose optimization of diazoxide (DZ) 

Diazoxide preconditioning of DM-EPCs distinctly protected them against H
2
O

2 

induced cellular injury as shown by their increased cell viability. 200 μM DZ for 30 min was 

selected for all subsequent experiments (Fig 4.9) as there was no significant increase in 

viability of DM-EPCs by using 400 μM DZ pretreatment. 
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Fig 4.9 Effect of various doses of diazoxide on viability of DM-EPCs against oxidative stress. All 

values are expressed as mean ± SD.  

 

Gene expression analysis of DM-EPCs exposed to oxidative stress 

Gene expression analysis for all groups of EPCs after exposure to oxidative 

stress was performed for VEGF, SDF-1α, HGF, bFGF, Bcl2 and caspase-3 genes by 

RT-PCR and semi-quantitative real time PCR (Fig 4.10; Fig 4.11). Treatment of DM-

EPCs with H2O2 down-regulated expression levels of VEGF (0.12 ± 0.06 fold), SDF-

1α (0.07 ± 0.01 fold), HGF (0.12 ± 0.06 fold), bFGF (0.19 ± 0.03 fold) and Bcl2 (0.09 

± 0.03 fold) genes while up-regulated expression level of caspase-3 (5.1 ± 0.17 fold) 

gene as compared with the untreated DM-EPCs. Preconditioning with 200 μM 

diazoxide showed that DZ DM-EPCs+H2O2 group demonstrated significantly 

upregulated expression of prosurvival genes as compared to DM-EPCs+H2O2 group 

i.e. VEGF (0.51 ± 0.09 fold vs 0.12 ± 0.06 fold respectively), SDF-1α (0.48 ± 0.02 

fold vs 0.07 ± 0.01 fold respectively), HGF (0.49 ± 0.07 fold vs 0.12 ± 0.06 fold 
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respectively), bFGF (0.72 ± 0.10 fold vs 0.19 ± 0.03 fold respectively) and Bcl2 (0.53 

± 0.02 fold vs 0.09 ± 0.03 fold respectively) with concomitant decrease in expression 

of caspase-3 gene (2.52 ± 0.07 fold vs 5.1 ± 0.17 fold respectively) as shown in Fig 

4.11. 

 

 

 

 

 

 

 

 

Fig 4.10. Gel band expression of VEGF, SDF-1α, HGF, bFGF, Bcl2 and Caspase-3 genes in DM-

EPCs. Diazoxide enhanced the expression of VEGF, SDF-1α, HGF, bFGF and Bcl2 genes and 

downregulated the expression of caspase-3 in DZ DM-EPCs+H2O2 group as compared to DM-

EPCs+H2O2 group.  
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Fig 4.11. Semi-quantitative real time PCR analysis of various genes in different groups of DM-

EPCs exposed to oxidative stress. (A) VEGF (B) SDF-1α (C) HGF (D) bFGF (E) Bcl2 (F) 

Caspase-3. All values are represented as mean ± SD.  *P ≤ 0.05 for DZ DM-EPCs+H2O2 vs DM-

EPCs+H2O2 group; #P ≤ 0.05 for DM-EPCs+H2O2 vs Untreated DM-EPCs group. 
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Viability of DM-EPCs exposed to oxidative stress 

200 μM H2O2 treated DM-EPCs showed decreased viability as compared to 

the untreated DM-EPCs (0.67 ± 0.26 vs 2.9 ± 0.13 respectively) as assessed by XTT 

cell viability assay. Preconditioning with 200 μM diazoxide resulted in significant 

increase of viability of DZ DM-EPCs+H2O2 group as compared  with  DM-

EPCs+H2O2 group (1.7 ± 0.22 vs 0.67 ± 0.26 respectively) (Fig 4.12). 

 

 

 

 

 

 

 

 

Fig 4.12. Effect of diazoxide on viability of DM-EPCs. Data is presented as mean ± SD. *P ≤ 0.05 

for DZ DM-EPCs+H2O2 vs DM-EPCs+H2O2 group; #P ≤ 0.05 for DM-EPCs+H2O2 vs Untreated 

DM-EPCs group. 
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VEGF release in medium of DM-EPCs exposed to oxidative stress 

The ability of diazoxide preconditioned DM-EPCs to release VEGF on 

exposure to oxidative stress was quantified by ELISA. The results demonstrated an 

increased VEGF release in medium of DZ DM-EPCs+H2O2 group (78.5 pg/ml ± 4.95) 

as compared with DM-EPCs+H2O2 group (45.5 pg/ml ± 4.16) as shown in Fig 4.13. 

