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SUMMARY 

 Diabetic myocardium is prone to risk factors for cardiovascular diseases 

(CVD) like myocardial hypertrophy, ischemia, and heart failure (HF). Diabetic 

cardiomyopathy (DCM) leads to loss of cardiomyocytes and deterioration in 

cardiac function. Cardiomyocytes have a limited ability of self-renewal to 

replace damaged myocardium. Stem cell transplantation is a promising 

therapy to regenerate damaged cardiac tissue. Various techniques are used to 

differentiate mesenchymal stromal cells (MSCs) into cardiomyocytes in-vitro. 

These include preconditioning of MSCs by pharmacological agents, growth 

factors, co-culturing with neonatal cardiomyocytes, and with cardiomyogenic 

medium which provides a suitable microenvironment for cardiac differentiation 

of MSCs. 

 
 This research study aimed to assess the regenerative ability of 

preconditioned diabetic MSCs for the functional improvement of diabetic heart. 

In the present study, MSCs were isolated from C57BL/6 mice after two months 

of diabetes induction. MSCs were also isolated from sex and age matched 

non-diabetic normal mice. Normal and diabetic MSCs were characterized for 

p16INK4a, p66shc, IGF-1, Akt, VEGF, and Ang-1 through gene expression 

analysis. Results revealed upregulation of pro-apoptotic markers while 

downregulation of angiogenic and survival markers in diabetic MSCs. 

 
 Diabetic MSCs were then differentiated in-vitro by pretreatment with 

cardiomyogenic medium derived from neonatal rat cardiomyocytes (CCM). 

VEGF was analyzed through VEGF ELISA in the CCM. Diabetic MSCs were 
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also preconditioned with different quantities of VEGF (inferred by ELISA of 

CCM) in order to explore the effect of single angiogenic growth factor 

preconditioning in comparison to CCM preconditioning. Gene expression 

analysis was done for VEGF, ANG-1, MEF-2C, NKx2.5, and GATA-4. Results 

showed that upregulation of angiogenic and cardiac differentiation markers 

were more pronounced in HG/Hypoxia-CCM preconditioned group. This result 

was also reasserted through quantitative real time PCR analysis of VEGF, 

NKx2.5, and GATA-4. 

 
 The cytoprotective effect of high glucose/hypoxia-CCM (HG/Hypoxia-

CCM) preconditioning on diabetic MSCs was analyzed by cell viability, LDH 

assay, and Annexin-V staining. Results showed significant increase in cell 

viability, less LDH leakage, and less numbers of Annexin-V positive diabetic 

MSCs due to HG/Hypoxia-CCM preconditioning. HG/Hypoxia-CCM 

preconditioned MSCs also showed high in-vitro tube-forming ability; enhance 

eNOS expression, and better cell proliferation vs 0.065 ng/mL VEGF 

preconditioned group. Western blot analysis showed upregulation of pro-

survival proteins Akt and phospho-Akt in HG/Hypoxia-CCM group. In short, 

survival ability of diabetic MSCs was significantly improved through 

HG/Hypoxia-CCM preconditioning in comparison to non-treated diabetic 

MSCs. 

 
 For in-vivo studies, diabetic MSCs were isolated from C57BL/6 GFP 

expressing diabetic mice (two months old). HG/Hypoxia-CCM preconditioned 

and non-preconditioned diabetic MSCs at concentration of 1 x 105 cells/animal 

were transplanted into left ventricle of two months diabetic C57BL/6 mice 
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(n=6). Hemodynamic parameters were significantly improved in diabetic heart 

transplanted with HG/Hypoxia-CCM preconditioned diabetic MSCs compared 

to non-treated MSCs group. Sirus red and Masson’s trichrome staining results 

showed reduced collagen deposits in diabetic heart transplanted with 

HG/Hypoxia-CCM preconditioned diabetic MSCs. HG/Hypoxia-CCM 

preconditioned MSCs were also able to home and form new cardiac muscle in 

harsh environment of diabetic heart. 

 
 Further, reduced caspase-3 and high VEGF, and eNOS expression was 

observed in hearts sections of HG/Hypoxia-CCM preconditioned MSCs group. 

Gene expression analysis of diabetic heart transplanted with HG/Hypoxia-

CCM preconditioned diabetic MSCs showed upregulated expression of 

survival, angiogenic and cardiac differentiation markers (Akt, VEGF, ANG-1, 

MEF-2C, NKx2.5, and GATA-4), in conjunction with increase paracrine factors 

(IGF-1, FGF-2, SDF-1α , and HGF) while decreased expression of NF-κB 

compared to animals with non-treated diabetic MSCs and diabetic controls. 

 
 In conclusion, this research provides evidence that HG/Hypoxia-CCM 

preconditioning significantly improve the functioning of diabetic MSCs both in-

vitro and in-vivo. The study demonstrated improvement of survival and 

angiogenesis of diabetic MSCs in harsh diabetic environment and represents a 

novel therapeutic strategy to augment functioning of diabetic MSCs in treating 

diabetic heart failure. 
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CHAPTER No. 1 

INTRODUCTION 



1 

 

 

 

Stem cells are characterized as cells that have the ability to self renew 

and exhibit differentiation potential. Stem cells display a variety of 

characteristics like asymmetric cell division, potency to remain quiescent, and 

clonogenic capability to regenerate all cells types of the tissue where they 

reside. Stem cells can be broadly classified into embryonic stem cells and 

adult stem cells. Embryonic stem cells are derived from the inner cell mass of 

the blastocyst whereas adult stem cells are present among differentiated cells 

of various tissues like liver, adipose tissue, skin, and bone marrow etc. 

 
 Diabetes mellitus is specified as a group of metabolic disorders 

characterized by chronic hyperglycemic condition resulting from insufficient 

action of insulin (Chandrashekar et al., 2010). There are two main forms of 

diabetes: type 1 diabetes or insulin dependent diabetes mellitus (IDDM) which 

is due to inadequate production of insulin and type 2 diabetes or non insulin 

dependent diabetes mellitus (NIDDM) which occurs due to impaired insulin 

secretion and increased insulin resistance. Type 2 diabetes further associated 

with obesity and metabolic syndrome (Mollie et al., 2010; Kaku, 2010). 

Individuals with type 1 and type 2 diabetes are at high risk of diabetes induced 

microvascular and macrovascular complications (Calcutt et al., 2009) like 

diabetic neuropathy, diabetic nephropathy, diabetic retinopathy, and the 

peripheral vascular disease like DCM. 

 
 CVD are the major cause of death in developed countries. The most 

common form of heart disease is coronary artery disease which is due to the 

reduction of blood flow in arteries. This reduction results in ischemia and as 

the time passes subsequent tissue ischemia causes cardiomyopathy and 
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ultimately it leads to HF. The ratio of HF is high in diabetics as compared to 

normal population.  

 
 DCM is associated with left ventricular (LV) hypertrophy and fibrosis 

without evidence of coronary atherosclerosis, vascular or valvular pathology, 

and hypertension (Khavandi et al., 2009; Asghar et al., 2009). DCM seems to 

consist of two stages in diabetic patients. In the first stage which is a short-

term stage, physiological adaptation to metabolic alterations occur (Voulgari et 

al., 2010). Thus, during this stage therapies can potentially delay or hinder the 

progression of more permanent abnormalities. The second stage is a long-

term stage characterized by myocellular hypertrophy and myocardial fibrosis. 

The myocardium has limited capacity for repair and hence strategies are 

required to prevent the myocardial cell loss. DCM is also characterized by 

cardiac remodeling that includes apoptotic loss of cardiomyocytes leading to 

hypertrophy (Jianmin et al., 2010; Pamela and Leslie, 2011). The repopulation 

of cardiomyocytes to regenerate new myocardium can facilitate the 

remodelling process in diabetic heart. The necrotic and fibrotic myocardium 

can be replaced by transplantation of pre-differentiated stem cells that will 

differentiate into cardiomyocytes. The genetic and cellular mechanisms that 

initiate the differentiation of stem cells are poorly understood. 

 
Various techniques are used for the treatment of ischemic heart disease 

like coronary artery bypass graft (CABG) surgery and drug based therapies 

that minimize the loss but do not cure. However in recent years, cell based 

therapies have proved to be more effectual in repair of damaged heart 

(Menasche, 2009; Terzica and Perez, 2010). Many cell types like skeletal 
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myoblasts, smooth muscle cells, endothelial progenitor cells, and bone marrow 

stromal cells (BMSCs) have been used for heart repair. Bone marrow derived 

MSCs received attention as an ideal target for cardiac repair as they are 

multipotent in nature and adopt the particular phenotype efficiently depending 

on tissue microenvironment (Volarevic et al., 2011).  

 
MSCs are mainly found in the stromal fraction of the bone marrow, and 

have multilineage differentiation potential and have been widely used in cell 

based therapies for the alleviation of number of diseases including CVD 

(Matthew et al., 2009; Trivedi et al., 2010). The in-vitro differentiation of MSCs 

into myocytes has been shown to be more effective in heart repair and 

regeneration (Kristiina et al., 2011). Various in-vitro preconditioning strategies 

have been applied to differentiate MSCs into cardiomyocytes such as 

treatment with 5-azacytidin, preconditioning with cardiomyogenic conditioned 

medium (CCM), growth factors, and by co-culturing of MSCs with 

cardiomyocytes. 

 
 MSCs isolated from diabetic rat exhibit low differentiation ability in 

culture conditions (Jin et al., 2010). It has been reported that diabetic MSCs 

exhibit impaired survival, proliferation, and angiogenic potential (Khan et al., 

2011). At present, the preconditioning strategies have not been well exploited 

to improve diabetic MSCs functions and are thus an area of further research. 

Preconditioning is one of the potential strategies which could be applied to 

improve the therapeutic potential of diabetic MSCs to treat cardiovascular 

problems in diabetic models. MSCs are preconditioned with different growth 
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factors and chemokines to improve their survival ability into damaged heart 

(Hahn et al., 2008). 

 
 The present study aims to assess the cardiomyogenic growth factors 

mediated diabetic MSCs differentiation and their survival. The study also 

addresses the effects of High glucose/Hypoxia-CCM preconditioning in 

augmenting the survival, proliferation, angiogenic, and cardiac differentiation 

potential of diabetic MSCs. This novel approach of preconditioning of diabetic 

cells for cell therapy will bring new insights in diabetes associated heart 

diseases. It can be considered that preconditioning of cells should be 

performed prior to transplantation in order to improve the survival of cells in 

diabetic heart. 
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STEM CELLS: 

Stem cells can be defined as unspecialized cells that have two defining 

properties: the ability to differentiate into other cells and the ability to self-

renew. Depending on the ability to differentiate into multiple cells, stem cells 

are categorized into different types such as totipotent, pluripotent, and 

multipotent (Salem and Thiemermann, 2010). The term Totipotent is used to 

describe the stem cells which can differentiate into embryonic and 

extraembryonic cell types (Rossant, 2007). The term Pluripotent is used to 

describe the stem cells that can differentiate into nearly all cell types derived 

from any of the three germ layers. Multipotent generally represent stem cells 

that can differentiate into a number of cells, but within tissue (Salem and 

Thiemermann, 2010). 

 
Stem cells are divided into two main categories:  

 
 Embryonic Stem Cells 

 Adult Stem Cells 

 

Embryonic Stem Cells (ESCs): 

 They have unlimited self-renewal and differentiation potential. They are 

capable of giving rise to cells of the three somatic germ layers that constitute 

an organism: ectoderm, mesoderm, and endoderm. These cells are derived 

from the inner cell mass of the blastocyst (Blum and Benvenisty, 2008; Rae et 

al., 2011). 

 

 

http://en.wikipedia.org/wiki/Totipotency
http://en.wikipedia.org/wiki/Pluripotency
http://en.wikipedia.org/wiki/Multipotency
http://en.wikipedia.org/wiki/Pluripotency
http://en.wikipedia.org/wiki/Germ_layer
http://en.wikipedia.org/wiki/Multipotency
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Figure 2.1. Embryonic Stem Cells Isolation from the Inner Cell Mass of the 

Blastocyst and the Totipotent Nature of Embryonic Stem Cells. (Figure 

adapted from O Connor and Crystal, 2006). 

 

Adult Stem Cells:  

 They have more restricted self-renewal and differentiation potential than 

the embryonic stem cells. Adult stem cells comprise of three groups:  

 
 Bone marrow stem cells (BMSCs)  

 Circulating pool of stem/progenitor cells (which are also 

derived from the bone marrow)  

 Tissue-resident stem cells 
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Adult stem cells have been isolated from bone marrow, blood, brain, 

liver, muscle, skin, and umbilical cord blood (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. 

 

Bone Marrow Stem Cells:  

Bone marrow has been considered as the most primitive source of 

several different types of progenitors 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 multilineage potential. Thus, it 

provides fundamental reserve of stem cells in the body to replenish injured 

tissues. 

 
Bone marrow stem cells can be further categorized into following broad 

groups: 

 Hematopoietic stem cells (HSCs) 

 Marrow stromal and/or mesenchymal stem cells (MSCs) 

 Side population cells (SPCs)  

 Multipotent adult progenitor cells (MAPCs) 

 
Hematopoietic Stem Cells (HSCs):  

 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. They are positive for CD34 or CD133 (Orlic, 2003; 

Orlic, 2004). 
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Figure 2.2. Fate of Hematopoietic and Mesenchymal Stem Cells. The two 

major categories of bone marrow stem cells. (Figure adapted from 

http://thaimedicalvacation.com). 

 
Mesenchymal Stem Cells (MSCs):  

  MSCs are multipotent in nature so they have ability to differentiate to 

osteoblasts, chondrocytes, myocytes, tendon-ligament fibroblasts, adipocytes, 

and other mesenchymal phenotypes both in-vitro and in-vivo (Pittenger et al.,  

1999; Beyer and Da, 2006; Sethe et al., 2006). MSCs expressed markers 

include CD29, CD44, CD71, CD90, CD106, CD120a, CD124, SH2, SH3, and 

SH4 while they are negative for CD45 (Buhring et al., 2007; Da et al., 2006). 

 
Side Population Cells (SPCs):  

  Distinct types of cells are located within the bone marrow, named side 

population cells. They can be isolated by flow cytometry on the basis of 
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Hoechst 33352 dye exclusion from these cells. Their phenotype is described 

as CD34–/ low, c-Kit+, Sca-1+ (Broadley et al., 2011; Golebiewska et al., 2011). 

 
Multipotent Adult Progenitor Cells (MAPCs):  

  Fully developed adult tissues and organs contain niches of multipotent 

adult stem cells. Multipotent adult stem cells were described as being able to 

differentiate into varying cell lineages within their respective germ layer. 

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). 

 

Circulating Pool of Stem/Progenitor Cells:  

 The circulating pool of stem/progenitor cells includes different types of 

cells among which the most studied is the endothelial progenitor cells (EPCs) 

(Asahara et al., 1999; Liao et al., 2007). They are positive for expression of 

CD34, vascular endothelial growth factor receptor-2 (VEGFR-2), and CD133 

(Bernardi et al., 2012). 

 

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 
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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). 

 

DIABETES: 

 Diabetes is a group of metabolic disorders characterized by a chronic 

hyperglycemic condition resulting from insufficient action of insulin 

(Chandrashekar et al., 2010). 

 
 Pancreatic islets are clusters of about one million cells embedded in 

exocrine tissue occupying a volume of approximately 1 to 2% of the mass of 

pancreas. Major types of islet cells are insulin secreting β-cells, somatostatin 

releasing δ-cells, glucagon-producing α-cells, and pancreatic polypeptide 

secreting γ-cells (PP cells). The pancreatic islets β-cells and their ability to 

produce insulin are of central significance in the pathology. During the 

advancement of the disease, the β-cells fail to produce sufficient amounts of 

insulin to maintain normal glycaemic level (Rorsman et al., 2008). 

 
 Chronic hyperglycemia characterizes all forms of diabetes induced 

complications accompanied with the development of diabetes specific 

microvascular and macrovascular diseases (Jarajapu and Grant, 2010). 

Microvascular complications include diabetic neuropathy (nerve damage) 

(Jeong et al., 2009), diabetic nephropathy (kidney disease) (Ezquer et al., 

2008), and diabetic retinopathy (e.g. vision disorders, glucoma, cataract, and 

corneal disease) (Yang et al., 2010). Macrovascular complications include 

heart disease, stroke, and peripheral vascular disease like DCM (Boudina and 
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Abel, 2010). As a result, diabetic patients have a higher risk of health issues. 

There are two main forms of diabetes: type 1 and type 2 diabetes 

(Chandrashekar et al., 2010; Bernardi et al., 2012). 

 

Type 1 Diabetes: 

 Type 1 diabetes Mellitus is referred as loss of β-cells in islets of 

Langerhans in pancreas leading to insulin deficiency. Type 1 diabetes is also 

known as insulin dependent diabetes mellitus (IDDM) and also named as 

juvenile onset diabetes (Jurewicz et al., 2010). 

 

Type 2 Diabetes: 

 Type 2 diabetes is due to impaired insulin secretion and increased 

insulin resistance. It is caused by a combination of genetic factors related to 

impaired insulin secretion and insulin resistance and also environmental 

factors such as obesity, overeating, lack of exercise, aging, and stress. It is 

also known as non-insulin dependent diabetes mellitus (NIDDM) or adult onset 

diabetes (Kaku, 2010; Katsha et al., 2011). 

