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Cardiovascular disease (CVD) remains the leading cause of 

morbidity and mortality throughout the developed world (Williamson et 

al., 2012). Coronary artery disease (CAD) or atherosclerotic heart disease 

is a chronic life-threatening disease, which characterized by reducing 

blood supply to the heart as a result of the accumulation of atheromatous 

plaques within the walls of the arteries supplying the myocardium. 

Progressive atherosclerosis in the coronary arteries may lead to intimal 

thickening and eventual artery occlusion. Coronary artery occlusion can 

cause acute myocardial ischemia as a result of reduced oxygen supply or 

increased oxygen demand (Luthje and Andreas, 2008). Convincing 

evidence indicates that atherosclerosis is associated with endothelial 

dysfunction at the early stage of the disease process (Chiang et al., 

2012). 

The endothelium is a dynamic cell layer that represents a 

physiological barrier between circulating blood and the surrounding 

tissues. Impaired endothelial function is a critical event in the initiation of 

atherosclerotic plaque development and thus may lead to 

vasoconstriction, vascular smooth muscle proliferation, 

hypercoagulability, thrombosis, and eventually, adverse cardiovascular 

events (Berger and Lavie, 2011).  

Asahara et al., (1997) described endothelial progenitor cells (EPC) 

in human peripheral blood. EPC are immature endothelial circulating 

cells mobilized from the bone marrow. These cells are involved in 
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repairing the damaged endothelium and in facilitating neovascularization 

after ischemia (Rouhl et al., 2008). 

The role of EPC in health and disease is not understood 

completely. Most studies of healthy subjects and patients with coronary 

artery disease (CAD) report that the number and function of circulating 

EPC decrease with age and with the presence of classical vascular risk 

factors (Fadini et al., 2007).  

Recent studies suggested that EPCs play an important role in the 

risk of vascular events and in vascular homeostasis (Martí-Fàbregas et 

al., 2013). It is currently known that EPCs are circulating peripheral 

blood mononuclear cells (PBMNCs) that are mobilized from the bone 

marrow or other tissue on an ongoing basis, with large numbers being 

mobilized in response to tissue ischemia (Shi et al., 2012). 

These bone–marrow-derived cells were identified in the peripheral 

blood and were shown to proliferate and differentiate in vitro into 

endothelial cells. Therefore, they were termed EPCs. In the circulation, 

these cells are most commonly identified by certain membrane markers 

including the hematopoietic progenitor cell markers cluster of 

differentiation 34 (CD34) and human kinase insert domain receptor 

(KDR) which is the receptor for vascular endothelial growth factor 

(VEGF). The actual population of circulating EPCs represents between 

0.0001% and 0.05% of total white blood cells in the peripheral blood. 

Such diversity can result from differences in antibody affinity or the 

health status of an individual (Berger and Lavie, 2011).  
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 The progressive accumulation of oxidative damage with age, due 

to increased production of reactive oxygen species (ROS) and decreased 

expression of antioxidant proteins, also promotes senescent cell changes. 

ROS lead to inactivation of nitric oxide (NO), cause damage to proteins, 

lipids, and DNA, and alter cellular redox state. Oxidative stress promotes 

the development of vascular pathologies (Higgins et al., 2012; 

Sugamura and Keaney, 2011). 

Oxidative cellular damage accumulates in EPCs, diminishing 

function and enhancing vascular disease risk. Early EPCs have been 

shown to express high levels of antioxidant enzymes and as a result, are 

more resistant to oxidative stress, as compared with human umbilical vein 

endothelial cells (HUVECs) and adult microvascular endothelial cells 

(Cai et al., 2006). 

Enhanced antioxidant system may endow EPCs with improved 

resistance to oxidative stress and thus the ability to promote vascular 

regeneration in settings of ischemic injury. However, the antioxidant 

capacity of EPCs appears to be impaired with age (He et al., 2009) 

Together, these factors may reduce EPCs survival capacity and 

their ability to promote endothelial repair in the aging host. Aging is also 

associated with an upregulation of proatherogenic stimuli including 

angiotensin II (Ang II) (Wang et al., 2003), which has been shown to 

enhance the production of ROS in early EPCs and thereby accelerate 

cellular senescence (Endtmann et al., 2011). Moreover, treatment of 

coronary artery disease patients with an Ang II type I receptor (AT1-R) 
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antagonist was found to significantly increase the number of circulating 

EPCs (CD34+/KDR+) (Endtmann et al., 2011). 