 

 

 

 

 

 

 

 

Fig 4.13. VEGF release in DM-EPCs exposed to oxidative stress. VEGF release was increased in 

DZ DM-EPCs+H2O2 group as compared to the DM-EPCs+H2O2 group thus indicating 

cytoprotective effects of preconditioning. All values are represented as mean ± SD. *P ≤ 0.05 for 

DZ DM-EPCs+H2O2 vs DM-EPCs+H2O2 group; #P ≤ 0.05 for DM-EPCs+H2O2 vs Untreated 

DM-EPCs group. 
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Assessment of senescence in DM-EPCs exposed to oxidative stress 

The H2O2 treatment resulted in significantly increased senescence of DM-

EPCs in DM-EPCs+H2O2 group as compared with an untreated DM-EPCs control 

group (68.32 ± 1.83 fold vs 14.67 ± 1.52 fold). Preconditioning with diazoxide 

decreased the percentage of senescent DM-EPCs (37.75 ± 1.85 fold in DZ DM-

EPCs+H2O2 group vs 68.32 ± 1.83 fold in DM-EPCs+H2O2 group) as shown in Fig 

4.14. 

 

 

 

 

 

 

 

 

Fig 4.14. Assessment of senescence in DM-EPCs exposed to H2O2 induced oxidative stress (A) β-

gal positive cells in various groups (B) Number of senescent cells (Scale 100 μm, 200 × 

Magnification). Data is presented as mean ± SD. *P ≤ 0.05 for DZ DM-EPCs+H2O2 vs DM-

EPCs+H2O2 group; #P ≤ 0.05 for DM-EPCs+H2O2 group vs Untreated DM-EPCs group. 
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Evaluation of in vitro tube forming ability in DM-EPCs 

Tube forming potential of DM-EPCs was studied after exposure to H2O2 

induced oxidative stress conditions. It was evident from the results that the DZ DM-

EPCs+H2O2 group exhibited better tube forming ability under oxidative stress as 

compared with the DM-EPCs+H2O2 group (Fig 4.15). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4.15. Effect of preconditioning on angiogenic ability of DM-EPCs. Increased tube formation 

in DZ DM-EPCs+H2O2 group as compared to DM-EPCs+H2O2 group (Scale 100 μm, 200 × 

Magnification).  

  

Untreated Non-DM EPCs Untreated DM-EPCs 

DM-EPCs+H2O2 DZ DM-EPCs+H2O2 



79 
 

Gene expression analysis of DM-EPCs exposed to hyperglycemic stress 

Gene expression analysis of various groups of DM-EPCs exposed to high 

glucose stress in vitro was performed for VEGF, Bcl2 and caspase-3 genes by both 

RT-PCR and semi-quantitative real time PCR (Fig 4.16A and B). Preconditioning 

with 200 μM diazoxide revealed that DZ-30 mM glucose group showed significantly 

upregulated expression of prosurvival genes as compared to untreated 30 mM glucose 

group i.e. VEGF (1.42 ± 0.06 fold vs 0.66 ± 0.02 fold respectively) and Bcl2 (1.49 ± 

0.09 fold vs 0.34 ± 0.02 fold respectively), while down regulated expression of 

apoptosis associated gene caspase-3 (0.68 ± 0.06 fold vs 2.6 ± 0.06 fold respectively) 

as shown in Fig 4.16B. 

 

 

 

 

 

 

 

 

Fig 4.16A. RT-PCR gene expression analysis for Caspase-3, VEGF and Bcl2 under hyperglycemic 

stress conditions. 
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Fig 4.16B.  Semi-quantitative real time PCR analysis for VEGF, Bcl2 and Caspase-3 under 

hyperglycemic stress conditions. *P ≤ 0.05 for DZ-30mM glucose group vs 30mM glucose group. 

Viability of DM-EPCs under hyperglycemic conditions 

High glucose treated DM-EPCs showed decreased viability as compared with 

diazoxide preconditioned group as assessed by XTT cell viability assay. 

Preconditioning with 200 μM diazoxide resulted in significant increase of viability 

(2.22 ± 0.11 in DZ-30 mM glucose group vs 1.18 ± 0.04 in 30 mM glucose group) as 

shown in Fig 4.17. 

 

 

 

 

 

 

Fig 4.17.  Effect of diazoxide on viability of DM-EPCs exposed to high glucose stress. Data is 

presented as mean ± SD. *P ≤ 0.05 for DZ-30mM glucose vs 30mM glucose group. 

  

* 

* 

* 

*



81 
 

VEGF release in medium of DM-EPCs exposed to hyperglycemic stress 

The ability of DM-EPCs to release VEGF under high glucose insult was 

quantified by ELISA after 48 hrs of high glucose injury. The results demonstrated an 

increased VEGF release in DZ-30 mM glucose group as compared with 30 mM 

glucose group (67.7 ± 4 pg/ml vs 41.5 ± 4.9 pg/ml respectively) in culture medium. 

ELISA quantification data for VEGF was used to detect the angiogenic ability of DM-

EPCs under hyperglycemic stress (Fig 4.18). 

 

 

 

 

 

 

 

 

 

Fig 4.18. VEGF release in media of various groups of DM-EPCs exposed to high glucose stress. 

Data is presented as mean ± SD. *P ≤ 0.05 for DZ-30mM glucose vs 30mM glucose group. 