 

DIABETIC HEART DISEASE: 

 A large body of epidemiological and pathological data identified 

diabetes as an independent risk factor for cardiovascular disease (Baliga and 

Sapsford, 2009). In addition, diabetes affords a worse prognosis for survival 

compared to patients with cardiovascular disease without diabetes.  

 
 The increased risk of congestive heart failure (CHF) in diabetic patients 

is well documented. The incidence and risk of mortality from CHF is 
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significantly increased in diabetic patients (Bertoni et al., 2004). The relative 

prevalence of HF in diabetic patients increases with the presence of other 

factors like age, cholesterol, ischemic heart disease, and blood pressure. 

  
 Diabetes affects the heart at the functional, molecular, cellular, and 

metabolic levels. There are two main contributors to cardiac dysfunction in 

diabetes (Ferreiro et al., 2010). (i)  There is an amplified degree of occlusive 

coronary artery disease in diabetics. (ii) The existence of a specific diabetic 

cardiac muscle disease (DCM) independent of coronary atherosclerosis, 

autonomic neuropathy, or evidence of microvascular or macrovascular disease 

has been demonstrated in diabetes (Wenmeng and Qizhu, 2011). In the light 

of many contributing pathologies, it remains uncertain which factors are most 

important to the overall incidence of HF in diabetic patients. 

 

 

Figure 2.3. Some of Diabetes Associated Risk Factors that Cause HF. 

Advanced glycation end products (AGEs). (Adapted from Wang et al., 2006). 
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Coronary Atherosclerosis: 

 In diabetic patients prevalence of coronary artery disease (CAD) is 

greater. Degree and extent of atherosclerosis is more severe in diabetics. Both 

Type 1 and 2 diabetes are independent risk factors for CAD. In type 2 

diabetes, the major cause of death is CAD (Banning et al., 2010). Due to these 

reasons, the incidence of myocardial infarction is increased in diabetic 

condition, as the rates of other cardiovascular complications related to 

atherosclerosis such as arrhythmia, CHF, and cardiogenic shock also increase 

(Fernandez et al., 2011). 

  
 Atherosclerosis underlies the leading cause of death in industrialized 

societies (Lloyd et al., 2010). Atherosclerosis first involves expansion of the 

arterial intima (small area between the endothelium and the underlying smooth 

muscle cells of the media), with lipids, cells, and extracellular matrix. As 

atherosclerotic lesions progress, a non-resolving inflammatory condition 

prevails and monocytes continue to enter in plaques and differentiate into 

macrophages. Macrophage cells undergo apoptosis as a result of prolonged 

endoplasmic reticulum (ER) stress and other stimuli (Kamei and Carman, 

2010; Kadl et al., 2010). These apoptotic cells are not effectively cleared by 

macrophages (defective efferocytosis) in advanced lesions leading to 

secondary cellular necrosis (Moore and Tabas, 2011). 

 
 CAD is the most frequent cause of left ventricular (LV) systolic 

dysfunction. Individuals with diabetes have significant LV dysfunction without 

chest pain. Atherosclerosis is more commonly multi-vessel and diffuse in 

nature at the time of diagnosis (Fryburg and Vassileva, 2011). The 



14 

 

 

 

asymptomatic or atypical presentation of symptoms can lead to delay or failure 

to recognize, diagnose, and treat atherosclerotic heart disease (Roberts et al., 

2009; Park et al., 2010).  

 

Diabetic Cardiomyopathy (DCM): 

 In addition to frequent occurrence of CAD in diabetes, there is also a 

risk of DCM. DCM is a type of cardiac dysfunction resulting from diabetes and 

independent of vascular or valvular pathology. Clinically, it manifests initially as 

asymptomatic diastolic dysfunction which progresses to symptomatic HF. The 

two major contributors for development of DCM are unique to diabetes i.e. 

hyperglycemia and diabetes related alterations (Wenmeng and Qizhu, 2011).
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CARDIOMYOPATHIES: 

Cardiomyopathies comprise a heterogeneous group of heart diseases. 

They are defined as myocardial diseases associated with mechanical or 

electrical dysfunction that usually exhibit inappropriate ventricular hypertrophy 

or dilation and are due to a variety of causes that are frequently genetic (Dolci 

et al., 2008; Iacovoni et al., 2010). 

 

Hemodynamic Classification of Cardiomyopathies: 

 Cardiomyopathies are classified according to hemodynamic 

characteristics (Harvey and Leinwand, 2011). 

 
 Hypertrophic cardiomyopathy 

 Dilated cardiomyopathy 

 Restrictive cardiomyopathy 

 

Hypertrophic Cardiomyopathy:  

 Hypertrophic cardiomyopathy is characterized by ventricular 

hypertrophy in which LV mass and wall thickness are increased by interstitial 

infiltration or intracellular aggregation of metabolic substrates (Maron and 

Pelliccia, 2006; Wang et al., 2010; Ho et al., 2010). 

 
Pathogenesis and Genetics of Hypertrophic Cardiomyopathy: 

 In hypertrophic cardiomyopathy, a mutation in sarcomeric proteins 

increase the myofilament activation (Peddy et al., 2006; Chiu et al., 2010) and 

results in myocyte hypercontractility and excessive energy use (Buvoli et al., 

2008). Alterations in cardiac energy-sensing apparatus e.g., AMP-activated 
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protein kinase [AMPK], in calcium handling combined with stimulation of 

signaling pathways e.g., the Janus-associated kinase signal transducers, and 

activators of transcription [JAK-STAT] signaling pathway (Huke and 

Knollmann, 2010) diminish myocyte relaxation and promote myocyte growth 

with aberrant tissue architecture i.e., myofibrillar disarray and myocardial 

fibrosis (Marston et al., 2009; Van et al., 2009). 

  
 Diagnostic clues include the inheritance pattern like (X-linked, 

autosomal recessive) and presence of signs and symptoms of multi-system 

disease (O Hanlon et al., 2010; Penicka et al., 2009). 

 

Dilated Cardiomyopathy:  

 The major features of dilated cardiomyopathy are the presence of LV 

dilatation and LV systolic dysfunction in the absence of abnormal loading 

conditions (hypertension, valve disease) or coronary artery disease sufficient 

to cause global systolic impairment (Jefferies and Towbin, 2010). Right 

ventricular (RV) dilation and dysfunction may be present but that may 

ultimately progress to the LV dysfunction as well (Mestroni et al., 1999; Dietz, 

2010). 

 
Pathogenesis and Genetics of Dilated Cardiomyopathy: 

 Dilated cardiomyopathy has diverse mutations in heterogeneous 

pathways ranging from components of the membrane-scaffolding apparatus 

e.g., sarcoglycan and dystrophinopathies, reduced myofilament activation 

(Debold et al., 2007), nuclear envelope proteins e.g., lamin A and C (Wolf et 

al., 2008; Malhotra and Mason, 2009), calcium-handling proteins e.g., 

phospholamban [PLN], and RNA splicing e.g., ribonucleic acid–binding protein 
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[RBM20], and in cell energy-generating machinery. These mutations lead to 

impaired contraction, unsurmountable cellular compromise with consequent 

cell death and fibrotic repair. 

 
Pathogenesis and Genetics of Dilated Cardiomyopathy: 

 Diagnostic clues include the inheritance pattern like X-linked diseases, 

autosomal dominant form caused by mutations in cytoskeletal, sarcomeric 

protein/Z-band, nuclear membrane, and intercalated disc protein genes 

(Jefferies and Towbin, 2010; Dellefave and McNally, 2010). 

 

Restrictive Cardiomyopathy:  

 The hallmark of restrictive cardiomyopathy is ventricular filling in which 

increased stiffness of the myocardium causes ventricular pressure to rise 

sharply with only small increases in volume (Davis et al., 2007). Restrictive 

cardiomyopathy has always been hard to define because restrictive ventricular 

physiology occurs in a wide range of different pathologies like normal or 

reduced diastolic volumes, normal or reduced systolic volumes, and normal 

ventricular wall thickness (Watkins et al., 2011). 

 
Pathogenesis and Genetics of Retrictive Cardiomyopathy: 

 Diagnostic clues include the inheritance pattern of restrictive 

cardiomyopathy like X-linked inheritance (such as Anderson–Fabry disease) 

and autosomal dominant inheritance, caused by mutations in the troponin I 

gene (TNNTI3) (Peddy et al., 2006), in conduction defects caused by 

mutations in the desmin gene usually associated with skeletal myopathy 

(Karam et al., 2008; Parvatiyar et al., 2010; Connie, 2008).  
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Figure 2.4. Classification of Cardiomyopathies i.e. Hypertrophic, Dilated, and 

Restrictive Cardiomyopathy. Atrium (Ao); Left auricle (LA); Left ventricle (LV) 

(Figure adapted from http://llarky.blogspot.com). 

 

Diabetic Cardiomyopathy: 

 An association between diabetes and cardiac disease was first 

recognized in the late 1800s. Prior to 1972, the rate of diabetes induced 

cardiovascular morbidity and mortality increased and people attributed it to 

vascular disease (Lundbaek, 1954). Rubler et al., (1972) proposed the term 

DCM based on their experience with four adult diabetic patients who suffered 

from CHF in the absence of coronary artery disease, valvular or congenital 

heart disease, hypertension, or alcoholism. 
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 So, DCM is characterized by ventricular dysfunction in the absence of 

coronary artery disease and hypertension. Studies showed that patients with 

type 2 diabetes have a 30-60% prevalence of diastolic dysfunction without 

visible signs of CAD (Khavandi et al., 2009; Asghar et al., 2009). More 

recently, Framingham heart study provided conclusive evidence of the role of 

diabetes in HF. It was observed in a prospective study of 5000 individuals, the 

risk of HF was increased in diabetic men and women by two and five fold 

respectively (Fox, 2010). Hence, HF is now recognized as a major cause of 

death among diabetic patient. 

 

Pathophysiology of Diabetic Cardiomyopathy: 

 DCM seems to consist of two major components. Physiological 

adaptation to metabolic alterations occurs in first component which is short-

term, whereas the second represents degenerative alteration for which the 

myocardium has only limited capacity for repair. Thus, during the early stages 

of diabetes, therapies can potentially delay or hinder the progression of more 

permanent abnormalities (Mishra and Rath, 2005; Dobrin and Lebeche, 2010). 

Many factors may affect the process of development of DCM such as 

treatments, metabolic characteristics, lipid profile, and other individual 

differences (Khavandi et al., 2009; Asghar et al., 2009). These factors affect at 

different degree in diabetic patients, which may result in marked variability in 

the clinical manifestations of the DCM (Boudina and Abel, 2010; Voulgari et 

al., 2010). 
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Early Stage (Metabolic Disturbances): 

Hyperglycemia is the main initiator of DCM at an early stage. Early 

stage is characterized by metabolic disturbances. Normally, during aerobic 

perfusion at normal workload conditions, the heart utilizes free fatty acids 

(FFA) as its primary energy and during periods of ischemia or increased work 

load it increasingly relies on glycolysis and pyruvate oxidation (Smith et al., 

2006; Ashrafian and Frenneaux, 2007; Neubauer, 2007). Metabolic 

disturbances during early stage are as follows: 

 
Alterations in substrate supply and utilization: In diabetes, the 

hyperglycemic condition can directly trigger the metabolic changes (Voulgari et 

al., 2010). Primary defect in diabetic heart is the stimulation of glycolysis and 

glucose oxidation. Main factor in the pathogenesis of DCM is altered substrate 

supply and its utilization by cardiac myocytes. Due to cellular depletion of 

glucose transporters (GLUTS) 1 and 4, glucose transport across the 

sarcolemmal membrane into the myocardium is restricted which leads to slow 

rate of glucose utilization in diabetic heart. Secondary mechanism involved in 

reduced oxidation of glucose is via the inhibitory effect of fatty acid oxidation 

on pyruvate dehydrogenase complex which is due to high circulating FFA. The 

resulting net effect is reduced availability of ATP. 

 
Free fatty acid metabolism: In diabetes, level of circulating FFA elevates 

because of enhanced adipose tissue lipolysis and hydrolysis of increased 

myocardial triglyceride stores. High circulating as well as cellular levels of FFA 

result in abnormal FFA metabolism which produces potentially toxic 

intermediates of FFA, all of which can leads to impaired myocardial 
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performance and severe morphological changes (Zhang et al., 2010). Major 

factor in development of DCM is FFA induced impairment of glucose oxidation. 

Moreover, the availability of carnitine, an essential substance for myocardial 

FFA metabolism is usually reduced in diabetic condition (Carley and Severson, 

2008; Sarma and Gheorghiade, 2010). 

 
Abnormality in calcium homoeostasis: Myocardial calcium conduct gets 

abnormal which contributes to perturbed cardiac mechanics in the diabetic 

heart (Taigen et al., 2000). The activities of sarcoplasmic reticular calcium 

pump are impaired which reduce the rate of Ca2+ removal from the cytoplasm 

in diastole. These alterations may contribute to increased diastolic stiffness 

which is a characteristic of DCM (Pereira et al., 2006). Long chain acylcarnitine 

and free radicals like toxic molecules accumulate which lead to alteration of 

calcium sensitivity of regulatory protein. 

 
Advanced glycation end products (AGEs) accumulation: The 

hyperglycemia results in non-enzymatic glycation of macromolecules. The 

sugars linked to macromolecules are condensed into large heterocyclic 

derivatives by complex reaction. These complex structures are known as 

AGEs. These AGEs accumulate in tissues and are entailed in morphological 

changes that occur in the diabetic heart. The AGEs are helpful in modification 

of ECM that cause inelasticity of the vessel wall and could interfere with the 

myocardial function (Montagnani, 2008). 

 
Activation of protein kinase C (PKC): Hyperglycemia induces upregulation 

of protein kinase C (PKC) by diacylglycerol (DAG) (Bilim et al., 2008). PKC 

interferes with contraction protein Troponin-T, Troponin-I, and Troponin-
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tropomyosin complex. Increased PKC activity influences nuclear gene 

transcription by way of mitogen-activated protein kinase (MAPK) cascade that 

ultimately induce the immediate early gene programmed with succeeding 

stimulation of late genes that increase production of Angiotensin-converting 

enzyme (ACE), α-MHC and skeletal α-actin (Xiaa et al., 2007). ACE may 

account for development of abnormalities that contribute to the development of 

diabetic cardiomyopathy. 

 
Middle Stage (Myocardial Fibrosis): 

 In this stage, cellular changes such as defects in calcium transport and 

fatty acid metabolism occur which may lead to increase in myocyte apoptosis 

and necrosis. Hyperglycemia results in the production of free radicals species 

like ROS and RNS which increase oxidative stress. Oxidative stress causes 

abnormal expression of several genes which alter signal transduction and 

activates the apoptotic pathways (Khullar et al., 2010). Hyperglycemia can also 

directly induce myocyte necrosis in heart. Angiotensin II, TGF-β1, and possibly 

mild cardiac autonomic neuropathy (CAN) leads to myocyte injury, loss, and 

ultimately myocardial fibrosis (Voulgari et al., 2010). These factors cause 

abnormal mitral inflow that may advance to low EF. This stage is characterized 

by myocellular hypertrophy and myocardial fibrosis (Ho et al., 2010). 

 
 Myocyte necrosis results in increased deposition of collagen in a diffuse 

or scattered manner. In diabetic myocardium, collagen deposition can occur 

due to impaired collagen degradation resulting from glycosylation of the lysine 

residues on collagen (Menon et al., 2009; Polakit et al., 2010). The functional 

abnormality in diabetic myocardium is associated with the structural changes 
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and these structural changes might play a role in progressive deterioration of 

cardiac hemodynamics. 

 
Late Stage (Microvascular Changes): 

 In the late stage, further changes in metabolism and development of 

myocardial fibrosis occur which result in further myocardial microvascular 

changes. Late stage is characterized by both myocardial microvascular 

structural and functional changes which are probably resulted in microvascular 

spasm. DCM at this stage is often associated with hypertension and early 

development of ischemic heart disease in diabetes as endothelial dysfunction 

and apoptosis rate is enhanced in diabetic heart. Following dysfunctions occur 

in the late stage of DCM: 

 
Microvascular changes: Structural and functional alterations of small vessels 

in diabetes have been accused for the development of DCM. In a biopsy study, 

diabetic patients had normal or mildly depressed LV systolic function but 

significantly greater thickening of the capillary basement membrane, interstitial 

fibrosis, and smaller myocytes compared with the control subjects. The 

alterations in capillaries due to diabetes may lead to myocardial cell injury and 

interstitial fibrosis ultimately leading to DCM. 

 
Role of endothelial dysfunction: In diabetic patients, the endothelial 

dysfunction commonly occurs in coronary vasculature and leads to abnormal 

control of blood flow. In diabetics, the endothelium dependent dilation in the 

epicardial coronary arteries gets impaired due to atherosclerosis. Various 

mechanisms have been implicated in abnormal endothelium dependent 

vasodilatation in diabetes such as increase in oxidative stress reduced the half 
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life of nitric oxide. On the other hand, synthesis of vasoconstrictor prostanoids 

is increased so that vasoconstriction is enhanced in diabetic patients. In 

diabetes, the increased PKC activity also plays a role in endothelial 

dysfunction and subsequent development of diabetic cardiomyopathy. 