The accumulation of oxidized low density lipoprotein (ox-LDL) 

with age may also contribute to a reduction in the number of circulating 

EPCs. Ox-LDL has been shown to impair early EPCs survival and 

function, due to its inhibitory effect on EPCs endothelial nitric oxide 

synthase (eNOS) expression and activity (Ma et al., 2006). 

Understanding EPCs biology and identifying strategies to restore the 

factors that are depleted or impaired with age may provide a protective 

benefit to the cardiovascular system and limit vascular disease 

progression in the aging population (Williamson et al., 2012). 

Low-dose ionizing radiation (LDIR) accelerates wound healing and 

improves neovascularization by promoting endothelial cells (ECs) 

proliferation (Heissig et al., 2005). Ionizing irradiation has been shown to 

have angiogenic potential in malignant and nonmalignant diseases. The 

inflammatory response to ionizing radiation includes a proangiogenic 

effect that could be counterproductive in cancer but can be exploited for 

treating impaired wound healing. It was demonstrated for the first time 

that IR stimulates hypoxia-inducible factor-1 (HIF-1α ) up-regulation in 

ECs, a HIF-1α–independent up-regulation of stromal cell–derived factor-

1 (SDF-1), as well as endothelial migration, all of as which are essential 

for angiogenesis. IR activates a novel pathway stimulating ECs migration 

directly through the expression of SDF-1 independent of HIF-1 α 

induction. LDIR results in up-regulation of the vasculogenic chemokine 
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SDF-1 and subsequent improved EPCs chemotaxis (Lerman et al., 

2010).  

Endothelial progenitor cells (EPCs) are present in circulation and 
contribute to vasculogenesis in adults. Present study measured the 
number of circulating EPCs in atherosclerotic patients with lower limb 
ischemia and examined the relationship between the number of EPCs and 
oxidative stress biomarkers. 
Based on these findings, the present study was designed mainly to: 

 Measure and compare the number of CD34+, CD133+ and CD133+ 
KDR+ blood mononuclear endothelial progenitor cells (EPCs) in 
both atherosclerotic patients with lower limb ischemia and healthy 
individuals. 

 Establish the optimal dose of ionizing gamma radiation for in vitro 
experiments to maximize EPCs number while minimizing cell death. 

 Elucidate the effect of low dose ionizing gamma radiation on blood 
mononuclear endothelial progenitor cells in vitro in atherosclerotic 
patients suffering from lower limb ischemia. 

 Assay viability, necrosis and apoptosis of cultured blood 
mononuclear endothelial progenitor cells before and after exposure 
to low dose of ionizing gamma radiation in atherosclerotic patients. 

 Correlate number of CD34+, CD133+ and CD133+KDR+ blood 
mononuclear endothelial progenitor cells with markers of oxidative 
stress including plasma lipid peroxidation measured as 
malondialdehyde (MDA), superoxide dismutase (SOD) activity and 
nitric oxide (NO) level in blood samples from atherosclerotic 
patients.  
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Atherosclerosis 

Atherosclerosis “hardening of the arteries” was identified in 

Egyptian mummies from as early as 1500 BC (Hanke et al., 2001) and 

had been studied clinically for more than 100 years (Crouse, 2006). 

Despite long-standing awareness of atherosclerosis and its association 

with myocardial infarction and sudden cardiac death, only recently have 

been able to study the pathology and progression of atherosclerotic 

plaque formation (Peter et al., 2009). 

It is also considered the primary cause of cardiovascular and 

cerebrovascular diseases, both of which are the top two causes of death in 

developed countries (Huck et al., 2011). It is an ageing disease with a 

fastest progress from 40 to 49 years. Common carotid intima-media 

thickness (IMT) is a non-invasive predictor of early arterial wall 

alteration, which identifies and quantifies early structural vascular 

abnormalities and is currently considered as a marker of premature 

atherosclerosis (El-Saadanya et al., 2011). 

Atherosclerosis is a slowly progressing inflammatory chronic 

disease of large and medium-sized arteries which is characterized by the 

formation of atherosclerotic plaques (composed of cholesterol and 

macrophages) consisting of necrotic cores, calcified regions, accumulated 

modified lipids, migrated smooth muscle cells (SMCs), foam cells, 

endothelial cells (ECs), and leukocytes (Gui et al., 2012). 