 

 

 

  

* 



82 
 

Assessment of senescence in DM-EPCs exposed to high glucose stress 

Preconditioning with 200 μM diazoxide decreased the percentage of senescent 

DM-EPCs (66.5 ±3.98 in DZ-30 mM glucose group vs 104.7 ± 4.48 in 30 mM 

glucose group) as shown in Fig 4.19. 

 

 

 

 

 

 

 

 

Fig 4.19. Assessment of senescence in DM-EPCs exposed to high glucose stress (A)  β-gal positive 

cells (Scale 100 μm, 100 × Magnification) (B) Quantification of senescent cells. Data is presented 

as mean ± SD. *P ≤ 0.05 for DZ-30mM glucose group vs 30mM glucose group. 

Analysis of cardiac function 

Heart function of diabetic rats transplanted with DZ preconditioned and non-

preconditioned DM-EPCs was assessed after 4 weeks of cell transplantation using 

Millar’s apparatus (Millar Instruments Inc., USA). Diabetic and non-diabetic rats 

were also studied for cardiac functions as control groups. Cardiac functions were 

recorded as a measure of pressure volume (PV) changes in the non-diabetic and 

diabetic rat hearts. 
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The following parameters were determined: left ventricular systolic function 

was evaluated by measuring left ventricular end systolic pressure (LVESP), maximum 

dP/dt pressure (dP/dtmax). Left ventricular diastolic function was evaluated by left 

ventricular end diastolic pressure (LVEDP), minimum dP/dt pressure (dP/dtmin). Load 

dependent parameter like ejection fraction (EF) while load independent parameter like 

preload recruitable stroke work (PRSW) was also evaluated. Hemodynamic 

parameters were calculated statistically by analysis of the PV loops data with the 

Millar’s PVAN software (Version 3.3).  

LV systolic function as determined by LVESP and dP/dtmax was significantly 

improved in the DZ DM-EPCs transplanted group. There was marked improvement in 

contractility of diabetic heart after administration of diazoxide preconditioned DM-

EPCs. EF revealed marked increase in DZ DM-EPCs transplanted group (29.39 ± 3.7) 

as compared to the Untreated DM-EPCs transplanted group (22.12 ± 2.1). Moreover, 

untreated DM-EPCs transplantation also resulted in significantly improved EF % as 

compared to diabetic group. LV diastolic function as indicated by LVEDP and 

dP/dtmin showed marked improvement in DZ DM-EPCs transplanted group (11.68 ± 

4.2 and -2452.95 ± 281.4 respectively) as compared to Untreated DM-EPCs 

transplanted group (16.7 ± 3.6 and -1831.07 ± 236.7 respectively). Though, untreated 

DM-EPCs transplantation also significantly improved the LVEDP and dP/dtmin as 

compared with diabetic group. Moreover, the efficiency of LV work was improved as 

confirmed by the higher values of PRSW in DZ DM-EPCs transplanted group (61.4 ± 

5.03) in comparison to Untreated DM-EPCs transplanted group (45.9 ± 4.3) (Fig 

4.20). 
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Fig 4.20. Assessment of heart function in various groups of rats by Millar’s analysis. Graphic 

representation of following parameters: (A) LV end systolic pressure (LVESP), (B) LV end-

diastolic pressure (LVEDP), (C) Ejection fraction (EF), (D) Maximum and Minimum dP/dt 

(dP/dtmax.min) and (E) Preload recruitable stroke work (PRSW). All values are expressed as mean 

± SD. *P ≤ 0.05 for DZ DM-EPCs group vs  Untreated DM-EPCs  group and ΦP ≤ 0.05 for 

Untreated DM-EPCs group vs Diabetic group (n ꞊ 6 rats in each group). 

 

Homing of diabetic EPCs 

Both PKH26 labeled untreated and preconditioned DM-EPCs, transplanted in 

the left ventricles of different groups of diabetic rats were studied for their homing. A 

significantly high expression of PKH26 labeling dye was observed in the rats 

transplanted with DZ preconditioned DM-EPCs compared with that of untreated DM-

EPCs (Fig 4.21 A-C). This was also consistent with gene expression analysis data for 
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SRY gene (Fig 4.21 D). 2.34 ± 0.28 fold expression of SRY gene in DZ DM-EPCs 

transplanted hearts was observed relative to one fold expression in Untreated DM-

EPCs transplanted hearts. 

  

 

 

 

Fig 4.21. Effect of DZ preconditioning on DM-EPCs engraftment in left ventricles of diabetic 

heart sections (Scale 200 μm, 200 × Magnification) of diabetic rats. (A) Homing of PKH26 

labeled untreated DM-EPCs. (B) Homing of PKH26 labelled DZ preconditioned DM-EPCs. (C) 

Expression of PKH26 positive cells in transplanted diabetic rats. (D)  Expression of SRY gene in 

transplanted diabetic rats. All values are represented as mean ± SD.  *P ≤ 0.05 for DZ DM-EPCs 

group vs. untreated DM-EPCs group (n ꞊ 6 rats in each group).  