 
Apoptosis in the diabetic heart: Apoptosis is programmed cell death which 

results through sequential biochemical events including cell blebbing and 

shrinkage, chromatin condensation, and DNA fragmentation. Many studies 

show that apoptosis occurs in CVD and plays a significant role in the 

development of HF (Rajamani et al., 2011). In CVD, the exact stimulus for 

apoptosis remains controversial. The fate of cells i.e., death versus survival is 

decided by the balance between endogenous apoptotic stimuli and inhibitors. 

In diabetics, the phenomenon of apoptosis has been reported in the 

pathogenesis of various complications including nephropathy, cardiomyopathy, 

retinopathy, and neuropathy. Several reports consider hyperglycemia as an 

independent risk factor for cardiac cells damage that ultimately leads to cell 

death in many CVD including myocardial infarction (MI). In diabetic condition 

MI resulted in adverse cardiac remodeling which leads to cardiomyocyte 

apoptotic cell loss, hypertrophy, and fibrosis. 

 

Structural Changes in Diabetic Cardiomyopathy: 

 Structural changes in diabetic heart occur in the absence of 

hypertension, CAD, and valvular heart diseases (Boudina and Abel, 2007; 

Boudina, 2009). Fibrosis is the main structural change which may be 

perivascular, interstitial, or both. As the disease progresses, myocyte loss is 

increased and replaced with fibrosis. The endomyocardial biopsies show that 
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the mean diameter of RV significantly larger. And the percentage of interstitial 

fibrosis in diabetics is significantly greater than normal individuals. The fibrosis 

leads to the LV hypertrophy (Hayat et al., 2004; Symeonides et al., 2007; 

Chowdhry et al., 2007). 

 
Left Ventricle Hypertrophy (LVH): 

 Medial layers of arterioles throughout the cardiac circulation in diabetes 

show “hyaline” change, an amorphous, ground glass appearance, resulting 

from breakdown of structural proteins and uptake of glycated plasma proteins 

into the vessel wall. In diabetic heart, the reduced blood supply resulting from 

microvascular disease affects the vasa vasorum that further damages the 

small and medium arterioles. 

  
 It is very difficult to find a clear relationship between the loss of cardiac 

function and the histological damage in the diabetic blood vessels. However, it 

is believed that the structural changes and loss of elasticity both contribute to 

hypertension and increase the risk of macrovascular events in diabetes. The 

European Heart Association’s Guidelines (2009) have defined LV hypertrophy 

as an increase in LV mass index above 125 g/m2 for men and above 110 g/m2 

for women (Voulgari et al., 2010). 

  
 In LV hypertrophic condition, the markers of systemic inflammation such 

as fibrinogen, C-reactive protein, and microalbuminuria are increased. 

Microalbuminuria has been shown to be not only a marker of endothelial 

dysfunction and increased risk of atherosclerosis but also positively correlates 

with LV mass (Palmieri et al., 2003). 
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Functional Changes in Diabetic Cardiomyopathy: 

 In diabetic patients, functional changes occur independent of 

hypertension, CAD, or any other known cardiac disease. These alterations can 

involve either the diastolic or systolic functions of the heart or both (Asghar et 

al., 2009; Voulgari et al., 2010). 

 

 LV diastolic dysfunction in diabetics 

 LV systolic dysfunction in diabetics 

 
LV Diastolic Dysfunction: 

 LV diastolic function is determined by its passive elastic properties, 

linked with the process of active relaxation. Diastolic dysfunction is 

characterized by deterioration in the relaxation and passive filling of the LV 

(Zile et al., 2004; Brooks et al., 2008; Maciver and Townsend, 2008). The 

condition of diastolic HF exists with an elevated end diastolic pressure, and 

normal ejection fraction (EF) (Sorrell et al., 2009). This condition is termed as 

HFNEF (HF with a normal EF).  

 
 The functional abnormalities in the LV occur as a result of structural 

remodelling (concentric LV hypertrophy). This results in normal or near normal 

end diastolic volume and elevated left ventricle mass (LVM) to volume ratio 

and elevated wall thickness to chamber radius relationships. So, the 

development of diastolic dysfunction has been associated with only modest 

increase in LVM (Ozasa et al., 2008). In diabetic cardiomyopathy, reduced 

LVEF, myocardial collagen deposition, and AGEs are the primary pathological 

processes that are responsible for reduced elasticity of the myocardium. LVH 

and geometric remodelling have prominent role in increase of passive stiffness 
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and impaired relaxation. Therefore, the LV pressure-volume curve is shifted 

upward and leftward, chamber compliance is reduced, diastolic filling is 

changed with an elevation of the end diastolic pressure and HF results (Van et 

al., 2008). 

 
 In diabetic cardiomyopathy, the diastolic dysfunction is the earliest 

detectable functional abnormality which is commonly found in healthy and 

asymptomatic diabetic patients. In a study of normotensive asymptomatic type 

2 diabetic patients with controlled glucose level, 47% were found to have 

diastolic dysfunction (Zabalgoitia et al., 2001; Boyer et al., 2004). Whereas 

some other studies which used more sensitive diagnostic methods reported 

that as many as 75% of diabetic patients demonstrate abnormalities of 

diastolic function (Rijzewijk et al., 2008; Brooks et al., 2008; Ozasa et al., 

2008). 

 
LV Systolic Dysfunction: 

 In the sub-endocardium, longitudinal fibers are present that are 

responsible for long axis contraction and are particularly susceptible to the 

effects of fibrosis, ischemia, or hypertrophy. The LVEF is preserved in diabetic 

patients with HFNEF because long axis systolic dysfunction is associated with 

a compensatory increase in radial thickening and mass (Svealv et al., 2008). 

Thus, this preservation of EF is directly related to the presence of LVH and the 

effect of increased muscle mass. Patients with HFNEF have significantly 

higher left ventricle mass index (LVMI), lower LVED (left ventricular end-

diastole) volume index, and higher LVMI/LVED volume index ratio. 

Furthermore, RV diastolic dysfunction has been reported in asymptomatic 
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patients with Type 1 diabetes (Aurigemma et al., 2006; Maciver and 

Townsend, 2008). 

  
 Advances in TDI (Tissue Doppler Imaging) allow the measurement of 

sensitive indices of regional and long-axis function of both the left and right 

ventricles (Galderisi, 2006). Using these sensitive methods, several studies 

have demonstrated elusive abnormalities in systolic function in patients with a 

diagnosis of diastolic dysfunction (Lisandro and Francisco, 2010). 
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MANAGEMENT OF DIABETIC CARDIOMYOPATHY: 

The two primary treatment options available for DCM are: 

 
 Pharmacologic Therapy 

 Cell Based Therapy or Cellular Cardiomyoplasty 

 

Pharmacologic Therapy:  

Pharmacological therapy includes the use of drugs and hormones. A 

brief introduction of these is mentioned below. 

 

Drugs Based Therapy:  

Drug based therapy includes: 

 
Beta-Adrenoreceptor Antagonists:  

β-blockers have been shown to prevent and even reverse cardiac 

remodeling resulting in improved LV function and a reduction in mortality 

(Hayat et al., 2004; Matsumura et al., 2006; Hamada et al., 2010). Beta-

adrenoreceptor antagonists such as carvedilol cause a regression of the 

hypertrophic phenotype and a decrease in ECM proteins. Carvedilol also 

possesses antioxidant, antiproliferative, and hypoglycemic properties.  

 
Angiotensin-Converting Enzyme Inhibitors:  

 The ACE inhibitor, like captopril demonstrated a significant 

improvement in exercise capacity and symptoms of HF without an effect on 

mortality (Matsumura et al., 2006; Hamada et al., 2010). In addition, ACE 

inhibitors can prevent diabetes-induced capillary network remodelling and 

increase in ECM protein in the heart. 
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Endothelin-Receptor Antagonist:  

Hyperglycemia may lead to an increase in the basement membrane 

protein, fibronectin via an endothelin (ET)-dependent pathway (Chen et al., 

2003). This also leads to activation of NF-κB and activating protein-1 (AP-1). 

This increase in fibronectin protein is dependent on ET receptor-mediated 

signaling. An ET-receptor antagonist like bosentan prevents the formation of 

collagen IV and fibronectin in the heart of STZ-induced diabetic rats (Yang et 

al., 2012). 

 
Adrenomedullin:  

Adrenomedullin (AM) is a potent vasodilating peptide and reduces 

hyperglycemia-induced glycogen accumulation in the heart of STZ-diabetic 

rats. AM also decreases LV end-diastolic pressure and increases cardiac 

output and cardiac index. These cardiac functions can be achieved through 

improved cardiac function via the cAMP and Akt signal transduction pathways 

(Wenmeng and Qizhu, 2011). 

 
Diuretics:  

Diuretics or "water pills" are a mainstay of therapy for patients with HF. 

These drugs increase the elimination of water through kidneys and reduce the 

fluid retention that often occurs in DCM. Commonly used diuretics include 

Lasix (furosemide) and Bumex (bumetanide). Their chief side effect is that they 

can low down potassium levels, which can lead to cardiac arrhythmias 

(Damman et al., 2011).  

 

 

http://drugsaz.about.com/od/drugs/lasix.htm
http://drugsaz.about.com/od/drugs/bumex.htm
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Hormones Therapy: 

 

Insulin Like Growth Factor-1:  

Insulin like growth factor-1 (IGF-1) treatment improves the contractile 

disturbances in cardiomyocytes of diabetic rats. It has also been shown to 

restore the diabetes-induced decline in SR Ca2+ATPase (SERCA) which 

indicates that IGF-1 may be useful in the treatment of DCM (Kuo et al., 2009). 

It is also reported in many studies that IGF-1 promotes cardiac growth, 

improves cardiac contractility, output, and ejection volume (Khan et al., 2011; 

Guo et al., 2008; Li et al., 2007). Moreover, it also facilitates glucose 

metabolism and improves insulin sensitivity. 

 
Insulin:  

Hyperglycemia induces the production of free radicals species like ROS 

and RNS. These species in turn stimulate oxidative stress leading to abnormal 

gene expression, defective signal transduction, and apoptosis of 

cardiomyocytes. ROS and RNS promote the formation of abnormal and 

excessive ECM that contributes to the fibrosis. Hyperglycemia is a promoter of 

AGEs. Hyperglycemia also induces apoptosis via p53 and activation of the 

cytochrome c-activated caspase-3 pathway in cardiomyocytes (Dean et al., 

2007). 

 
 However, no specific drugs are yet available for the treatment or 

prevention of ventricular dysfunction in diabetic cardiomyopathy. 
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Cellular Cardiomyoplasty: 

The phenomena of cellular cardiomyoplasty are based on the idea to 

grow new muscle fibers in damaged myocardium that potentially may 

contribute to the contractile performance of the heart (Wang and Guan, 2010). 

 
 Cell transplantation strategies have been planned to replace damaged 

cells with cells that can perform cardiac work. Therefore, the aim of cellular 

cardiomyoplasty is to repair injured myocardium either in ischemic or idiopathic 

cardiomyopathies by cell transplantation. 

 

Cell Types for Cellular Cardiomyoplasty: 

 Current possibilities in cell therapy for HF are the transplantation of: 

 

 Fetal or embryonic cardiomyocytes 

 Skeletal myoblasts (satellite cells) 

 Smooth muscle cells 

 Embryonic stem cells 

 Endothelial progenitor cells 

 Bone marrow stromal cells or MSCs 

 
Fetal or Embryonic Cardiomyocytes:  

Fetal or embryonic cardiomyocytes have been successfully grafted into 

the heart. However, there are two major disadvantages in using these cells: (i) 

The availability of embryonic (or fetal) tissue is limited. (ii) An 

immunosuppressive treatment is required after implantation of cardiomyocytes 

(Li et al., 1997; Watanabe et al., 1998). 
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Skeletal Myoblasts:  

These are mononucleated myogenic stem cells of skeletal muscle that 

lie near the basal lamina of the skeletal muscle myofibres. These cells retain 

the potential to differentiate into skeletal myoblasts. Autologous satellite cells 

have been utilized to eliminate the need for immunosuppressant and have 

yielded similar results (Robert, 2011). These positive results lead to several 

clinical studies (Laflamme et al., 2007; Menasche, 2008) The main 

disadvantage of these cells are, they are incapable of forming gap junctions 

leading to unsuccessful electromechanically signaling and inability to contract 

synchronously with host myocardium after transplantation (Laflamme et al., 

2007; Menasche, 2009; Menasche, 2011).  

 
Smooth Muscle Cells:  

Smooth muscle cells can induce angiogenesis and facilitate arteriole 

formation (Hagege et al., 2003). These cells are actively involved in matrix 

formation so, play an important role in the ventricular modulation. They secrete 

elastin which could restore elastic muscle tissue within fibrous scar. In 

addition, the smooth muscle can be cultured and propagated with ease. 

 
Embryonic Stem Cells:  

These are most primitive stem cells type and have potential to develop 

into number of cell types including cardiomyocytes (Saric et al., 2008; Murry 

and Kelle, 2008). Despite all this, benefit associated with the use of embryonic 

stem cells, the moral, political, and ethical issue related to their application, as 

well as the restriction to use them on human research project and the limited 
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supply have encouraged the search of an alternative source of stem cells 

(Gersh et al., 2009). 

 
Endothelial Progenitor Cells:  

These are present in bone marrow. They are mobilized to injured tissue 

in response to the ischemia and cytokine stimulation and enhance 

neovascularization in ischemic tissue (Liao et al., 2007). EPCs co-culture with 

cardiomyocytes also induces the EPCs differentiation into active 

cardiomyocytes. This suggests that the EPCs not only differentiate into 

endothelial cells but also into cardiomyocytes. However, since different 

investigators have different methods and markers for the isolation of EPCs. 

This non-specific characterization leads to its major disadvantage to produce 

variable results (Manginas et al., 2007). 

 
Bone Marrow Derived MSCs:  

 MSCs have capacity to differentiate and replicate into specialized 

tissues including cardiomyocytes, endothelial cells, and smooth muscle cells 

(Toma et al., 2002; Pittenger et al., 1999). Several reports show that the MSCs 

have ability to acquire the cardiomyocytes phenotype in both healthy and 

infarcted heart (Tokcaer et al., 2009). MSCs adhere to the plastic surface and 

form colonies that become visible one week after plating. MSCs can be 

expanded over 15 cell doubling (Pittenger et al., 2004, Minguell et al., 2001).  

 
 MSCs received attention as an ideal target for cardiac repair. These 

cells are multipotent in nature that’s why they respond to their 

microenvironment and develop into corresponding phenotype (Volarevic et al., 

2011; Robert et. al., 2010). Lee et al., (2009) showed that implanted fresh 
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isolated cultured MSCs induced angiogenesis in myocardial scar tissue and 

some implanted bone marrow cells were also differentiated into myogenic cells 

which prevented ventricular thinning and dilatation and improved heart 

function. 

 
 Harvesting and transplantation of MSCs from patient eliminate the 

concern of immune rejection and makes them an attractive candidate for stem 

cell therapy after myocardial infarction (Tse et al., 2003; Chamberlain et al., 

2007). MSCs seem to be the most attractive strategy for transplantation rather 

than adult, fetal (Li et al., 1997) or neonatal cardiac myocytes (Watanabe et 

al., 1998), or embryonic stem cells derived cardiac myocytes (Min et al., 2002), 

all of which are difficult to obtain in clinically meaningful numbers and are also 

susceptible to immunologic rejection. 

 
 So far, all above mentioned cell types have been tested and almost all 

appear to confer benefits irrespective of their disadvantage (Passier et al., 

2008). Various mechanisms are involved in the action of these cells. The 

extent to which these different mechanisms are active may critically depend on 

the cell type and setting. The ultimate success of cell therapy will rest on its 

ability to show clinical efficacy rather than on the attributed mechanism. 

 

Possible Mechanisms of Action:  

The mechanisms by which MSCs repair damaged myocardium or lead 

to improvement in cardiac function are mostly unknown. However, the two 

fundamental actions of MSCs are: 

 



36 

 

 

 

 Directly or indirectly improving neovascularization (vasculogenesis, 

angiogenesis and arteriogenesis) (Noiseux et al., 2006; Laflamme 

et al., 2007; Wollert, 2008). 

 Differentiation into cardiomyocytes and formation of myocardial 

tissue (Laflamme et al., 2007; Kocher, et al., 2007; Segers and 

Lee, 2008). 

 
 Stem cells may mediate functional benefits through (i) Paracrine 

secretion of growth factors or cytokines which indirectly promote survival of 

cardiomyocytes by inhibition of cardiac apoptosis (Jiang et al., 2008). (ii) May 

also lead to mobilization of endogenous progenitor cells which alleviate 

remodeling. (iii) A small number of stem cells fuse with the native 

dysfunctional myocytes and differentiate into cardiac myocytes to augment 

function. 

 

Routes of MSCs Delivery: 

 The aim of any cell delivery strategy is to transplant sufficient numbers 

of stem cells into the myocardial region of interest and to achieve maximum 

holding of cells within that damaged area (Lakshmana et al., 2008). There are 

essentially five potential routes for delivery of MSCs to the damaged 

myocardium: 

 Intravenous injection 

 Intracoronary injection 

 Direct intramyocardial injection 
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Figure 2.5. The Proposed Mechanism of BMSCs Action in Cardiac Repair. 