 Atheromatous plaques, are responsible for coronary heart disease 

(CHD), acute coronary syndromes (ACS) and ischaemic strokes, and 

represent approximately half of all cases of cardiovascular disease. Men 
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are more vulnerable than women and the highest incidence is at 

approximately 65 years of age (Aouba et al., 2008). 

The formation of an atheromatous plaque or atherosclerosis is a 

slow phenomenon, more or less reversible initially due to the transport 

and oxidation of lipids from low-density lipoprotein (LDL) on the arterial 

wall (Yoshida and Kisugi, 2010). The major risk factors for 

atherosclerosis are dyslipidaemia, high blood pressure, tobacco smoking, 

diabetes, socioeconomic stress, and advanced age, but around 10% of 

patients with cardiovascular disease have no conventional risk factors 

(Huck et al., 2011). 

According to the theory of oxidative stress, atherosclerosis is the 

result of the oxidative modification of LDL in the arterial wall by reactive 

oxygen species (ROS). Evidence suggested that common risk factors for 

atherosclerosis such as hypercholesterolemia, diabetes mellitus (DM), 

arterial hypertension, smoking, age, and nitrate intolerance increase the 

risk of the production of free ROS, not only from the ECs, but also from 

the SMCs and the adventitial cells (Vogiatzi et al., 2009). 

Zdrojowy et al., 2010 reported that peripheral atherosclerosis is 

the leading cause of chronic lower limb ischemia and peripheral artery 

disease (PAD). In the early stages often does not cause obvious 

symptoms. Since the PAD coexists with other areas of vascular activity is 

associated with high cardiovascular risk (myocardial infarction, cerebral 

stroke, sudden death). 

Causes and Risk Factors: 

Peter et al., (2009) reported that, increasing presence of traditional 

cardiovascular risk factors, such as hypertension, diabetes, hyperlipidimia 

and smoking through multiple mechanisms, leads to reduction in levels of 
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EPCs in the circulation, homing of EPCs to sites of endothelial damage 

occurs. Over time, pools of bone marrow EPCs might become depleted. 

EPCs mobilization from the bone marrow is also impaired; decreased 

levels of NO are thought to be responsible for decreased mobilization. 

Aspects of EPCs proliferation, differentiation and apoptosis are affected 

by inflammatory mediators. 

Ageing is associated with endothelial dysfunction and 

dysfunctional EPCs that are more prone to apoptosis and have reduced 

proliferative capacity (Heiss et al., 2005; Kushner et al., 2011). Further, 

the elderly are less able to mobilize EPCs in response to ischemic stimuli 

(Scheubel et al., 2003). With ageing, the EPCs have shortened telomeres, 

which are the repetitive DNA at the ends of chromosomes that protect 

DNA integrity (Kushner   et al., 2009). Hence, this may provide a 

mechanism whereby EPCs from elderly individuals are more likely to 

undergo proliferative senescence and an increased susceptibility to 

apoptosis which can contribute to decreased EPCs numbers. This 

generally occurs around the age of 55 which is temporally associated with 

the increased period of cardiovascular risk within a human’s lifetime 

(Kushner   et al., 2009).  

Hypertension is associated with endothelial dysfunction and 

decreased EPCs numbers and reduced EPCs function (Vasa. et al., 2001; 

Umemura et al., 2008; Schulz et al., 2011). LDL-C is inversely 

correlated with EPCs number and function in human patients (Chen et 

al., 2004).  

Diabetics without manifest cardiovascular disease have decreased 

EPCs numbers compared to age-matched controls (Tepper et al., 2002) 

and diabetics with manifest macrovascular disease such as CAD, 
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peripheral vascular disease or stroke have further reduced EPCs numbers 

(Fadini et al., 2005; Brunner et al., 2011). It is well documented that 

diabetes mellitus (DM) could progress the process of atherogenesis 

through a reciprocal relationship with endothelial dysfunction (Segal et 

al., 2006).  

During health, a cumulative damage of ECs incurred by exposure 

to risk factors was found to mitigate by endogenous reparative processes, 

which is mediated by stem/progenitor cells. DM was reported to decrease 

the role of EPCs in augmenting neovascularization during ischemia. Both 

number and function of EPCs were found to correlate to the severity for 

diabetic vasculopathy. Other mechanism underlying diabetic 

vasculopathy was found to be along the impairment of NO-mediated 

EPCs mobilization and homing (Gallagher et al., 2007). 