Assessment of myocardial fibrosis 

Picrosirius red and Masson’s trichrome stainings were used to examine 

myocardial fibrosis in various experimental groups. Control diabetic heart sections 

presented increased collagen deposition (25.34 ± 1.73 %) vs Untreated DM-EPCs 

transplanted hearts (17.41 ± 1.93 %) as stained by Picrosirius red (Fig 4.22 A2–A3). 

Whereas, markedly reduced collagen deposition was observed in DZ DM-EPCs group 

(7.03 ± 0.93 % as shown in Fig 4.22 A4) in comparison to Untreated DM-EPCs 

transplanted group (17.41 ± 1.93 % as shown in Fig 4.22 A3). 
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Fig 4.22. Effect of diazoxide preconditioning on fibrosis in the diabetic heart.  (A)  Picrosirius red 

staining of sections from the control and transplanted groups. A1, Non-Diabetic group; A2, 

Diabetic group; A3, Untreated DM-EPCs group; A4, DZ DM-EPCs group (Scale 200 μm, 200 × 

Magnification).  (B)  Quantitative analysis of fibrosis in various groups by imageJ software. All 

values are represented as mean ± SD. *P ≤ 0.05 for DZ DM-EPCs group vs  Untreated DM-EPCs  

group and ΦP ≤ 0.05 for Untreated DM-EPCs group vs Diabetic group (n ꞊ 6 rats in each group). 
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Similarly, Masson’s Trichrome staining results also showed increased collagen 

deposition in control diabetic animals vs Untreated DM-EPCs group and DZ DM-

EPCs group, (21.38 ± 1.32 % vs 15.82 ± 1.59 % vs 6.03 ± 1.1 % respectively) as 

shown in Fig 4.23 C2–C4. Fibrosis was calculated in all groups by ImageJ software 

(Fig 4.23 D). 

 

 

 

 

 

 

 

 

 

 

 

Fig 4.23. Masson’s Trichrome staining analysis. C1: Non-Diabetic group, C2: Diabetic group, C3: 

Untreated DM-EPCs group, and C4: DZ DM-EPCs group (Scale 200 μm, 200 × Magnification). 

(D) Quantitative analysis of fibrosis done by imageJ software. All values are represented as mean 

± SD. *P ≤ 0.05 for DZ DM-EPCs group vs  Untreated DM-EPCs  group and ΦP ≤ 0.05 for 

Untreated DM-EPCs group vs Diabetic group (n ꞊ 6 rats in each group). 
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Assessment of apoptosis in diabetic hearts 

Caspase-3 staining of diabetic heart sections from various experimental groups 

was performed for analysis of apoptosis. Long term diabetes promotes apoptotic 

environment in diabetic heart by upregulation of apoptotic markers such as caspase-3 

expression. Immunohistochemical staining for caspase-3 demonstrated that Diabetic 

group presented a significant increase in apoptotic cells in the myocardium vs 

Untreated DM-EPCs group and DZ DM-EPCs group, (43.97 ± 0.24 % vs 34.62 ± 

0.85 % vs 10.74 ± 1.16 % respectively) as shown in Fig 4.24 A. Quantitative analysis 

of apoptotic cells in all the groups was done by imageJ software (Fig 4.24 B). 
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Fig 4.24. Immunohistochemical expression of caspase-3 in diabetic heart sections (A) A1-A3: 

Non-Diabetic group; B1-B3: Diabetic group, C1-C3: Untreated DM-EPCs group, D1-D3: DZ 

DM-EPCs group (Scale 200 μm, 200 × Magnification). (E) Quantitative apoptosis analysis of 

apoptotic cells in various groups by imageJ software. All values are expressed as mean ± SD. *P ≤ 

0.05 for DZ DM-EPCs group vs  Untreated DM-EPCs  group and ΦP ≤ 0.05 for Untreated DM-

EPCs group vs Diabetic group (n ꞊ 6 rats in each group). 
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Assessment of cellular proliferation in diabetic heart 

The heart sections from various treatment groups were stained with Ki67, a 

proliferation marker and analyzed. It was shown that DZ DM-EPCs transplanted 

group had numerous Ki67 positive nuclei compared to Untreated DM-EPCs 

transplanted group and Diabetic group (48.7 ± 2.61 vs 34 ± 3.7 vs 26.17 ± 1.72 

respectively) as shown in Fig 4.25 A. 

 

 

 

 

 

 

 

 

 

 

Fig 4.25. Analysis of immunohistochemical expression of Ki67 (A) A1: Non-Diabetic group, A2: 

Diabetic group, A3: Untreated DM-EPCs group, A4: DZ DM-EPCs group (Scale 200 μm, 400 × 

Magnification).  (B)  Quantitative analysis of Ki67 positive nuclei in all groups. All values are 

expressed as mean ± SD. *P ≤ 0.05 for DZ DM-EPCs group vs  Untreated DM-EPCs  group and 

ΦP ≤ 0.05 for Untreated DM-EPCs group vs Diabetic group (n ꞊ 6 rats in each group). 
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Preconditioning enhances angiogenesis in diabetic myocardium 

 Diabetic hearts transplanted with DZ DM-EPCs demonstrated significant 

improvement in angiogenesis in diabetic myocardium. The number of α-smooth 

muscle actin positive vessels was significantly high in DZ DM-EPCs group vs 

Untreated DM-EPCs group, (13.1 ± 1.25 vs 9.2 ± 1.15 respectively) as shown in Fig 

4.26 A4–A3. Blood vessel density was significantly reduced in Diabetic group vs 

Non-Diabetic group (5.06 ± 0.97 vs 7.8 ± 1.04 respectively) as shown in Fig 4.26 A2–

A1. 