Transdifferentiation and cell fusion of transplanted stem cells lead to cardiac 

regeneration and vasculogenesis. Paracrine effects can positively influence 

cardiomyogenesis and neovascularization. Cardiac regeneration, 

vasculogenesis, and paracrine effects overall lead to cardiac repair. ECs, 

Endothelial cells; VSMCs, Vascular smooth muscle cells; CMC, 

Cardiomyocytes (Adapted from Massimiliano et al., 2008). 

 
Intravenous Injection:  

It’s a simplest and least invasive method of administration of cells and 

eliminates the need of cardiac surgery or catheterization. However, because of 

the long circulation time, cells could be lost by extraction by non cardiac 

organs and fail to home to the area of infarct (Price et al., 2006). 
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Intra Coronary Injection:  

It’s a mode of delivery of cells to specific area through selective 

intracoronary injection with wire balloon catheter. However, potential risks of 

intracoronary injection are peripheral mobilization of cells so it requires higher 

dose of cells (Katritsis et al., 2005; Perin et al., 2008). 

 
Direct Intra Myocardial Injection:  

Direct intra myocardial injection of cells is a simple process and it also 

allows direct visualization and surveillance of the target areas (Wang et al., 

2008). Intramyocardial injection may lead to islands of cells in the infarcted 

heart, which provide a substrate for electrical instability and ventricle. As far as 

the intramyocardial cell injection is concerned most studies used rodents. 

Since preclinical experiment shows that the intramyocardial injection may have 

a more pronounced effect on LV function (Jiang et al., 2008). 

 

Figure 2.6. Routes of Delivery of Stem Cells in to Heart (Figure adapted from 

Korff et al., 2010). 
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MSCs AS CANDIDATES FOR CELL THERAPY IN 

DIABETIC HEART 

MSCs have been known to secrete huge amount of growth factors and 

cytokines and thus mediate endogenous regeneration via activation of 

resident cardiac stem cells and other type of stem cells. MSCs induce 

neovascularization, anti-inflammation, anti-remodelling, and cardiac 

contractility in a paracrine manner (Zhuzhi et al., 2011). 

  

MSCs Derived Paracrine Factors and Neovascularization:  

 Kinnaird et al., (2008) demonstrated that the MSCs release several 

angiogenic factors such as VEGF, bFGF, placental growth factor (PIGF), and 

monocyte chemoattractant protein-1 (MCP-1) into the culture medium 

(Kamihata et al., 2001). Other studies demonstrated that in response to 

hypoxia, MSCs express bFGF, FGF-7, IL-1, IL-6, PIGF, transforming growth 

factor-beta (TGF-β), TNF-α, and VEGF. The intramyocardial injection of MSCs 

into infarcted heart leads to the upregulation of bFGF, VEGF, and SDF-1α and 

thus increased vessel density.  

 

MSCs Derived Paracrine Factors and Inflammation:  

 MSCs secrete a variety of pro-inflammatory and anti-inflammatory 

cytokines. These cytokines may directly act to limit deleterious endogenous 

inflammation in the heart. MSCs lead to down-regulation of the cytokines TNF-

α, IL-1β and IL-6 which are known to be involved in adverse LV remodelling 

(Guo et al., 2007). Transplantation of MSCs has been shown to attenuate 

myocardial dysfunction in a rat model of acute myocarditis (Ohnishi et al., 

2007). Moreover, MSCs-derived conditioned medium injection into heart 
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indicated that the anti-inflammatory effects are due to paracrine factors 

released from these stem cells (Ohnishi et al., 2007). 

 

MSCs Derived Paracrine Factors and Fibrosis: 

 MSCs conditioned medium has been shown to significantly down-

regulate type I and III collagen expression (Ohnishi et al., 2007). Moreover, the 

transplantation of MSCs leads to decreased fibrosis in a rat model of dilated 

cardiomyopathy (Nagaya et al., 2005). Specifically, transplantation of these 

cells decreased MMP-2 and MMP-9 protein expression. 

 
  The mode of action of MSCs in cardiac repair is still unclear. A number 

of mechanisms have been reported including cellular differentiation (Laugwitz 

et al., 2005), release of paracrine factors (Fazel et al., 2006), and the 

recruitment of endogenous stem cells (Mouquet et al., 2005). 

 

Strategic Approaches in MSCs Based 

Cardiomyoplasty: 

The efficacy of MSCs cardiomyoplasty in alleviating the 

pathophysiology associated with DCM was realized due to their effectiveness 

to treat the infarcted heart. Different approaches used to treat the infarcted 

heart may also be beneficial for diabetic heart which includes: 

 
 Genetically modified MSCs 

 Pre-differentiated MSCs transplantation 

 Combination therapies involving MSCs 

 Preconditioned MSCs 
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Genetically Modified MSCs: 

  MSCs can be genetically modified to enhance the survival of 

transplanted cells in the ischemic milieu. MSCs over-expressing Akt-1 

enhance the survival of CMs against ischemia reperfusion injury (Mangi et al., 

2003). In another study, MSCs over-expressing CXCR4 bind to its ligand 

CXCL12 (SDF-1) and increased the neo-myoangiogenesis and decreased 

collagen I/III ratio in the infarcted wall thereby enhancing remodeling (Cheng et 

al., 2008; Zhang and Pasumarthi, 2008). Likewise, SDF-1 over expressing 

MSCs has yielded beneficial effect by maintaining the resident CMs (Zhang et 

al., 2007). Recently, it was demonstrated that MSCs over-expressing IGF-1 

can improve their survival and engraftment through the release of SDF-1 

(Haider et al., 2008). In another report, MSCs over-expressing antiapoptotic 

protein Bcl-2 showed a significant reduction in CM apoptosis (Li et al., 2007).  

 

Pre-Differentiated MSCs Transplantation: 

Studies have shown that the DNA demethylating agent 5-azacytidine 

induces cardiac differentiation in MSCs. MSCs show myotube-like structure 

and also express α-actin, sarcomeric β-myosin heavy chain, and Troponin-T 

proteins (Zhang et al., 2009). MSCs can also be differentiated into 

cardiomyocytes by preconditioning with cardiomyogenic medium (Schittini et 

al., 2010; Xie et al., 2006). Many reports showed that co-culturing of MSCs 

with cardiomyocytes induced the differentiation of MSCs (Arminan et al., 2009; 

Peran et al., 2011). Pre-differentiated MSCs have better chance of 

engraftment and survival in ischemic microenvironment. 

 
 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Schittini%20AV%22%5BAuthor%5D
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Combination Therapies Involving MSCs: 

 The ischemic microenvironment in the infarcted heart and the lack of 

survival factors pose a limitation on the effectiveness of cell-based therapy. To 

solve this problem, a combination of stem and progenitor cells or a 

combination of angiogenic cytokines with progenitor cells proved to be more 

efficient than the administration of MSCs alone in the infarcted heart. Reports 

show that co-injection of MSCs with angiogenic protein VEGF in infarcted 

hearts reduced cellular stress and increased prosurvival factors (phospho-Akt 

and Bcl-xL) ultimately leading to improved cardiac functions (Pons et al., 

2008). 

 

Preconditioned MSCs: 

An extremely powerful strategy for enhancing the therapeutic efficacy of 

MSCs is preconditioning of MSCs. Various preconditioning approaches have 

been shown to render significant cardioprotective effects. Growth factor based 

preconditioning approaches involving the administration of MSCs pretreated 

with a combination of IGF-1, FGF-2, and BMP-2 in a rat myocardial infarct 

model has been shown to results in significant upregulation of the Cx43-

mediated gap junctions (Hahn et al., 2008). SDF-1 preconditioned MSCs 

transplantation in the heart after left anterior descending artery ligation has 

been reported to reduce infarct size and fibrosis after 4 weeks (Pasha et al., 

2008). 

 
Several studies show the efficacy of the hypoxic preconditioning (HPC) 

of MSCs. Transplantation of HPC-MSCs into the infarcted heart led to an 

upregulation of the prosurvival and proangiogenic factors like HIF-1, Ang-1, 
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VEGF, Flk-1, erythropoietin, Bcl-2, and Bcl-xL, thus yielding increased 

angiogenesis and a consequent cardioprotection (Hu et al., 2008). 

 

Many in-vitro studies have demonstrated that MSCs can decrease the 

apoptotic index, increase survival ability, and stabilize the mitochondrial 

membrane potential via the upregulation of Bcl-2 and VEGF and an increased 

ERK and Akt phosphorylation (Wang et al., 2008).  

 
 Recently, the transplantation of anoxia-preconditioned (AP) MSCs into 

rats with DCM has been shown to yield an antiapoptotic effect, possibly 

mediated through the upregulation of the Bcl-2/Bax ratio and by inhibition of 

caspase-3 activation in the heart (Wang et al., 2009). 

 
 In conclusion, the success of MSCs based cardiomyoplasty and the 

advancements in tissue engineering field have opened a new attribute in 

treatment of diabetes induced problems in heart. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 
CHAPTER No. 3 

MATERIALS AND METHODS 
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Animals: 

The animals used in this study were treated as per Instructions of the 

Care and Use of Laboratory Animals published by the US National Institutes of 

Health (NIH Publication No. 85-23, revised 1985) and the study was approved 

by the Institutional Review Committee at the National Center of Excellence in 

Molecular Biology, Lahore, Pakistan.  

 

Development of Diabetic Mouse Model: 

Streptozotocin (STZ) solution was prepared by dissolving 10 mg STZ in 

1.4 mL citrate buffer and mixed for 5 seconds with pipette. The reconstituted 

solution was wrapped in aluminum foil to protect from light and used within 15 

minutes. 

 
Diabetes was induced in 6-8 weeks old C57BL/6 wild-type male mice. 

The mice were kept on fasting for 6 hours by removing their feed and water. 

Mice were weighed and blood glucose level was checked by using the Accu 

Check glucometer and glucose strips (Roche). STZ dose was calculated to 

induce diabetes.  

 
  55 mg/kg x body weight x 142.85 = STZ dose injected 

 
 Streptozotocin was injected intraperitoneally for five consecutive days 

as recommended by Leiter and McNeill, (1999). On the sixth day of injection, 

the mice were again weighed and their blood glucose level was checked. 

Blood glucose level was again determined after ten days and mice with >300 

mg/dL blood glucose were considered diabetic. 
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 After confirmation of diabetes, mice were left for two months for 

progression of diabetes and diabetes induced complications. Blood glucose 

level and body weight were monitored after every one week up to two months 

for both normal and diabetic animals and then these were further used for in-

vitro as well as in-vivo experiments. 

 

IN-VITRO STUDY: 
 
Isolation, Culturing and Sub Culturing of Bone Marrow Stromal 

Cells (MSCs): 

 Bone marrow was harvested from tibia and fibula of 60-days diabetic 

C57BL/6 mice. In brief, epiphysis from each bone was removed with a scissor 

and the marrow was collected by inserting a syringe needle into one end of the 

bone and flushing with 1 mL of Iscove’s Modified Dulbecco's Medium (IMDM; 

MP Biomedicals) having 20% Fetal Bovine Serum (FBS; Sigma Aldrich, USA) 

and then from the other side of the bone. This process was repeated 2 to 3 

times until all the bone marrow was removed from the bones. The cells 

suspension was passed through a 100 µm nylon cells strainer (BD Falcon 

MATM, USA) to remove any cell clumps and broken pieces of bones. The 

suspension was centrifuged at 1200 rpm for 10 minutes at room temperature 

and cell pellet was re-suspended in IMDM supplemented with 20% FBS, 

penicillin 100 U/mL (GibcoTM, NY, USA) and streptomycin 100 µg/mL (GibcoTM, 

NY, USA). Cells were plated at a concentration of 1 x 107 cells/mL in a 25 cm2 

tissue culture flask (Corning Inc., USA) and 6 mL of IMDM was added and kept 

in an incubator (Napco) at 37ºC and 5% CO2. After 48 hours, medium was 

removed and flask was rinsed with phosphate buffered saline (PBS; Sigma 
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Aldrich, USA) to deplete the erythroid progenitor cells. The medium was 

replaced after every three days onwards. 

 
 Cells were harvested at 70-80% confluency with 0.25% trypsin-EDTA 

(GibcoTM, NY, USA) and cultured in three 25 cm2 flasks and considered as first 

passage. Diabetic MSCs of passages 2 were used in the study. 

 
MSCs obtained from diabetic animals will be referred to as diabetic 

MSCs in rest of the thesis. 

 

Culture of Rat Neonatal Cardiomyocytes: 

 Neonatal cardiomyocytes were isolated from three days old Sprague 

Dawley rat pups by the Neonatal Cardiomyocytes Isolation System 

(Worthington Biochemical Corporation, Lakewood, NJ, USA). Ten pups were 

used for single isolation. Each rat pup was anesthetized and the abdomen was 

sterilized with 70% ethanol. The beating hearts were surgically removed and 

immediately placed in the centrifuge tube containing 40 mL of ice cold Calcium 

Magnesium Free HBSS (CMF-HBSS). The centrifuge tube was swirled to rinse 

hearts, poured off most of the liquid, rinsed the hearts with 10 mL ice cold 

CMF-HBSS twice. The hearts were transferred to a petri dish and the tissue 

was minced to approximately less than 1 mm3 pieces with help of a surgical 

blade while keeping petri dish on ice. Ice cold CMF-HBSS (9 mL) was added 

to petri dish. Then 1 mL ice cold trypsin was transferred to the petri dish and 

mixed it completely by swirling. The final trypsin concentration used was 50 

µg/mL. The petri dish was then immediately placed in refrigerator overnight.  

 



47 

 

 

 

 Following day, the petri dish was brought to sterile hood from 

refrigerator. Tissue was transferred to a centrifuge tube placed on ice using 

wide mouth pipette. Trypsin inhibitor (1 mL) was added and mixed thoroughly. 

The tissue was oxygenated for 1 minute by passing oxygen over the surface of 

the liquid. The tissue was then warmed to 37°C in water bath. Collagenase (5 

mL) was slowly added and mixed thoroughly. The tube was placed in a shaker 

(4 rpm) at 37°C and incubated for 45 minutes. The tube was brought to sterile 

hood the cells were triturated about 10 times with the help of 10 mL plastic 

serological pipette. The tissue residues were allowed to settle for 4 minutes 

and the supernatant was filtered through 70 µm cell strainer into a fresh 50 mL 

centrifuge tube. Then 5 mL L-15 culture medium was added to tissue residue 

and trituration step was repeated. The cells were filtered through the same cell 

strainer and oxygenated for 1 minute. The filtrate was allowed to stand 

undisturbed for about 20 minutes at room temperature. Then cells were swirled 

gently and cells centrifuged at 100 x g for 5 minutes. 

 
 The final cell pellet was suspended in 2 mL of Dulbecco’s Modified 

Eagle’s Medium (DMEM; MP Biomedicals) culture medium having 10% FBS 

and cells were counted by using haemocytometer. The cells were plated in 25 

cm2 culture flasks at a concentration of 3 x 106 cells/flask. The culture flasks 

were placed in incubator (Napco) at 37ºC and 5% CO2.  

 

Gene Expression Profiling of Diabetic and Normal MSCs 

 Bone marrow was isolated from tibia and femur of the normal and 

diabetic mice of same age and cells were plated in 25 cm2 culture flasks 

(Corning Inc., USA ) in IMDM having 20% FBS. Normal and diabetic MSCs 
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were used at 2nd passage for RNA extraction. Total RNA was extracted using 

TRIzol RNA Isolation kit according to manufacturer’s protocol (Invitrogen, 

USA) and quantified with ND-1000 spectrophotometer (NanoDrop 

Technologies, USA). cDNA synthesis was performed from 1 µg RNA using 

Moloney Murine Leukemia Virus (M-MLV) Reverse Transcriptase kit 

(Invitrogen Corporation, USA). Reverse Transcriptase Polymerase Chain 

Reaction (RT-PCR) analysis of diabetic and normal MSCs was carried out for 

Akt, IGF-1 (survival genes), VEGF, ANG-1 (angiogenic gene) and p53, 

p16INK4a, p66shc, (apoptotic genes) using 1 µg cDNA. Glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) was used as an internal control to 

normalize specific gene expression in each sample. RT-PCR was carried out 

using a GeneAmp PCR system 9700 (Applied Biosystem) for 35 cycles. The 

PCR product was resolved in 2% agarose gel. Bands were quantified using 

ImageJ software according to the instructions given in the user guide. The 

sequences of primers, their annealing temperature and product size are 

mentioned in Table 3.1.  

 

  

Figure 3.1. Representative Scheme of Reverse Transcription Polymerase 

Chain Reaction. 
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Primer Designing: 

 Gene specific 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.  

 
Table 3.1. Primer Sequences of Various Genes. 