 

 

 

 

 

 

 

 

 

Fig 4.26. Analysis of blood vessels density by immunohistochemistry for α-smooth muscle actin. 

(A) A1: Non-Diabetic group, A2: Diabetic group, A3: Untreated DM-EPCs group, A4: DZ DM-

EPCs group (Scale 200 μm, 200 × Magnification).  (B)  Quantitative analysis of blood vessel 

density in all groups. All values are expressed as mean ± SD. *P ≤ 0.05 for DZ DM-EPCs group 

vs  Untreated DM-EPCs  group and ΦP ≤ 0.05 for Untreated DM-EPCs group vs Diabetic group 

(n ꞊ 6 rats in each group). 
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Gene expression analysis of transplanted diabetic hearts 

The effect of transplantation of DZ DM-EPCs in diabetic heart was also 

evaluated by the analysis of expression of various prosurvival and apoptotic markers 

such as Bcl2, VEGF, bFGF and Caspase-3 using both RT-PCR and semi-quantitative 

real-time PCR analysis (Fig 4.27 and 4.28). RT-PCR results showed that 

antiapoptotic, angiogenic and prosurvival genes were significantly upregulated in the 

DZ DM-EPCs transplanted group as compared to the Untreated DM-EPCs 

transplanted group and Diabetic group as shown in Fig 4.27.  

Semi-quantitative real time PCR analysis revealed that DZ DM-EPCs 

transplanted group as compared Untreated DM-EPCs group showed significantly 

upregulated expression of Bcl2 (0.62 ± 0.11 fold vs 0.32±0.1 fold), VEGF (0.77 ± 

0.09 fold vs 0.35 ± 0.08 fold) and bFGF (0.82 ± 0.14 fold vs 0.39 ± 0.07 fold), while 

down regulated expression of caspase-3 (2.13 ± 0.34 fold vs 3.1 ± 0.29 fold) gene 

(Fig 4.28). 

 

 

 

 

 

 

Fig 4. 27. Gel band expression of Bcl2, VEGF, bFGF and Caspase-3 in in vivo experimental 

groups (n ꞊ 6 rat hearts in each group) 
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Fig 4. 28. Semi-quantitative real time PCR analysis for expression of (A) Bcl2 (B) VEGF (C) 

bFGF and (D) Caspase-3 genes in various groups. All values are expressed as mean ± SD. *P ≤ 

0.05 for DZ DM-EPCs group vs  Untreated DM-EPCs  group and ΦP ≤ 0.05 for Untreated DM-

EPCs group vs Diabetic group (n ꞊ 6 rat hearts in each group). 
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The present study aimed to investigate the effects of diazoxide (DZ) 

preconditioning in improving the potential of diabetes affected endothelial progenitor 

cells (EPCs) to counteract oxidative and hyperglycemic stresses in vitro and to repair 

diabetic cardiomyopathy (DCM) in vivo. Diabetes mellitus (DM) is an important risk 

factor for cardiovascular complications. The development of peripheral vascular 

disease, coronary artery disease and stroke in both type 1 DM and type 2 DM is 2–4 

times more common as compared to non-diabetics (Zimmet et al., 2001; Haidara et 

al., 2006). DCM is defined as ventricular dysfunction without atherosclerosis or 

hypertension, in persons affected by diabetes. Without suitable interventions, DCM 

can lead to inappropriate heart pumping capacity and hence resulting in heart failure 

(HF) (Tziakas et al., 2005; Radovits et al., 2009; Boudina 2010).  

DCM develops as a result of different altered pathways such as, lack of normal 

insulin signaling, hyperglycemia and oxidative stress (Haidara et al., 2006; Boudina, 

2007). Specifically in DCM, high glucose conditions begin internalization of glucose 

receptors in cardiac myocytes. After cellular uptake of glucose, cardiac metabolism 

switches from the normal state to free fatty acid oxidation. This transfer in energy 

production results in enhanced production of reactive oxygen  species  (ROS), 

sphingolipid ceramide  and  cellular  death  via  apoptosis  (Tarquini  et  al., 2011). 

Streptozotocin (STZ) has been reported to induce diabetes in animals (Khan et al., 

2011; Khan et al., 2013). In the current study, STZ was used to induce type 1 diabetes 

in rats (Fig 4.1). 

Many types of stem cells have been transplanted into damaged heart including 

embryonic stem cells (Zhang and Pasumarthi, 2008), smooth muscle cells (Religa et 

al., 2009), fetal cardiomyocytes (Song et al., 2010), skeletal myoblasts (Imanishi et 

al., 2011), fibroblasts (Tang et al., 2010) and BMSCs (Jin et al., 2011). Although 
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several of these cell types may hold promising therapeutic option in future but the 

idea of using EPCs as therapeutic agents has grown in popularity. EPCs have been 

shown to improve acute myocardial infarction and diabetic erectile dysfunction by 

enhancing angiogenesis (Gou et al., 2011; Park et al., 2011). EPCs have also been 

shown to attenuate myocardial interstitial fibrosis and cardiac dysfunction in rats with 

DCM (Cheng et al., 2012). EPCs are known to coexpress the surface markers vWF, 

CD31, VEGFR2, CD34, VE-Cadherin (Chen et al., 2011; Qiu et al., 2013; Doan et 

al., 2014). EPCs are also known to express endothelial nitric oxide synthase (eNOS) 

(Yang et al., 2008).  

In the present study, EPCs isolated from diabetic rats (DM-EPCs) were 

characterized through immunocytochemistry (Fig 4.2-4.5), flow cytometry (Fig 4.6) 

and RT PCR (Fig 4.7). The characteristics of DM-EPCs i.e. the coexpression of 

surface markers vWF, PECAM, VE cadherin, CD34 and eNOS observed in the 

current study are consistent as reported previously (Chen et al., 2011; Qiu et al., 2013; 

Doan et al., 2014). 

The major factors promoting the adverse effects of diabetes such as 

advancement of DCM are chronic hyperglycemia and increased oxidative stress 

(Jesmin et al., 2003; Haidara et al., 2006; Westermann et al., 2007). Hydrogen per 

oxide (H2O2) is one of ROS and is frequently used to induce in vitro oxidative stress 

(Pfister et al., 2013; Lee et al., 2013). Different type of cells show different tolerance 

levels against H2O2 induced oxidative stress (Djordjevic et al., 2008).  However, the 

concentration of H2O2 used in various studies differs widely with respect to different 

cell types. In experiments conducted with myoblasts and chondrocytes, very low 

concentration of H2O2 was found to promote growth, while medium and high 

concentrations (Caporossi et al., 2003; Djordjevic et al., 2008; Bhatti et al., 2013) 
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were detrimental. In this study, H2O2 induced damage in DM-EPCs was time and 

dose-dependent. 200 μM H2O2 treatment of DM-EPCs for 2 hrs was selected for 

further experiments as this dose caused almost 50 % cell death (Fig 4.8). This dose 

has been reported previously (Cui et al., 2010). 

Hyperglycemia, a constant clinical sign of diabetes, has been shown to induce 

oxidative stress by stimulating the release of superoxides from mitochondria. This 

oxidant in turn causes DNA lesion (Ceriello, 2003) and may lead to cell and tissue 

apoptosis. Studies conducted by Cai et al. (2002) clearly showed that hyperglycemia 

induced the release of ROS, which stimulates cytochrome c-activated caspase-3 

pathway. This cascade of events may result in myocardial apoptosis and dysfunction. 

Glucose concentration of 11 mM or higher corresponds to 198 mg/dl serum glucose 

levels. The concentration of 20–30 mM is approximately equal to 360–540 mg/dl 

serum glucose levels in diabetic patients (Dhanasekaran et al., 2013). In this study, 5.5 

mM glucose in the regular medium was used for DM-EPCs culturing. Whereas 

medium with 30 mM glucose concentration for 48 hours was used to induce 

hyperglycemic stress in DM EPCs in vitro to mimic the higher serum glucose levels 

responsible for developing DCM in vivo. 

The use of stem cells for tissue regeneration continues to show promise, but 

may be hindered by early cell loss (Toma et al., 2002; Suzuki et al., 2004), partially 

because of nutrient or oxygen deprivation and loss of cell to cell contact (Zhang et al., 

2001). Therefore, it is necessary to identify methods in order to improve the survival 

of cells in these environments so that therapeutic efficacy can be improved. 

Preconditioning is a powerful strategy by which cells viability can be enhanced. 

Furthermore, preconditioning of diabetes affected stem cells can improve the 

therapeutic outcome of autologous stem cell transplantation. Diabetes limits the 
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functionality of EPCs as observed by their decreased migratory potential, reduced 

proliferative capability and changed growth factor/cytokine secretory profile. This 

leads to reduced therapeutic ability of DM-EPCs (Alev et al., 2011). Furthermore, 

stem cells isolated from diabetic animals exhibit low angiogenic ability (Marrotte et 

al., 2010; Georgescu, 2011) resulting in diminished cardiac repair after autologous 

transplantation (Tan et al., 2010). Diazoxide (DZ) is a mitochondrial ATP-sensitive 

potassium (mitoKATP) channel opener, which has the ability to enhance membrane 

permeability to potassium ions. This switches off voltage gated calcium ion channels 

resulting in intracellular calcium overload. It has been reported that DZ has the 

potential to protect cells against oxidative stress. DZ mediates its therapeutic effects 

through multiple signaling mechanisms such as succinate dehydrogenase inhibition, 

mitochondrial depolarization, protein kinase-C activation and participation of 

potassium conductance independent pathway for cellular protection (Takashi et al., 

1999; Wang et al., 2001; Kudo et al., 2002; Dzeja et al., 2003).  