Gene 
Primer Sequence 

(5' to 3') 

Annealing 
Temperature 

(°C) 
 

Product 
Size 
(bp) 

GAPDH (F) CTCTTGCTCTCAGTATCCTTG 
60 370 

GAPDH (R) GCTCACTGGCATGGCCTTCC 

IGF-1 (F) AGGCTATGGCTCCAGCATTC 
60 166 

IGF-1 (R) AGTCTTGGGCATGTCAGTGTC 

Akt (F) CCTCAAGAACGATGGCACCT 
60 151 

Akt (R) CAGGCAGCGGATGATAAAGG 

Ang-1 (F) GACACCTTGAAGGAGGAGAAAG 
60 143 

Ang-1 (R) GTGTCCATGAGCTCCAGTTGT 

VEGF (F) ACCCCGACGAGATAGAGTACAT 
60 200 

VEGF (R) CTTCTAATGCCCCTCCTTGT 

GATA-4 (F) CCTCTCCCAGGAACATCAAA 
57 90 

GATA-4 (R) ACCCATAGTCACCAAGGCTG 

Nkx 2.5 (F) GGTCTCAATGCCTATGGCTAC 
60 147 

Nkx 2.5 (R) GTTCACGAAGTTGCTGTTGG 

MEF-2C (F) CACGCCTGTCACCTAACATCC 
60 178 

MEF-2C (R) TGTTAGCTCTCAAACGCCACAC 

PCNA (F) TGACCCTCACCGATACAACA 
57 110 

PCNA (R) CTGTACAGCACAGCCACGTT 

CD31 (F) CCCAGTGACATTCACAGACA 
60 120 

CD31 (R) ACCTTGACCCTCAGGATCTC 

CD34 (F) GGGTAGCTCTCTGCCTGATG 
60 200 

CD34 (R) TCTCTGAGATGGCTGGTGTG 

NF-kβ (F) GCACCTGTTCCAAAGAGCAC 
58 200 

NF-kβ(R) GTGGAGTGAGACATGGACACAC 

HGF (F) TCACACAGAATCAGGCAAGACT 
58 167 

HGF (R) AAGGGGTGTCAGGGTCAA 

SDF-1 (F) CGGCTGAAGAACAACAACAG 
60 122 

SDF-1 (R) GGGGGTCTACTGGAAAGTCC 

FGF-2 (F) TGTCTATCAAGGGAGTGTGTGC 
60 154 

FGF-2 (R) CAACTGGAGTATTTCCGTGACC 

eNOS (F) TGACCCTCACCGATACAACA 
59 123 

eNOS (R) CTGTACAGCACAGCCACGTT 

iNOS (F) GCTACACTTCCAACGCAACA 
60 116 

iNOS (R) CATGGTGAACACGTTCTTGG 
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Induction of Hypoxic Stress to Cardiomyocytes: 

Primary culture of neonatal rat cardiomyocytes was cultured in 

Dulbecco’s Modified Eagle’s Medium (DMEM) with two different glucose 

concentrations i.e. low glucose 5.5 mM (Sigma Aldrich, USA) and high glucose 

25 mM (MP Biomedicals) supplemented with 10% FBS and divided into four 

experimental groups as following: 

 
Table 3.2. Description of Experimental Groups. 

Groups Description 

I Low glucose (5.5 mM) (LG/Normoxic group) 

II Low glucose hypoxic (LG/Hypoxic group) 

III High glucose (25 mM) (HG/Normoxic group) 

IV High glucose hypoxic (HG/Hypoxic group) 

 
 

To optimize the hypoxic injury time period for cultured cardiomyocytes, 

two different time periods were used i.e. 60 and 90 minutes of hypoxia. 

Hypoxic injury was induced only in Group II and IV using hydrogen peroxide 

(H2O2, Merck) at a concentration of 100 µM in their respective serum free 

medium. The medium was collected from normoxic and hypoxic groups at the 

end of hypoxia durations. 

 
Estimation of Vascular Endothelial Growth Factor (VEGF) Release by 

Cardiomyocytes: 

Concentration of VEGF in the medium of cardiomyocytes after hypoxic 

and normoxic conditions was determined using VEGF ELISA kit (Invitrogen, 

USA) according to manufacturer’s protocol. Briefly, after normoxic and hypoxic 
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treatments, the medium from cardiomyocyte cultures was collected and 

centrifuged at 2000 x g for 10 minutes at room temperature. The medium was 

filtered by using 0.22 µm syringe filter (Millipore, USA) and termed as 

“Cardiomyogenic Conditioned Medium” (CCM).  

 
The 90 minutes hypoxic injury time period was selected for further 

experiments on the basis of VEGF release from cardiomyocytes. 

 

Preconditioning of Diabetic MSCs: 

 At 2nd passage, diabetic MSCs were plated at a concentration of 1 x 105 

cells/well in a 6-well plate (Corning, USA). Two strategies were devised for the 

preconditioning of diabetic MSCs. In strategy “A”, 2 mL CCM from group I to IV 

was used to precondition diabetic MSCs. 

 
 

Group A 

1 x 105 Diabetic MSCs + 2 mL CCM from  

Group I (LG/Normoxia) 

1 x 105 Diabetic MSCs + 2 mL CCM from  

Group II (LG/Hypoxia) 

1 x 105 Diabetic MSCs + 2 mL CCM from  

Group III (HG/Normoxia) 

1 x 105 Diabetic MSCs + 2 mL CCM from  

Group IV (HG/Hypoxia) 

 

In strategy “B”, VEGF (Chemicon, USA) was reconstituted in the same 

concentration as released by cardiomyocytes in CCM after normoxic/hypoxic 

treatment and estimated by ELISA.  
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Group B 

1x 105 Diabetic MSCs + 0.1 ng/mL VEGF as determine from  

group I (LG/Normoxia) CCM 

1x 105 Diabetic MSCs + 0.05 ng/mL VEGF as determine from  

group II (LG/Hypoxia) CCM 

1x 105 Diabetic MSCs + 0.065 ng/mL VEGF as determine from 

group III (HG/Normoxia) CCM 

1x 105 Diabetic MSCs + 0.145 ng/mL VEGF as determine from 

group IV (HG/Hypoxia) CCM 

 
 

Preconditioning treatment was given for 48 hours as previously 

described (Xie et al., 2006) in A + B groups and control diabetic non-treated 

group C. Total RNA was extracted from all experimental and control groups for 

gene expression study. 

 
Gene Expression Profiling of Preconditioned Diabetic MSCs: 

 RT-PCR analysis of preconditioned (group A and group B) and non-

treated diabetic MSCs groups was carried out for VEGF, ANG-1, MEF-2C, 

GATA-4, Nkx2.5, CD31, CD34, and PCNA. RNA extraction, cDNA synthesis, 

and RT-PCR reaction were carried out as described on page 48. Primer 

sequences, their annealing temperatures and product size are given in Table 

3.1.  

 

Analysis of Preconditioned Diabetic MSCs: 

 Two groups were selected on the basis of results of RT-PCR analysis 

i.e. (i) HG/Hypoxia-CCM group and (ii) VEGF group with (0.065 ng/mL VEGF 

quantity). The selected preconditioned group in comparison to non-treated 

diabetic MSCs groups was studied in all subsequent experiments to analyze 

the effect of preconditioning on diabetic MSCs. 



53 

 

 

 

Quantitative Real Time PCR: 

Quantitative real time RT-PCR was performed for the expression of 

VEGF, GATA-4 and Nkx2.5 on ABI PRISM 7500 thermal cycler (Applied 

Biosystem) using Maxima SYBR Green qPCR Master Mix (Fermentas) 

according to manufacturer’s protocol. The relative gene expression analysis 

was done by using SDS software (ABI). GAPDH was used for normalization.  

 
Cell Viability Assay: 

 Cell viability assay was done by trypan blue exclusion method to 

determine the effect of preconditioning. The treated and non-treated diabetic 

cells were washed with PBS and detached with 0.025% trypsin in 0.02% 

EDTA. After centrifugation and washing with PBS, 20 µl thoroughly mixed cell 

suspension was added to 20 µl trypan blue solution (Sigma Aldrich, USA). The 

mixture was placed at 37ºC in incubator for 10 minutes and the cells were 

microscopically counted in haemocytometer. Trypan blue positive cells were 

counted using six high power fields per treatment. The number of viable cells 

was calculated by dividing the number of trypan blue negative cells by the total 

number of cell examined and then multiplied by 100. 

 
Lactate Dehydrogenase (LDH) Assay: 

LDH activity was analyzed through LDH assay kit (Sigma Aldrich, USA) 

according to manufacturer’s protocol. Briefly, the medium was removed from 

different treatment groups and centrifuged at 2000 x g for 10 minutes and 

filtered using 0.22 µm syringe filter (Millipore, USA). Lactate dehydrogenase 

assay mixture was prepared by mixing equal volume of LDH dye, substrate, 

and co-factor. Added 100 µL assay mixture to 50 µL of sample medium and 
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incubated for 30 minutes at room temperature. The reaction was stopped by 

adding 1/10 volume of 1N HCL. Absorbance was measured using Spectra max 

PLUS 384 (Molecular Devices) at 490 nm with 690 nm as reference wavelength. 

 
Detection of Apoptosis: 

 Diabetic MSCs were plated at 6 x 104 cells/well in 24-wells plate 

(Corning, USA) and treated with HG/Hypoxia-CCM and 0.065 ng/mL VEGF 

groups followed by H2O2 (100 µM) treatment for 90 minutes to induce 

apoptosis. The cells were stained by using Phycoerythrin Annexin-V kit 

(Abcam) according to manufacturer’s instructions. Plates were analyzed for 

fluorescence using a BX-61 microscope (Olympus, Japan) equipped with 

digital camera DP-70. The Annexin-V positive cells were then counted at 

random in five high power fields per triplicate well for each treatment and 

averages were taken.  

 
Western Blotting: 

 Western blot analysis was performed to measure the effect of 

preconditioning on survival ability of diabetic MSCs. Diabetic MSCs at passage 

2 were plated in 25 cm² culture flasks (Corning Inc., USA). Briefly, after 48 

hours of preconditioning, cells were washed with ice cold PBS and total protein 

was extracted from all groups by adding 500 µL ice cold RIPA lysis buffer 

(Sigma Aldrich, USA). The flasks were left for 10 minutes on ice and scrapped 

thoroughly to ensure complete cell detachment. The contents of each flask 

were centrifuged at 12000 x g for 10 minutes and supernatant was collected 

while pellet was discarded. Protein was estimated by Bradford protein assay 

kit (Bio-Rad). Protein (35 µg) from each group was loaded in each lane on 
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10% SDS-PAGE gel after boiling the samples in the 6X SDS sample buffer. 

The protein was then transferred from the gel to the nitrocellulose membrane 

(Hybond-enhanced chemiluminescence, Amersham) by semi-dry method. 

Nonspecific binding sites were blocked by soaking the membrane in TBST 

(100 mM Tris–HCl, pH 7.5, 150 mM NaCl, and 0.1% Tween 20) containing 5% 

skim milk (Sigma Aldrich, USA). The membrane was incubated overnight at 

4ºC with anti-Akt (1:500, Santa Cruz), anti-pAkt (1:300, Abcam), and anti-β-

actin (1:160000, Abcam) antibodies, respectively. The membrane was 

incubated with HRP-conjugated secondary antibody at room temperature for 1 

hour after washing in TBST. The bands were visualized with an enhanced 

chemiluminescence (ECL) detection system (GE HealthCare) according to 

manufacturer’s protocol (Amersham Pharmacia Biotech) on a radiographic 

film. 

 
Cells Proliferation Assay: 

 Briefly passage 2 diabetic MSCs at 4 x 103 cells/well were plated in a 

96-wells plate (Iwaki, Japan) overnight in IMDM supplemented with 20% FBS. 

Then these cells were subjected to the two selected preconditioning strategies. 

The assay was carried out by using 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 after 24 and 48 

hours of preconditioning time at 450 nm using Spectra max PLUS 384 

(Molecular Devices) with 650 nm as reference wavelength.  
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IN-VITRO Angiogenesis Assay: 

 In-vitro angiogenic potential of preconditioned diabetic MSCs was 

assessed by using Matrigel assay (BD Bioscience) according to 

manufacturer’s instructions. Briefly, matrigel was thawed on ice overnight at 

4ºC and 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 

at 37°C for 30 minutes. Then 1 x 104 cells from each treatment group were 

plated on matrigel coated wells and incubated at 37ºC in 5% CO2. The 

formation of tubular network was examined after 24, 48, and 72 hours. The 

images were taken randomly using a phase contrast microscope (IX-51–

Olympus) equipped with a digital camera DP-71. 

 
Nitric Oxide Synthase (NOS) Assay: 

 NOS activity was determined by the NOS colorimetric assay kit (Oxford 

Biomedical Research NB 78) according to the manufacturer’s protocol. Briefly, 

diabetic MSCs at passage 2 were plated in 25 cm² culture flasks (Corning Inc., 

USA) and after 48 hours of treatment time, protein was extracted and 

concentration were determined as descried earlier on page 55. Then 35 µg of 

the total protein extract from each treatment group was used to measure NOS 

activity. Absorbance was recorded by Spectra max PLUS 384 (Molecular 

Devices) at 540 nm. The standard curve was plotted for different known 

concentrations of NO to calculate μmoles of NO produced/μg protein. 
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IN-VIVO STUDY: 
 
Preparation of Mouse Model for Diabetic Cardiomyopathy and 

Transplantation of MSCs: 

Diabetes was induced in C57BL/6 male mice by streptozotocin 

administration as described previously on page 44. Diabetic Mice were divided 

into four groups (n = 6). Mice in Group I served as normal control, Group II as 

diabetic control injected with saline, Group III as diabetic animals transplanted 

with non-treated diabetic MSCs and Group IV as diabetic animals transplanted 

with HG/Hypoxia-CCM preconditioned diabetic MSCs. 

 
Briefly, mice were anesthetized with pentobarbital (40 mg/kg) in saline 

solution. Placed the mice chest up, shaved the animal neck and chest region 

and clean the area with alcohol. A midline cervical skin incision was made 

which exposed the tracheal portion. For intubation, the overlying muscles over 

trachea were retracted. The mice were mechanically ventilated with room air 

supplemented with oxygen (1.5 L/minute) using a rodent ventilator (Harvard, S. 

Natick, MA, USA). Body temperature was maintained at 37ºC throughout the 

procedure. An incision was made through the intercostals muscles to expose 

the heart. Pericardium was removed and preconditioned MSCs were injected 

into left ventricle. Closed the chest and neck region using 6/0 silk suture and 

carefully monitored the animal until it has fully recovered from the anesthesia. 

 

Preparation of Cells for Transplantation: 

 In order to assess the fate of transplanted cells, MSCs were isolated 

from two months old diabetic C57BL/6 transgenic green fluorescence protein 

(GFP) expressing mice. GFP serves as a marker for tracking MSCs in the 
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diabetic heart. GFP diabetic MSCs were isolated, cultured, and preconditioned 

with HG/Hypoxia-CCM group as described in the in-vitro methodology. The 

preconditioned MSCs were harvested and a cell suspension was kept on ice 

until used for transplantation. Cell concentration used was 1 x 106/ml and 

animals were given intramyocardial injections of MSCs (10 µl ~ 100,000 

cells/animal) at multiple sites. 

 

Measurement of Cardiac Functions with Millar’s Apparatus: 

Cardiac functions were measured in each group after 4 weeks of 

transplantation. Different cardiac parameters were measured by using Millar 

pressure-volume systems MPVS-400 (ADI instruments, USA). 

 
 Briefly, experimental mice were anesthetized using pentobarbital (40 

mg/mL) in saline solution. The mice were placed with their chest up and fixed 

to the dissection board. The body temperature was carefully maintained during 

whole surgical procedure by using heat lamps and 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 end of the carotid artery. A small metal clip was placed on the 

proximal end of the artery 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., Houston, TX, USA) connected to MPCU-

400 P-V signal conditioning hardware for data acquisition into artery and then 
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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 ascending aorta through the aortic valve and into the left 

ventricle. When the catheter was placed inside the left ventricle, the catheter 

shaft was gently rotated to achieve optimal placement of the catheter tip along 

the axis of left ventricles.  

 The optimal placement within the left ventricle was determined on the 

bases of shapes of P-V loops captured. P-V data was collected and analyzed 

different hemodynamic parameters using Millar’s PVAN software (Version 3.3). 

After collection of all the data, the proximal suture was loosened and the 

catheter was slide out of the right carotid artery to remove it from the left 

ventricle. The catheter tip was immediately placed in saline or distilled water to 

prevent blood clotting on it after removal from mice. The catheter was then 

cleaned carefully and stored for next time usage. 

 

Organ Procurement and Processing: 

 After the collection of cardiac function data by Millar apparatus, heart 

tissue was perfused with cadmium chloride (0.1 M) (MP Biomedicals), PBS, 

and 4% PFA. 

 
 For cryo sections, the hearts after perfusion were cut at the horizontal 

short-axis plane. The tissue was embedded in Tissue-Teck OCT (Sakura 

Torrance, CA, USA) and snap-frozen in liquid nitrogen and stored at -80°C for 

further histological analysis. The sections were made at 5 µm thickness with 
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the help of a cryostat (Microme, Germany) at -20°C. The sections were 

mounted on poly-L-lysine-coated microscopic slides. 

 
Determination of Preconditioned Diabetic MSCs Homing: 

 The fate of transplanted stem cells was analyzed by staining the frozen 

sections of heart tissue with 4, 6-diamidino-2-phenylindole (DAPI; Sigma 

Aldrich, USA). The slides were analyzed for localization and homing of 

transplanted stem cells in diabetic heart tissue. The sections were analyzed by 

fluorescent microscope for identification of the transplanted diabetic MSCs in 

10 randomly chosen high power fields (200X) at least 100 µm apart in two 

sections from each tissue. Images were captured using Olympus BX-61 

microscope equipped with DP70 camera equipped with image acquisition 

software. 