A number of studies have shown that in vitro preconditioning with DZ can 

promote survival of skeletal myoblasts (Niagara et al., 2007; Haider et al., 2010; Shao 

et al., 2012) and MSCs (Afzal et al., 2010; Suzuki et al., 2010) in vitro as well as in 

vivo post-transplantation. Hence, in the present study, DZ preconditioning strategy 

was adopted for improving the survival and functional abilities of DM-EPCs. In this 

regard, an optimal dose of DZ (200 μM) presenting maximum efficacy in reducing the 

cytopathic effects of H2O2 induced oxidative stress damage in DM EPCs was selected 

on the basis of MTT cell viability assay (Fig 4.9). This dose of DZ has been reported 

in previous studies as well (Afzal et al., 2010; Cui et al., 2010). 

The data in the present study demonstrated that preconditioning with 200 μM 

DZ resulted in cytoprotection of DM EPCs by upregulation of prosurvival genes 
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(VEGF, SDF-1α, HGF, bFGF and Bcl2) and increased viability under oxidative stress 

(Fig 4.12) as well as under hyperglycemic stress conditions (Fig 4.17). VEGF is an 

important angiogenic factor. High glucose stress reduces VEGF release (Khan et al., 

2013) while DZ preconditioning has been shown to increase VEGF gene expression 

in MSCs previously (Afzal et al., 2010; Cui et al., 2010). In the present investigation, 

the DZ DM-EPCs exhibited enhanced release of VEGF protein in the medium under 

oxidative (Fig 4.13) and hyperglycemic stresses (Fig 4.18) as compared to untreated 

DM-EPCs. Stromal derived factor-1α (SDF-1α) and VEGF released by EPCs into 

conditioned media are known to promote migration of mature endothelial cells and 

the formation of vessels (Urbich et al., 2005). Tube formation potential is an 

important characteristic which represent functionality of EPCs. In this study, DZ 

preconditioned DM-EPCs revealed higher tube formation potential as compared to 

untreated DM-EPCs under oxidative stress conditions (Fig 4.15). 

In the current study DZ preconditioning upregulated expression of VEGF, 

SDF1 α, HGF, bFGF and Bcl2 genes in DZ DM-EPCs group as compared to untreated 

DM-EPCs group on exposure to H2O2 induced oxidative stress (Fig 4.10-4.11) while 

upregulated expression of VEGF, bFGF and Bcl2 genes on exposure to hyperglycemic 

stress (Fig 4.16 A-B). SDF1α is a key chemokine. HGF has been reported to take part 

in anchoring stem cells to the ischemic myocardium, where HGF enhances adhesion, 

proliferation and survival of the MSCs (Vandervelde et al., 2005) while bFGF 

enhances proangiogenic activity via interactions with different endothelial cell surface 

receptors such as tyrosine kinase receptors and integrins. DZ preconditioning has been 

reported to promote HGF and bFGF expression in MSCs (Cui et al., 2010). Bcl2 is an 

important anti apoptotic factor (Nayak et al., 2012). DZ has been reported to hamper 
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apoptosis in pancreatic β-cells by enhancing Bcl2 expression and skeletal myoblasts 

(Huang et al., 2007; Shao et al., 2012). 

This study also showed that DZ plays vital role in diminishing cellular injury 

in oxidative and hyperglycemic stressed DM-EPCs. We observed down regulation in 

expression of cell death associated gene caspase-3 in DZ DM-EPCs group under 

oxidative stress (Fig 4.10 and 4.11) and under hyperglycemic stress conditions (Fig 

4.16 A-B). This is in line with previous studies which revealed that DZ minimizes 

apoptosis and caspase-3 activity in renal epithelial cells and skeletal myoblasts 

(Nilakantan et al., 2010; Haider et al., 2010; Shao et al., 2012). In the present study it 

was also noticed  that treatment with H2O2 and high glucose resulted in enhanced 

percentage of senescent cells whereas percentage of senescent cells decreased 

significantly in DZ preconditioned EPCs exposed to oxidative (Fig 4.14) and 

hyperglycemic stresses (Fig 4.19). All these characteristics of DM EPCs were 

affected on exposure to H2O2 induced oxidative stress injury and high glucose induced 

hyperglycemic stress injury. Hence the in vitro data in the current study exhibited a 

significant improvement in ability of DZ preconditioned DM-EPCs to counteract 

H2O2 and hyperglycemia induced stresses. 