 
Histological Analysis: 

 Histological analysis was performed to check the collagen deposition in 

the heart. Picrosirius red staining and masson’s trichrome staining were used 

for the histochemical determination of collagen expression in all experimental 

diabetic heart tissues. 

 
Picrosirius red staining: Frozen heart cross sections were fixed with ice-cold 

methanol for 5 minutes and washed twice in PBS. Sections were stained with 

picrosirius red (0.1% Sirius red in a saturated aqueous solution of picric acid 

(Sigma Aldrich, USA) for 1 hour and washed with acidified water (0.5% acetic 

acid) (Sigma Aldrich, USA). Sections were then dehydrated and mounted with 

cyotsealTM XYL medium. Ten fields were randomly chosen and photographed 

via light microscopy at 200X magnification. The contents of collagen fibers 
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stained red and myocytes stained pale yellow were measured. The fibrosis 

fraction was obtained by calculating the ratio of sirus stained connective tissue 

area (stained red) to total myocardial area in an image (stained yellow) with an 

imageJ software. 

 
Masson’s trichrome staining: Cardiac collagen deposition was also 

assessed by Masson’s trichrome staining. Frozen heart cross sections were 

fixed with acetone. Sections were stained with Masson’s trichrome stain 

according to the guidelines of the kit (Sigma Aldrich, USA). Briefly, sections 

were fixed in 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 

and dehydrated in ethanol and xylene. The collagen fibers were stained blue, 

the nuclei were stained black, and myocardium was stained red when 

visualized using light microscopy. The fibrosis fraction was obtained by 

calculating the ratio of Masson trichrome stained connective tissue area 

(stained blue) to total myocardial area in an image (stained red) with imageJ 

software. 

 
Measurement of Apoptosis by Caspase-3 Staining: 

 Caspase-3 staining was performed to determine whether the 

transplanted preconditioned diabetic MSCs mediated antiapoptotic effect in the 

diabetic myocardium. Briefly, frozen tissue was cut into 5 µm sections, air-

dried, fixed with 4% PFA, and then permeabilized using 0.2% Triton X-100. 

Nonspecific binding was blocked by 5% donkey serum for 1 hour at room 

temperature. Sections were incubated at room temperature or overnight at 4°C 
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in humid conditions with a polyclonal rabbit anti-caspase-3 antibody (1:50, 

Santa Cruz). The sections were then treated with enzyme horseradish 

peroxidase (HRP) conjugated specific secondary antibody. Then section was 

incubated with chromogen substrate 3,3’-Diaminobenzidine Tetra 

hydrochloride (DAB) solution (Zymed Laborateries, Uk) until the characteristic 

color was developed. The sections were then cleared in xylene and mounted 

with cytoseal. More than ten fields per heart from each group were randomly 

chosen and photographed via light microscopy at 200X magnification. The 

apoptotic rate was expressed as the number of apoptotic cardiomyocytes 

divided by all cardiomyocytes per field. 

 

Immunohistochemical Staining: 

 Tissue sections from transplanted and control animal groups were 

analyzed for the detection of VEGF and eNOS through application of enzyme 

labeled polymer (Vector ImmPRESS kit, Vector Laboratories) according to 

manufacturer’s instructions. The frozen tissue was cut into 5 µm sections, and 

fixed with 4% PFA and then permeabilized using 0.2% Triton X-100. 

Nonspecific binding was blocked by 5% donkey serum for 1 hour at room 

temperature. Sections were incubated at room temperature or overnight at 4°C 

in humid conditions with a monoclonal mouse anti VEGF antibody (1:100, 

Santa Cruz) and with rabbit polyclonal anti eNOS antibody (1:100, Abcam). 

Then the sections were treated with respective HRP conjugated specific 

secondary antibodies. The sections were incubated with chromogen substrate 

DAB solution until the characteristic color was developed. Finally, the sections 

were counterstained with weigert’s Iron Hematoxylin solution (Sigma Aldrich, 
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USA) to stain the nuclei. The sections were then cleared in xylene and 

mounted with cytoseal. 

 
Gene Expression Profiling: 

 Total RNA was extracted from frozen left ventricle heart tissue samples 

of control and transplanted groups as described earlier on page 48. Gene 

expression analysis was performed for angiogenic markers (VEGF and Ang-1), 

cardiac markers (MEF2-C, NKX2.5, and GATA-4), and fibrosis marker (NF-kβ). 

Further morphological changes induced by CCM preconditioned diabetic 

MSCs through paracrine mechanism were also evaluated by expression 

analysis of HGF, IGF-1, SDF-1, and FGF-2 and GAPDH genes using 1 µg of 

cDNA. Sequences of primers are mentioned in Table 3.1. 

 

Statistical Analysis: 

Statistical analysis was performed with Graph Pad Prism-5 software 

and SPSS software. All data values were expressed as Mean ± SEM. The 

comparison between more than two parameters was assessed with the 

ANOVA statistical analysis. The comparison between two groups was 

performed using student’s t test. P < 0.05 was considered significant. 
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Blood Glucose Level Comparison in Normal and Diabetic 

Mice:  

 Blood glucose levels of normal and diabetic mice were monitored at 

different time intervals before STZ injections and at day 6, 16, and 76 post 

diabetes induction. It was observed that there was progressive increase in 

blood glucose level of diabetic mice the progression of diabetes with maximum 

blood glucose level at day 76 (11-weeks) vs. in control mice of same age, (498 

± 55.8 vs. 173 ± 15.0). The levels of blood glucose in normal and diabetic mice 

at different time intervals are given in Figure 4.1.  

 

 

Figure 4.1. Blood Glucose Level in Normal versus Diabetic Animals at 

Different Time Intervals. Streptozotocin (STZ). All values are expressed as 

mean ± SEM.  
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Characterization of Diabetic MSCs: 

Diabetic MSCs were characterized for diabetes induced alterations in 

gene expression by RT-PCR. Gene expression data indicated upregulation of 

p53, p16INK4a, and p66shc (apoptotic markers) while downregulation of IGF-1, 

Akt (survival markers), VEGF, and Ang-1 (angiogenic markers) compared to 

normal MSCs as shown in Figure 4.2 A. Quantification of gel bands was done 

by ImageJ software (Figure 4.2 B). 

 

 

Figure 4.2. Gene Expression Analysis of Normal MSCs vs. Diabetic MSCs 

(A). Gel was quantified using ImageJ software (B). The figure demonstrates a 

decrease in angiogenic and survival markers whereas increase in apoptotic 

markers in diabetic cells compared to normal cells. All values are expressed as 

mean ± SEM. *P < 0.05 for normal control vs. diabetic control. 
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VEGF Quantification in Cardiomyocyte Medium: 

  The ability of cardiomyocytes to release VEGF under hypoxic insult was 

quantified by VEGF ELISA after 60 and 90 minutes of hypoxic injury in low and 

high glucose culture medium. The results demonstrated an increased VEGF 

release in cardiomyocytes subjected to 90 minutes hypoxic injury in high 

glucose culture medium as compared to 60 minutes hypoxic injury in low 

glucose culture medium. Further, maximum release of VEGF was observed in 

90 minutes hypoxic injury in high glucose medium, (145 pg/ml ± 6.61) as 

shown in Figure 4.3. ELISA quantification data for VEGF was hence used to 

explore the best concentration of VEGF needed to improve the angiogenic and 

differentiation ability of diabetic MSCs. 

 

 

Figure 4.3. VEGF Release in Cardiomyocytes Subjected to 60 minutes and 

90 minutes of Hypoxic Injury Induced by 100 µm Hydrogen Peroxide. 

Maximum release of VEGF in HG/Hypoxia-CCM group after 90 minutes of 

hypoxic injury. All values are expressed as mean ± SEM. *P < 0.05 for HG/H 

vs. HG/N; #P < 0.05 for LG/H vs. LG/N.  
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Preconditioning of Diabetic MSCs: 

 Preconditioning of diabetic MSCs was done using two strategies. In the 

first strategy, diabetic MSCs were preconditioned with conditioned 

cardiomyogenic medium (CCM). In the second strategy, diabetic MSCs were 

preconditioned with vascular endothelial growth factor (VEGF) in 

concentrations corresponding to ELISA readouts in four CCM treatment 

groups. 

 
Gene Expression Profiling of Preconditioned MSCs: 

 The RT-PCR based gene expression of angiogenic and cardiac 

markers was done on group A and group B as shown in Figure 4.4 A–B. The 

figure shows elevated levels of VEGF, ANG-1 (angiogenic markers), MEF-2C, 

Nkx2.5, and GATA-4 (cardiac differentiation markers) in HG/Hypoxia-CCM 

group amongst the various conditioned media treated groups. Whereas, 0.065 

ng/mL VEGF treated group demonstrated the maximum expression of VEGF, 

ANG-1, MEF-2C, Nkx2.5, and GATA-4 genes amongst the diabetic cells 

treated with various concentration of VEGF. 

 
Hence, HG/Hypoxia-CCM and 0.065 ng/mL VEGF group were selected 

as preconditioning strategies of diabetic MSCs for all further experiments. The 

quantification of gel bands was done by imageJ software (Figure 4.4 C–D). 
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Figure 4.4. Effect of Two Different Preconditioning Strategies on Gene 

Expression of Diabetic MSCs. (A) Diabetic MSCs preconditioned with 

cardiomyogenic media derived from cardiomyocytes subjected to various in-

vitro conditions. (B) Diabetic MSCs preconditioned with various concentration 

of VEGF as observed in conditioned media of cardiomyocytes subjected to in-

vitro conditions mentioned in A. (C & D) Quantification of gel bands of Group A 

and B respectively. Gels were quantified using ImageJ software. All values are 

expressed as mean ± SEM. *P < 0.05 was considered to be significant. 
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Comparative Analysis of Selected Preconditioning Strategies: 

HG/Hypoxia-CCM group and VEGF (0.065 ng/mL) group were selected 

on the basis of RT-PCR analysis. The cytoprotective effects of preconditioning 

on diabetic MSCs were analyzed by comparison of optimized preconditioned 

groups with non preconditioned diabetic MSCs in the subsequent experiments. 

 
Gene Expression Analysis: 

 Gene expression analysis of VEGF, ANG-1 (angiogenic markers), MEF-

2C, NKx2.5, and GATA-4 (cardiac differentiation markers) showed that the 

CCM preconditioning was more effective in enhancing the angiogenic and 

cardiac differentiation ability of diabetic MSCs in comparison to VEGF (0.065 

ng/mL) preconditioning (Figure 4.5 A–B). 

 

 

Figure 4.5. Analysis of RT-PCR for Optimized Treatment Groups. (A) A 

significant difference in gene expression of HG/Hypoxia-CCM preconditioned 

group versus VEGF treated and diabetic non-treated control group. (B) Gels 

were quantified using ImageJ software. All values are expressed as mean ± 

SEM. *P < 0.05 for HG/Hypoxia-CCM vs. VEGF; #P < 0.05 for HG/Hypoxia-

CCM vs. non-treated group. 
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Quantitative Real Time PCR Analysis: 

Quantitative real time PCR analysis was performed to check the effect 

of preconditioning on diabetic MSCs. Real time analysis for VEGF, NKx2.5, 

and GATA-4 revealed that an increase in expression of all mentioned markers 

was present in HG/Hypoxia-CCM preconditioned group compared to VEGF 

preconditioned group (Figure 4.6). 

 

 

Figure 4.6. Real time PCR Analysis for VEGF, NKx2.5, and GATA-4 in 

Optimized Treatment Groups. All values are expressed as mean ± SEM. *P < 

0.05 for HG/Hypoxia-CCM vs. VEGF; #P < 0.05 for HG/Hypoxia-CCM vs. non-

treated group. 

 

Preconditioning Exhibits In-Vitro Cytoprotective Effects: 

 Trypan blue exclusion assay and Lactate dehydrogenase (LDH) release 

were used for the assessment of cell viability in the HG/Hypoxia-CCM and 

VEGF groups. Diabetic non-treated MSCs showed significant loss of viability 

however, after preconditioning with HG/Hypoxia-CCM and VEGF the cell 

viability was significantly improved.  
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 Increased cell viability was observed in HG/Hypoxia-CCM vs. VEGF vs. 

non-treated diabetic MSCs, (76 ± 5.54% vs. 45 ± 3.7% vs. 28 ± 1.4%) 

evidenced by trypan blue exclusion assay (Figure 4.7 A). Cellular damage 

evidenced by LDH release assay was significantly reduced after HG/Hypoxia-

CCM treatment vs. VEGF vs. non-treated diabetic MSCs, (18 ± 3.5% vs. 48 ± 

2.3% vs. 66 ± 3.4%) (Figure 4.7 B).  

 

 

Figure 4.7. Cytoprotective Effects of Preconditioning on Diabetic MSCs. (A) 

Dead cells were counted by trypan blue assay. (B) LDH release in the medium 

was evaluated to assess the membrane integrity. All values are expressed as 

mean ± SEM. *P < 0.05 for HG/Hypoxia-CCM vs. VEGF; #P < 0.05 for 

HG/Hypoxia-CCM vs. non-treated group. 
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Assessment of Apoptosis by Annexin-V Staining: 

 Annexin-V staining was used to assess apoptosis in diabetic MSCs 

after preconditioning. The staining result was concomitant with less number of 

annexin-V positive cells in HG/Hypoxia-CCM vs. VEGF vs. non-treated 

diabetic MSCs, (6 ± 1.88% vs. 9 ± 1.4% vs. 20 ± 6.1%) as shown in Figure 4.8 

A–B. 

 

Figure 4.8. Annexin-V Binding Assay for Different Treatments. (A) Diabetic 

MSCs after preconditioning were stained with annexin-V (red) to detect the 

apoptotic cells. DAPI was used as counter stain. Significantly less number of 

annexin-V positive cells was detected in HG/Hypoxia-CCM group. (B) 

Graphical demonstration of annexin-V positive cells in different treatment 

groups. All values are expressed as mean ± SEM. *P < 0.05 for HG/Hypoxia-

CCM vs. VEGF; #P < 0.05 for HG/Hypoxia-CCM vs. non-treated group. 
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HG/Hypoxia-CCM Preconditioning Improves Cell Survival via 

Upregulation of Phospho-Akt: 

 Akt promotes cell survival by inhibiting apoptosis. To check the survival 

status of diabetic MSCs after the treatments, western blot analysis for Akt and 

phospho-Akt was performed. In-vitro experiments showed that HG/Hypoxia-

CCM preconditioned group stimulated Akt phosphorylation more than other 

groups as shown in Figure 4.9 A. Blots were quantified by ImageJ software 

(Figure 4.9 B). 

 

Figure 4.9. Western Blots Analysis for the Expression of Akt and Phospho-

Akt for the Optimized Preconditioned Groups (A). Total Akt assisted as a 

loading control. (B) Bar graph shows quantification data. Expression of 

phospho-Akt for each treatment was ascertained as a ratio to their 

corresponding Akt levels. The result shows that phospho-Akt/Akt ratio was 

high in HG/Hypoxia-CCM. *P < 0.05 for HG/Hypoxia-CCM vs. VEGF; #P < 0.05 

for HG/Hypoxia-CCM vs. non-treated group. 
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Effect of Preconditioning on Proliferation Ability of Diabetic MSCs: 

 The two selected groups were evaluated for their potential to increase 

cell proliferation after 24 and 48 hours of preconditioning. Preconditioning with 

HG/Hypoxia-CCM resulted in significantly higher proliferation at 24 vs. 48 

hours, (2.61 ± 0.10 vs. 3.1 ± 0.14) followed by VEGF treatment, (1.44 ± 0.84 

vs. 2.0 ± 0.96) and non-treated diabetic MSCs, (1.2 ± 0.11 vs. 1.74 ± 0.12) as 

determined by readings at 450 nm (Figure 4.10 A). 

 
 RT-PCR based PCNA expression study also indicated HG/Hypoxia-

CCM preconditioned group to be most effective in enhancing cell proliferation 

compared to VEGF and non-treated group (Figure 4.10 B). Quantification of 

gel bands was done by imageJ software (Figure 4.10 C). 

 

Figure 4.10. Diabetic MSCs Proliferation in HG/Hypoxia-CCM and VEGF 

Preconditioned Groups. (A) Cell proliferation assay. (B) RT-PCR of PCNA 

proliferation marker. (C) Quantification of PCNA gel bands using ImageJ 

software. *P < 0.05 for HG/Hypoxia-CCM vs. VEGF; #P < 0.05 for HG/Hypoxia-

CCM vs. non-treated group. 
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Angiogenic Ability of Preconditioned Diabetic MSCs: 

 The in-vitro tube formation ability of diabetic MSCs was markedly 

improved in HG/Hypoxia-CCM preconditioned group as compared to VEGF 

and diabetic non-treated group. Quantification of tube formation confirmed that 

HG/Hypoxia-CCM preconditioned group showed maximum in-vitro tube 

formation followed by VEGF and non-treated groups respectively (Figure 4.11 

A–B). 

 
 The in-vitro angiogenic ability of the three groups was also evaluated by 

CD31 and CD34 gene expression analysis. The CD31 and CD34 gene 

expression was observed maximum in HG/Hypoxia-CCM followed by VEGF 

preconditioned MSCs as compared to diabetic non-treated MSCs (Figure 4.11 

C–D).  

 
Increased NOS Activity in Preconditioned MSCs: 

 Both HG/Hypoxia-CCM and VEGF preconditioning of diabetic MSCs 

showed improved NOS activity after 48 hours of preconditioning i.e., 196 ± 2.0 

µM in HG/Hypoxia-CCM treatment vs. 107 ± 8.8 µM in VEGF vs. 57 ± 6.3 µM 

in non-treated diabetic MSCs as shown in Figure 4.12. 

 

 
 

 

 
 
 
 
 
 

 



76 

 

 

 

 

 

Figure 4.11 A–B. Effect of Preconditioning on Angiogenic Ability of Diabetic 

MSCs. (A) Matrigel images of preconditioned and diabetic non-treated MSCs. 

(B) Images showed high tube formation in HG/Hypoxia-CCM group as 

compared to others groups. All values are expressed as mean ± SEM. *P < 

0.05 for HG/Hypoxia-CCM vs VEGF; #P < 0.05 for HG/Hypoxia-CCM vs non-

treated group. 
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Figure 4.11 C–D. RT-PCR results of CD31 and CD34 endothelial lineage 

markers (C). Quantification of CD31 and CD34 bands by ImageJ software (D). 

All values are expressed as mean ± SEM. *P < 0.05 for HG/Hypoxia-CCM vs. 

VEGF; #P < 0.05 for HG/Hypoxia-CCM vs. non-treated group. 

 

 

 

Figure 4.12. Preconditioning Improves NOS Activity of Diabetic MSCs. Nitric 

oxide production was maximum in HG/Hypoxia-CCM preconditioned group. All 

values are expressed as mean ± SEM. *P < 0.05 for HG/Hypoxia-CCM vs. 

VEGF; #P < 0.05 for HG/Hypoxia-CCM vs. non-treated group. 
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Analysis of Cardiac Functions in Diabetic Animals: 

 Cardiac functions of diabetic mice transplanted with HG/Hypoxia-CCM 

preconditioned and diabetic non-treated MSCs were assessed after 4 weeks of 

cell transplantation with Millar’s apparatus. Diabetic and non diabetic mice 

sham operated and saline injected were also studied for cardiac functions and 

were used as control groups. Cardiac functions were recorded as a measure 

of pressure-volume (P-V) changes within the normal and diabetic hearts.  

 
 The following parameters were determined: Left ventricular systolic 

function was evaluated by measuring left ventricular end systolic pressure 

(Pes), left ventricular end systolic volume (Ves), and maximum dp/dt pressure 

(dp/dtmax). Left ventricular diastolic function was evaluated by left ventricular 

end diastolic pressure (Ped), left ventricular end diastolic volume (Ved), 

minimum dp/dt pressure (dp/dtmin), and tau-Glantz. Load dependent parameter 

like ejection fraction (EF) was also evaluated. Hemodynamic parameters were 

calculated statistically by analysis of the pressure-volume loops data with the 

Millar’s PVAN software (Version 3.2). 

 
 LV systolic function as determined by Pes, Ves, and dp/dtmax was 

significantly improved in the group IV. There was marked improvement in 

contractility of diabetic heart after administration of HG/Hypoxia-CCM 

preconditioned MSCs. Load dependent parameters EF revealed marked 

increases in group IV and group III as compared with group II. LV diastolic 

function as indicated by left ventricular end diastolic pressure (Ped), tau-Glantz 

and minimum dP/dt showed marked improvements in group IV compared to 

group III and group II. Cardiac function measured in control and  
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transplanted groups are shown in the Table 4.1. 

 
TABLE 4.1. Comparison of Hemodynamic Parameters between Control and 

Transplanted Groups. 

 
 
All values are expressed as mean ± SEM.  

*P < 0.05 for HG/Hypoxia-CCM vs. VEGF; #P < 0.05 for HG/Hypoxia-CCM vs. 

Non treated group (n = 6 in each group). 

Pes, LV systolic pressure; Ped, LV end-diastolic pressure; Ves, LV end-

systolic volume; Ved, LV end-diastolic volume; EF, Ejection fraction.  

 

Parameters 
Normal 
Group 

(Group I) 

Diabetic 
Group 

(Group II) 

Non 
Treated 
MSCs 
Group 

(Group III) 

HG/Hypoxia-
CCM 

preconditioned 
Group 

(Group IV) 

Body weight 
(g) 

25.01 ± 0.79 19.81 ± 0.91 22.11 ± 0.70 24.2 ± 0.48* # 

Heart rate 
(bpm) 

437 ± 16.2 294 ± 16.6 350 ± 28.1 408 ± 25.8* # 

Pes 
(mmHg/s) 

88.27 ± 2.99 64.33 ± 2.47 69.07 ± 3.96 83.82 ± 3.32* # 

Ped 
(mmHg/s) 

9.01 ± 0.44 15.6 ± 1.03 13.2 ± 0.28 11.2 ± 0.72* # 

Ves (μl) 19.2 ± 2.90 13.8 ± 0.81 15.93 ± 0.98 17.01 ± 2.01* # 

Ved (μl) 48.39 ± 2.23 65.96 ± 1.10 59.87 ± 2.79 51.96 ± 2.36* # 

EF% 80.05 ± 1.0 63.49 ± 1.1 67.96 ± 1.78 71.74 ± 0.86* # 

Tau-Glantz 
(msec) 

11.57 ± 0.54 22.86 ± 0.80 19.5 ± 1.58 13.45 ± 2.03* # 

dp/dtmax 
(mmHg/ s) 

6994 ± 303.5 5056 ± 137.57 5349 ± 327.5 6701 ± 295.6* # 

dp/dtmin 
(mmHg/ s) 

8040 ± 170.6 4977 ± 393.3 5267 ± 240.6 6543 ± 437.4* # 
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 There was marked improvement in the contractility of diabetic heart 

after administration of HG/Hypoxia-CCM preconditioned MSCs. Left ventricular 

end systolic volume (Ves) and left ventricular end diastolic volume (Ved) 

showed marked improvement in the contractile ability of diabetic heart. 

Efficiency of LV work was improved as confirmed by the higher values of EF in 

diabetic heart.  

 
 Hemodynamic parameters were improved in HG/Hypoxia-CCM 

preconditioned MSCs transplanted group (Group IV) compared to non-treated 

diabetic MSCs transplanted group (Group III) as shown in Figure. 4.13. 

 

Preconditioning Promotes Homing of Transplanted Diabetic 

MSCs in Diabetic Myocardium: 

The number of transplanted diabetic MSCs in the diabetic heart was 

identified as GFP positive cells and calculated (Figure 4.14 A1–B3). A 

significant increase in the homing of GFP+ cells in the diabetic heart was 

observed in HG/Hypoxia-CCM preconditioned group vs. non-treated diabetic 

MSCs transplanted group, (32 ± 6.98 vs. 14 ± 3.1) as shown in Figure 4.14 

A1–A3 and B1–B3. The cell growth and proliferation was determined by 

actively dividing GFP positive transplanted cells. Quantitative estimation of 

GFP positive cardiomyocytes in both groups are shown (Figure 4.14 C). 
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Figure 4.13. Assessment of Diabetic Heart Functions by Millar’s Analysis. 

Graphic representation of following parameters: (A) Maximum dp/dt (B) 

Minimum dp/dt (C) LV systolic pressure (D) LV end-diastolic pressure (E) LV 

end-systolic volume (F) LV end-diastolic volume (G) Ejection fraction (H) Tau 

glantz. All values are expressed as mean ± SEM. *P < 0.05 vs. diabetic 

control; #P < 0.05 vs. non-treated diabetic MSCs group (n = 6 in each group).  
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Figure 4.14. Effect of HG/Hypoxia-CCM Preconditioning on Homing of 

Diabetic MSCs in Diabetic Heart. Representative immunofluorescent images of 

diabetic heart transplanted with GFP labeled diabetic MSCs + DAPI (200X). 

A1 & B1 represents the GFP diabetic MSCs images; A2 & B2 represent the α-

Sarcomeric Actin + DAPI labeled images (200X). DAPI was used to identify 

nuclei; A3 & B3 represent merged images. Extensive homing was seen in 

HG/Hypoxia-CCM preconditioned diabetic MSCs transplanted group (B1–B3). 

(C) Quantitative estimation of GFP positive diabetic MSCs in non-treated and 

HG/Hypoxia-CCM preconditioned MSCs groups. All values are expressed as 

mean ± SEM. #P < 0.05 HG/Hypoxia-CCM vs. non-treated diabetic MSCs 

group (n = 6 in each group). Scale bar ~ 20 µm. 
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Effect of CCM Preconditioning on Myocardial Fibrosis:  

 Sirius red and Masson trichrome staining were used to examine 

myocardial fibrosis in various experimental groups. 

 
Sirius Red Staining: 

 Heart sections from control normal animals (Group I) showed normal 

structure (Figure 4.15 A1). However, control diabetic heart sections (Group II) 

presented an increased extra-cellular matrix deposition vs. diabetic non-

treated group (Group III), (16.7 ± 2.59% vs. 10.9 ± 2.9%) as stained by Sirius 

red (Figure 4.15 A2–A3). Whereas, markedly reduced collagen deposition was 

observed in HG/Hypoxia-CCM preconditioned group (Group IV, 1.49 ± 0.34%). 

Fibrosis was calculated in all groups by ImageJ software (Figure 4.15 B). 

 
Masson’s Trichrome Staining: 

 Extracellular matrix deposition in the myocardium was also detected by 

Masson’s trichrome staining. Staining results showed increased extra-cellular 

matrix deposition in control diabetic animals (Group I) vs. diabetic non-treated 

group (Group III) vs. HG/Hypoxia-CCM preconditioned group (Group IV), (20.1 

± 1.18% vs. 15.4 ± 0.094% vs. 3.0 ± 0.60%) respectively as shown in Figure 

4.16 C1–C4). Fibrosis was calculated in all groups by ImageJ software (Figure 

4.16 D). 
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Figure 4.15. Effect of HG/Hypoxia-CCM Preconditioning on Fibrosis in 

Diabetic Heart. (A) Picrosirius red staining of sections from the control and 

transplanted groups. A1, Normal control group; A2, Diabetic control group; A3, 

Non-treated MSCs transplanted group; A4, HG/Hypoxia-CCM preconditioned 

MSCs transplanted group (200X). (B) Quantitative analysis of fibrosis 

deposition in various groups done by imageJ software. All values are 

expressed as mean ± SEM. *P < 0.05 for HG/Hypoxia-CCM vs. VEGF; #P < 

0.05 for HG/Hypoxia-CCM vs. non-treated MSCs (n = 6 in each group). 
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Figure 4.16. Masson’s Trichrome Staining Analysis. C1, Normal control group; 

C2, Diabetic control group; C3, Non-treated MSCs transplanted group; C4, 

HG/Hypoxia-CCM preconditioned MSCs transplanted group (200X). (D) 

Quantitative analysis of fibrosis done by imageJ software. All values are 

expressed as mean ± SEM. *P < 0.05 vs. diabetic control; #P < 0.05 vs. non-

treated diabetic MSCs group (n = 6 in each group). 
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Effect of HG/Hypoxia-CCM Preconditioning on Apoptosis: 

 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 

as evidenced by active caspase-3 which is an indicator of apoptotic cell death. 

Caspase-3 staining demonstrated that control diabetic group presented a 

significant increase in apoptotic cells in the myocardium vs. non-treated MSCs 

transplanted group vs. HG/Hypoxia-CCM preconditioned MSCs transplanted 

group, (43.2 ± 2.85% vs. 28 ± 2.5% vs. 14.2 ± 1.46%) as shown in (Figure 

4.17 A1–A4). Quantitative analysis of apoptotic cells in all the groups was 

done by imageJ software (Figure 4.17 B). 

 

Effect of HG/Hypoxia-CCM Preconditioning on VEGF 

Expression: 

Diabetes alleviates expression VEGF in myocardium. VEGF plays an 

important role in inducing angiogenesis in myocardium. The expression and 

localization of VEGF in diabetic mice cardiac tissue was examined by immuno-

histochemistry. In normal control group (Group I), positive immunoreaction for 

VEGF was observed as dark accumulation of DAB reaction products in the 

cytoplasm of the myocytes whereas diabetic control group (Group II) showed 

low expression of VEGF vs. group I. Intense VEGF expression was observed 

in the cardiac tissue of group IV mice transplanted with HG/Hypoxia-CCM 

preconditioned MSCs while it was much weaker in diabetic non-treated MSCs 

transplanted group (group III) (Figure 4.18 A1–A4). 
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Figure 4.17. Casapse-3 Staining of Diabetic Heart Sections for Identification 

of Apoptosis in Myocytes (A). A1, Normal control group; A2, Diabetic control 

group; A3, Non-treated MSCs transplanted group; A4, HG/Hypoxia-CCM 

preconditioned MSCs transplanted group (200X). (B) Quantitative apoptosis 

analysis of apoptotic cells in various groups by imageJ software. All values are 

expressed as mean ± SEM. *P < 0.05 vs. diabetic control; 
#
P < 0.05 vs. non-

treated diabetic MSCs group (n = 6 in each group). 
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Figure 4.18. Effects of Diabetes on VEGF Expression in Diabetic Myocardium. 

Images A1–A4 represent VEGF staining (200X). A1, Normal control; A2, 

Diabetic control; A3, Non-treated diabetic MSCs transplanted; A4, 

HG/Hypoxia-CCM preconditioned diabetic MSCs transplanted (n = 6 in each 

group).  

 

Preconditioning Enhances Neoangiogenesis in Diabetic 

Myocardium: 

 Diabetic heart transplanted with HG/Hypoxia-CCM preconditioned 

MSCs showed significant improvement in diabetic myocardium. The number of 

blood vessels (α-SMA positive) was significantly increased in group IV vs. 

group III, non-treated diabetic MSCs transplanted mice, (21 ± .001 vs. 13 ± 

.001) (Figure 4.19 A3–A4). Blood vessel density was significantly reduced in 

diabetic control group II vs. normal control group I, (9 ± .002 vs. 27 ± .000) 

(Figure 4.19 A2–A1). Quantitative analysis of blood vessel density in all groups 

(Figure 4.19 B). 
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Figure 4.19. Analysis of Blood Vessels Density by Fluorescent 

Immunostaining for the Expression of α-SMA. (A)  Images A1–A4 represent α-

SMA staining (200X). Nuclei were stained with DAPI. A1, Normal control; A2, 

Diabetic mice; A3, Non-treated diabetic MSCs transplanted mice; A4, 

HG/Hypoxia-CCM preconditioned diabetic MSCs mice (200X). B) Quantitative 

analysis of blood vessel density in all groups. All values are expressed as 

mean ± SEM. *P < 0.05 vs. diabetic control; #P < 0.05 vs. non-treated diabetic 

MSCs group (n = 6 in each group). 
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HG/Hypoxia-CCM Preconditioned MSCs Affects eNOS and 

iNOS Expression: 

 HG/Hypoxia-CCM preconditioned MSCs are capable of upregulating 

eNOS and downregulate iNOS expression in diabetic heart. The expression 

and localization of eNOS in diabetic mouse cardiac tissue was examined by 

immuno-histochemistry. Diabetic heart transplanted with HG/Hypoxia-CCM 

preconditioned MSCs showed significant improvement in diabetic myocardium. 

Intense eNOS activity was observed in the cardiac tissue of group IV mice 

transplanted with HG/Hypoxia-CCM preconditioned MSCs while it was much 

weaker in the group III and II mice (Figure 4.20 A1–A4). Immunostaining 

results for eNOS were confirmed with RT-PCR and demonstrated increased 

eNOS and reduced iNOS in group IV animals compared to group III and II. 

GAPDH was used as cDNA quality and loading control (Figure 4.20 B–C). 

 

HG/Hypoxia-CCM Preconditioned MSCs are Capable of 

Upregulating Gene Expression in Diabetic Heart: 

 The effect of HG/Hypoxia-CCM preconditioned diabetic MSCs on 

diabetic heart functioning was also evaluated through RT-PCR analysis for 

prosurvival, cardiac transcription, and paracrine factor genes. 

 
Gene expression analysis was performed for angiogenic markers 

(VEGF and Ang-1), cardiac markers (MEF2-C, NKX2.5, and GATA-4), and 

fibrosis marker (NF-kB). Further morphological changes induced by 

HG/Hypoxia-CCM preconditioned diabetic MSCs through paracrine 

mechanism were also evaluated by gene expression pattern of HGF, IGF-1, 

SDF-1, and FGF-2. 
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Figure 4. 20. Immunohistochemical Localization of eNOS in Left Ventricles of 

Mice Heart. A1, Normal control; A2, Diabetic mice; A3, Non-treated diabetic 

MSCs transplanted mice; A4, HG/Hypoxia-CCM preconditioned diabetic MSCs 

mice (200X). (B) RT-PCR for eNOS and iNOS of control and transplanted 

groups. (C) A significant difference in gene expression of HG/Hypoxia-CCM 

preconditioned diabetic MSCs transplanted group vs. non-treated diabetic 

MSCs transplanted group. Gels were quantified using ImageJ software. All 

values are expressed as mean ± SEM. *P < 0.05 vs. diabetic control; #P < 0.05 

vs. non-treated diabetic MSCs group (n = 6 in each group). 
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RT-PCR results showed that angiogenic, cardiac genes, and paracrine 

factors genes were significantly upregulated in the HG/Hypoxia-CCM 

preconditioned MSCs transplanted group compared to the non-treated MSCs 

transplanted group as shown in Figure 4.21 A. Quantification of gel bands was 

done by ImageJ software and given in Figure 4.21 B & C. 