Thus, these preconditioned diabetic cells were expected to survive better in the 

ischemic diabetic microenvironment. Therefore, DZ preconditioned DM EPCs were 

transplanted in diabetic rats with STZ induced DCM for confirmation of our 

hypothesis. It has been previously reported that 2 months of diabetes induction leads 

to development of DCM (Khan et al., 2013). In the present study, the analysis of left 

ventricular end systolic pressure (LVESP), left ventricular end diastolic pressure 

(LVEDP), ejection fraction (% EF), dP/dtmax, dP/dtmin and preload recruitable stroke 

work (PRSW) demonstrated that the contractility of the diabetic heart was improved 



100 
 

in DZ DM-EPCs group after administration of DZ preconditioned DM EPCs in 

comparison to untreated DM-EPCs group (Fig 4.20). These parameters have been 

extensively studied for assessment of heart function previously (Kajstura et al., 2001; 

Rungwerth et al., 2004; Huynh et al., 2010; Hadi et al., 2012; Hole et al., 2014).  

Histological analysis of DM EPCs transplanted hearts showed that both types 

of cells were able to home in the diabetic hearts. However, higher expression of 

PKH26 in the DZ DM-EPCs transplanted heart suggests increased homing of DZ 

preconditioned EPCs as compared to untreated DM-EPCs (Fig 4.21 A-C). The 

PKH26 red dye used for the detection of cells post-transplantation has been 

commonly used by many researchers previously (Pasha et al., 2008; Tang et al., 

2011). Similarly, semi-quantitative real time PCR for rat SRY gene showed that 

survival of the donor cells in the DZ DM- EPCs group was significantly higher (more 

than two folds) as compared to untreated DM-EPCs group (Fig 4.21 D). This is in line 

with previous study which showed that survival of the donor MSCs overexpressing 

Akt and Ang-1 genes was almost double in comparison to non-transduced MSCs 

group (Shujia et al., 2008).  

In DCM, collagen deposits in the heart lead to enlargement of cardiomyocytes 

size, stiffening of the myocardium, functional changes and ultimately result in the 

hypertrophic state and finally heart failure (Takeda et al., 2010; Takeda and Manabe, 

2011). Increased fibrosis has been observed in DCM affected myocardium (Khan et 

al., 2013; Huang et al., 2013) while previously transplantation of DZ preconditioned 

MSCs has been reported to alleviate fibrosis in non-diabetic myocardium (Cui et al., 

2010). Results of Picrosirius red staining and Masson’s trichrome in the present study 

demonstrated that the DZ preconditioned DM EPCs transplantation alleviated the load 
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of collagen deposition in diabetic heart and limited the cardiac damage, hence 

indicating the revival of diabetic heart architecture (Fig 4.22 and 4.23). 

Apoptosis induce myocardial cell death during DCM (Shen et al., 2009). 

Many studies have previously shown that the diabetes induced cell death occurs in 

multiple organs in vivo (Van Dijk et al., 2009; Wagener et al., 2009; Frances et al., 

2010).  The myocardial apoptosis rate has been shown to be high in STZ-induced 

diabetic animals (Khan et al., 2013). Enhanced caspase-3 expression has been 

observed in the myocardium affected by DCM (Chen et al., 2009; Li et al., 2011). 

Skeletal myoblasts, mesenchymal stem cells and selected mesenchymal stem cells 

preconditioning by DZ has been reported to enhance their viability after 

transplantation in the non-diabetic ischemic myocardium resulting in reduction of 

cardiac apoptosis (Niagara et al., 2007; Afzal et al., 2010; Cui et al., 2010). The 

results of present study are concomitant with the above studies as increased apoptosis 

was observed in diabetic hearts. Whereas, transplantation of DZ preconditioned DM-

EPCs group limited the cardiac damage as shown by reduced caspase-3 expression as 

compared to untreated DM-EPCs transplanted group, thus preserving cardiac function 

(Fig 4.24). 

 The present study also showed that the expression of Ki67 (Fig 4.25) and α-

smooth muscle actin was higher in DZ DM-EPCs transplanted group (Fig 4.26). In 

previous studies, transplantation of DZ preconditioned skeletal myoblasts and selected 

mesenchymal stem cells have been reported to enhance proliferation and angiogenesis 

in ischemic myocardium (Niagara et al., 2007; Cui et al., 2010). 

Diabetes has been reported to reduce the expression of VEGF, bFGF, and 

enhanced the expression of caspase-3 in STZ induced diabetic rats (Khan et al., 2011; 

Khan et al., 2013). The results in the present study showed upregulation of Bcl2, 
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VEGF and bFGF coupled with downregulation of caspase-3 in DZ DM-EPCs 

transplanted heart as compared to untreated DM-EPCs transplanted hearts (Fig 4.27-

4.28). This is of great importance as it exhibits increased survival and angiogenic 

potential of preconditioned cells after transplantation in diabetic heart and is in 

conformity to the cardiac function and histochemistry data. 

In conclusion, transplantation of bone marrow derived DM-EPCs enhanced 

cardiac function, diminished cardiomyocytes apoptosis and decreased myocardial 

fibrosis in a STZ-induced diabetic rat model. This cardioprotective effect may be 

related to the anti-oxidative properties of EPCs and DZ preconditioning. Thus, 

preconditioned DM-EPCs transplantation may be a novel therapeutic strategy for the 

prevention of diabetic myocardial complications. 
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