 

 

Figure 4. 21. Gene Expression Profiling of Control and Transplanted Groups. 

(A) A significant difference in gene expression of HG-Hypoxia-CCM 

preconditioned diabetic MSCs transplanted group versus non-treated diabetic 

MSCs transplanted group. (B–C) Gels were quantified using ImageJ software. 

All values are expressed as mean ± SEM. *P < 0.05 vs. diabetic control; #P < 

0.05 vs. non-treated diabetic MSCs group (n = 6 in each group). 



 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 
CHAPTER No. 5 

DISCUSSION 



93 

 

 

 

Diabetes is a major risk factor for the development of myocardial 

infarction in a large segment of population causing enormous economic 

burden. A number of studies have shown that diabetic hearts are more 

sensitive to ischemic insults (Vassort and Turan, 2010; Aronson et al., 2010). 

Both Type 1 and Type 2 diabetes increase the risk of cardiomyopathy and 

heart failure and are the major cause of death in diabetic patients (Kim and 

Kim, 2010; From et al., 2010; Murarka and Movahed, 2010). 

 
 DCM contributes to heart failure in diabetic patients independent of 

coronary heart disease (Khavandi et al., 2009; Asghar et al., 2009; Voulgari et 

al., 2010; Sun et al., 2011). Cardiomyopathy in diabetes is associated with a 

number of features including decreased diastolic compliance, increase 

interstitial fibrosis, and myocyte hypertrophy (Voulgari et al., 2010; Ho et al., 

2010; Zhang et al., 2010). DCM is described as increase in ventricle mass, 

impaired ventricular dilation, and ventricular dysfunction (Stephanie et al., 

2010). The purpose of the present study was to investigate the role of diabetic 

MSCs in ameliorating the DCM induced dysfunction in diabetic mice. 

 
Many types of stem cells have been transplanted into damaged heart, 

including embryonic stem cells (Zhang and Pasumarthi, 2008), fetal 

cardiomyocytes (Song et al., 2010), smooth muscle cells (Religa et al., 2009), 

skeletal myoblasts (Imanishi et al., 2011), fibroblasts (Tang and Chen, 2010), 

and BMSCs (Jin et al., 2011). Although several of these cell types may hold 

promising therapeutic option in future, but BMSCs have gained importance 

these days. MSCs can be isolated easily because of their ability to attach to 

plastic surfaces and do not express endothelial and hematopoietic cell surface 
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markers (Salem and Thiemermann, 2010). They can differentiate into multiple 

lineages including osteoblasts, chondroblasts, fibroblasts, and adipocytes. In 

addition, MSCs are expandable in culture without losing their differentiation 

potential (Jorgensen, 2010; Chen et al., 2011).  

 
 MSCs have become important therapeutic tool for heart repair 

(Valarmathi et al., 2010) due to their ability to differentiate into multiple 

specialized cells including cardiomyocytes, endothelial cells, and smooth 

muscle cells and possess low immunogenicity (Nauta and Fibbe, 2007; Abdi et 

al., 2008; Chen et al., 2011). Availability of MSCs from autologous sources 

makes these cells superior nominees for cell based heart therapy (Spadaccio 

et al., 2010). MSCs release growth factors and cytokines (Block et al., 2009; 

Lee et al., 2009; Katsha et al., 2011) and hence provide a suitable 

microenvironment for survival and differentiation of host progenitor cells. 

 
 Furthermore, previous reports showed that the 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). Therefore the aim of present study was to 

determine an optimal preconditioning strategy for improving the efficacy of 

autologous BMSCs transplantation in diabetic patients. 

 
 BMSCs were isolated from diabetic and normal animals. They were 

characterized through PCR gene expression analysis by using angiogenic 

(VEGF, ANG-1), pro-survival (Akt), and apoptotic (p53, p16INK4a, and p66shc) 

markers (Figure 4.2). Data indicates that the diabetic MSCs have less 

angiogenic and survival ability as compared to normal MSCs and on the other 
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hand, level of apoptosis is higher in diabetic MSCs than normal MSCs 

concurrent with previous findings (Khan et al., 2011).  

 
In the present study, normal and diabetic microenvironment of 

myocardium was simulated in-vitro by treating neonatal rat cardiomyocytes 

with glucose and hypoxia. Previous studies showed that the release of 

different growth factor from MSCs enhances under hypoxic conditions 

(Crisostomo et al., 2008; Tamama et al., 2011). In this study, the extent of 

VEGF release by cardiomyocytes was evaluated in response to normoxic and 

hypoxic stress conditions to simulate the normal and diabetic 

microenvironment of myocardium in-vitro (Figure 4.3). It has been previously 

reported that VEGF expression is upregulated in hypoxic conditions by direct 

activation of HIF1-α expression (Lee et al., 2010) which is directly involved in 

the process of angiogenesis (Oubaha and Gratton, 2009). Findings of current 

study concurrent with previous report documented that the release of VEGF 

increases in response to high glucose and hypoxic injury (Xia et al., 2007; Weil 

et al., 2009).  

 
 To investigate the potential of diabetic MSCs for their differentiation and 

angiogenic ability in normal and diabetic microenvironment, cardiomyogenic 

medium was aspirated from cardiomyocytes subjected to normoxic and 

hypoxic environment under low as well as high glucose conditions. Results 

demonstrated that the HG/Hypoxia-CCM treated diabetic MSCs group 

depicted upregulated expression of cardiac transcription factor markers (MEF-

2C, Nkx2.5, and GATA-4) and also angiogenic markers (VEGF and ANG-1) 

(Figure 4.4 A). 
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 It has been previously reported by Xie et al., (2006) that the hypoxic 

cardiomyogenic medium induces differentiation of normal MSCs into cardiac 

lineage cells. Demonstration of improved differentiation and angiogenic gene 

expression in diabetic MSCs could be attributed to the presence of different 

growth factors and cytokines released in the CCM (Steve et al., 2011). To 

highlight the importance of CCM preconditioning, diabetic MSCs were 

preconditioned with various concentrations of VEGF recorded in the 

conditioned medium of cardiomyocytes subjected to normoxia and hypoxia 

under low and high glucose conditions (Figure 4.4 B). The results of VEGF 

preconditioned group showed that the optimal dose of VEGF was 0.065 

ng/mL. Our study supports the concept that the best results for growth factor 

preconditioning depends upon the optimal dose and time period in which it is 

used (Yang et al., 2012; Hao et al., 2007; Pons et al., 2008; Nourse et al., 

2010; Liu et al., 2007). Interestingly, it was observed that the 0.065 ng/mL 

VEGF concentration induces the upregulated expression of angiogenic and 

cardiac differentiation markers as compared to other VEGF concentrations 

used. 

 
On the basis of maximum upregulation of differentiation and angiogenic 

genes in diabetic MSCs, 0.065 ng/mL VEGF and HG/Hypoxia-CCM groups 

were selected as preconditioning strategies for diabetic MSCs for further 

experiments. This study provides evidence in support of the concept that 

preconditioning has a protective effect on the stem cells survival (Salem and 

Thiemermann, 2010). Trypan blue exclusion assay in the current study 

demonstrated that HG/Hypoxia-CCM group significantly improved the viability 
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of the diabetic MSCs after 48 hours of treatment in serum free condition 

(Figure 4.7 A). LDH assay is a credible method for the determination of the 

integrity of the plasma membrane (Tang et al., 2011). The data in this study 

showed reduced LDH release by diabetic MSCs as a result of HG/Hypoxia-

CCM preconditioning (Figure 4.7 B). This is in accordance with the results 

obtained by trypan blue exclusion assay. Annexin protein binds to the exposed 

phospholipids on the surface of the plasma membrane of apoptotic cells 

(Smith et al., 2009; Deng et al., 2010) and indicates apoptotic cell rate. Thus 

annexin-V staining results of preconditioned MSCs demonstrated reduced 

percentage of annexin-V positive MSCs in HG/Hypoxia-CCM group (Figure 

4.8). These findings emphasize significant differences between HG/Hypoxia-

CCM and 0.065 ng/mL VEGF preconditioning strategies. 

 
 Cell proliferation is deemed as one of the characteristics of healthy 

active cells. In this study, cell proliferation ability of diabetic MSCs was 

enhanced by our advocated preconditioning strategies even in serum free 

microenvironment (Figure 4.10 A). PCNA has been previously reported as 

marker for proliferating cells (Sanz et al., 2010; Witko-Sarsat et al., 2010). 

Gene analysis for PCNA showed its increase expression in HG/Hypoxia-CCM 

group as compared to the non-treated diabetic MSCs (Figure 4.10 B).  

 
 MSCs have been previously reported to induce neovascularization after 

transplantation into ischemic environment (Lu et al., 2012). Angiogenesis 

represents a key regulator of VEGF mediated neovasculogenesis. This study 

further showed that the HG/Hypoxia-CCM group favors the diabetic MSCs 

differentiation towards endothelial lineage as confirmed by the upregulated 
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expression of CD31 and CD34 genes which are endothelial lineage markers 

(Plouffe et al., 2009) (Figure 4.11). 

 
 This study showed that PI3K/Akt signaling pathway gets activated in 

diabetic MSCs through growth factors and cytokines present in the CCM. Akt 

is a serine/threonine kinase that plays an important role in many cellular 

responses e.g. cell survival (Huang et al., 2011). VEGF has been shown to 

induce phosphorylation of Akt in cells (Tao et al., 2011). The present study 

demonstrated that the HG/Hypoxia-CCM preconditioning resulted in significant 

phosphorylation of Akt in diabetic MSCs (Figure 4.9). Enhanced Akt in-turn 

activates its downstream NOS enzyme activity which is involved in the 

production of nitric oxide (NO) (Bulhak et al, 2009). Hence HG/Hypoxia-CCM 

group demonstrated an increased production of NO by diabetic MSCs as 

compared to 0.065 ng/mL VEGF preconditioned group (Figure 4.12). 

Increased NO production is related to improved cell survival and angiogenic 

potential (Ahmed et al., 2010). The in-vitro results confirmed that the diabetic 

MSCs conditioned with HG/Hypoxia-CCM would survive better than the 

0.065ng/mL VEGF preconditioned group and non-treated diabetic MSCs. 

HG/Hypoxia-CCM group showed significantly reduced cellular damage, 

improved cell viability, angiogenic, proliferation, and cardiac differentiation 

ability of diabetic MSCs.  

 
In-vitro data suggests that HG/Hypoxia-CCM preconditioning of diabetic 

MSCs increased their effectiveness against ischemic injury by reducing cell 

apoptosis and enhancing their differentiation potential. Thus, these 

preconditioned diabetic cells were expected to survive better in the ischemic 
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diabetic microenvironment. Therefore HG/Hypoxia-CCM preconditioned 

diabetic MSCs were transplanted in diabetic mice heart for confirmation of our 

hypothesis. It was observed that different hemodynamic parameters recorded 

by Millar’s apparatus showed an improvement in the diabetic heart function 

(Pacher et al., 2008). The analysis of end systolic volume and end diastolic 

volume demonstrated that the contractility of the diabetic heart was improved 

after administration of CCM preconditioned MSCs. The current study 

demonstrated that CCM preconditioned MSCs improve the left ventricle 

systolic and diastolic pressure and ejection fraction (Figure 4.13). Thus, 

HG/Hypoxia-CCM group was more efficient in ameliorating the diabetic heart 

function than non-preconditioned MSCs group. 

 
 Histological analysis of diabetic GFP positive MSCs transplanted heart 

showed that these cells were able to home in the diabetic heart. The green 

fluorescent protein used for the detection of cells after transplantation into 

heart has been commonly used by many researchers previously (Li et al., 

2007; Hu et al., 2008; Fan et al., 2009). In the present study, increased 

number of HG/Hypoxia-CCM preconditioned MSCs was engrafted into the 

diabetic mice heart as compared to non-preconditioned diabetic MSCs group 

(Figure 4.14 A). 

 
 This study demonstrated that the HG/Hypoxia-CCM preconditioned 

MSCs are able to regenerate new cardiac tissues as observed by staining the 

heart section with α-sarcomeric actin. α-Sarcomeric actin is a specific protein 

expressed in cardiac muscle (Copeland et al., 2010). The 

immunohistochemical staining of GFP positive cells with α-sarcomeric actin 
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suggested that the HG/Hypoxia-CCM preconditioned diabetic MSCs have 

better potential of transdifferentiation into cardiomyocytes (Figure 4.14). 

 
 In DCM, collagen deposits in the heart which leads to the increase of its 

workload, enlargement of cardiomyocytes size, and ultimately results in the 

hypertrophic state and finally leads to heart failure (Takeda et al., 2010; 

Takeda and Manabe, 2011). Results of Masson’s trichome and Sirius red 

staining demonstrated that the HG/Hypoxia-CCM preconditioned MSCs 

transplantation alleviated the load of collagen deposition in diabetic heart and 

limited the cardiac damage, hence indicating the revival of diabetic heart 

functioning (Figure 4.15 and 4.16). 

 
 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 et al., 2009; Wagener et al., 2009; 

Frances et al., 2010). Anderson et al., (2011) showed that the risk of 

myocardial cell death increases in the heart of diabetic patients. The 

myocardial apoptosis rate has been shown to be high in STZ-induced diabetic 

animals (Li et al., 2011). The results of present study are concomitant with the 

above studies as increased apoptosis found in diabetic heart. The present 

study showed that CCM HG/Hypoxia-CCM preconditioned group limited the 

cardiac damage by 14.2% as compared to non-treated MSCs transplanted 

group, thus preserving cardiac function (Figure 4.17). 

 

 VEGF plays an important role as a mediator of neovascularization both 

in physiological and pathological conditions (Homayouni, 2009; Ferrara, 2009; 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Takeda%20N%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Manabe%20I%22%5BAuthor%5D
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Futrakul and Futrakul, 2011). The present study showed that VEGF expression 

was attenuated in diabetic mice heart. Previous studied also showed that 

diabetes effects the VEGF release (Burdon et al., 2009; Geraldes and King, 

2010; Jeong and King, 2011) and attenuates its expression in diabetes. 

However, the HG/Hypoxia-CCM preconditioned MSCs better recovered this 

attenuation of VEGF expression in diabetic mice heart (Figure 4.18). Results 

revealed that the transplantation of HG/Hypoxia-CCM preconditioned MSCs 

resulted in significant augmentation of angiogenesis in the diabetic heart as 

evidenced by increased SMA+ cells (Figure 4.19) and eNOS expression while 

iNOS expression was significantly reduced compared to animals transplanted 

with non-treated diabetic MSCs and diabetic controls (Figure 4.20). 

 
 The debilitating heart function of diabetic heart after diabetic insult was 

also evaluated by gene expression analysis of transplanted and control mice 

heart. Results demonstrated that animals transplanted with HG/Hypoxia-CCM 

preconditioned diabetic MSCs showed increased angiogenic (VEGF, ANG-1) 

and cardiac (MEF2c, GATA-4, NKx2.5) markers while decreased expression of 

NF-κB compared to animals with non-treated diabetic MSCs and diabetic 

controls. Conversely, increased paracrine factors (IGF-1, FGF-2, SDF-1, HGF) 

were found in the heart of animals transplanted with HG/Hypoxia-CCM 

preconditioned diabetic MSCs supporting the idea that preconditioned diabetic 

MSCs have better survival, angiogenic ability and can improve heart function 

by augmentation of diabetic environment possibly through a paracrine 

mediated effect (Wang and Li, 2007; Burdon et al., 2011) (Figure 4.21). 

 MSCs present a fascinating choice for cell based therapies to repair the 

diabetic heart. As MSCs isolated from diabetic animal show less survival and 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Futrakul%20N%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jeong%20IK%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22King%20GL%22%5BAuthor%5D
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proliferation ability and thus to repair heart. The present study demonstrated 

that HG/Hypoxia-CCM preconditioning can increase survival, proliferation and 

angiogenic ability of diabetic MSCs. Furthermore, HG/Hypoxia-CCM 

preconditioned diabetic MSCs transplantation improved cardiac function in a 

diabetic mouse model by inducing myogenesis and angiogenesis as well as by 

inhibition of myocardial fibrosis and apoptosis possibly through a paracrine 

effect. The beneficial effects of CCM preconditioned diabetic MSCs is that they 

are pre-differentiated into cardiomyocytes. These pre-differentiated MSCs 

have better ability of differentiation into mature cardiomyocytes and vascular 

cells. The HG/Hypoxia-CCM preconditioned MSCs supply large amounts of 

angiogenic, antiapoptotic, and mitogenic factors. Thus, preconditioning of 

diabetic MSCs represents an effective strategy to improve diabetic MSCs 

function and holds promise for the treatment of diabetic heart failure. 
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