The pathobiology of atherosclerosis 

There are several clear phases in the development of 

atherosclerotic plaque which only in a minority of cases proceed to the 

final or thrombotic phase which normally is associated with myocardial 

infraction. The phases are as follows (Naseem, 2005). 

1-Endothelial activation or dysfunction 

It is a systemic pathological condition which can be broadly 

defined as an imbalance between vasodilating and vasoconstricting 

substances produced by the endothelium or overall functions of the 

endothelium (Kolluru et al., 2012). 

Endothelial cells become dysfunctional when exposed to an 

atherogenic milieu. Individual risk factors, such as tobacco smoking, 
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aging, hypercholesterolemia, hyperglycemia, and obesity, all promote 

endothelial damage and dysfunction (Hadi et al., 2005). 

Endothelial dysfunction may play pivotal roles in the initiation, 

progression and propagation of the atherosclerotic process (Ghosh et al., 

2009). Asymmetric dimethylarginine (ADMA) is the major endogenous 

inhibitor of nitric oxide synthase (NOS), the enzyme which synthesizes 

NO which has anti-atherosclerotic properties (Blackwell, 2010).Increased 

plasma ADMA concentration causes impaired NO synthesis leading to 

endothelial dysfunction and atherosclerotic vascular disease (Landim et 

al., 2009). 

Specifically, endothelial dysfunction is associated with reduced 

NO production, anticoagulant properties, increased platelet aggregation, 

increased expression of adhesion molecules, increased expression of 

chemokines and cytokines, and increased ROS production from the 

endothelium (Al-Isa et al., 2010). 

During the last few decades, it has become evident that the 

vascular endothelium is an active paracrine, endocrine, and autocrine 

organ that is indispensable for the regulation of vascular tone and 

maintenance of vascular homeostasis. Moreover, recent insights into the 

basic mechanisms involved in atherosclerosis indicate that deleterious 

alterations of endothelial dysfunction represent a key early step in the 

development of atherosclerosis and are also involved in plaque 

progression and the occurrence of atherosclerotic complications (Bonetti   

et al., 2003; Orr   et al., 2007).  
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Figure (2-1):-The early stages in the development of the atherosclerotic 
plaque: (A) endothelial dysfunction; (B) the inflammatory phase 

(Naseem, 2005). 

2. The inflammatory phase 

When monocytes are sequestered into the intima, they ‘mob up’ the 

modified LDL to form lipid-laden macrophages, a process mediated by 

macrophage-colony stimulating factor (MCSF) which enables the 

conversion of monocytes into macrophages. MCSF facilitates the 

expression of the scavenger receptor-A family which binds modified 

LDL to form foam cells by internalizing modified LDL. Continuous 

inflammation leads to macrophage and lymphocyte activation which 

results in release of hydrolytic enzymes, cytokines, chemokines and 

growth factors that cause more damage (Boamponsem et al., 2011). 
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Figure (2-2):- Advanced atherosclerosis: (C) the fibrotic phase; (D) the 
thrombotic phase (Naseem, 2005). 

Multiple phases of lipid deposition and the formation of new 

fibrous caps and sometimes the artery wall become thickened and the 

plaque protrudes into the arterial lumen and may partly restrict the flow 

of blood. Furthermore, it is difficult for the oxygen and nutrients to cross 

the thickened artery and it may become hypoxic and, ultimately, necrotic. 

To counteract this, the process of angiogenesis, the formation of new 

blood vessels, may be activated and the nutrient supply improved. The 

downside of this is that it also permits the plaque to enlarge (Naseem, 

2005). 
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  Figure (2-3):- Mononuclear phagocytes in atherogenesis (Libby, 2002). 

3. The thrombotic phase 

Atherosclerotic plaques grow larger over time and can become 

unstable. These plaques are characterized by a large lipid core, a high 

density of macrophages, and increased inflammatory tone. Rupture, 

fissuring, or erosion of unstable plaque can lead to the formation of an 

overlying thrombus and development of ACS (Ibanez et al., 2007). A 

necrotic core can form in a plaque. As macrophages maximize lipid 

uptake, they can undergo apoptosis or programmed cell death (Ibanez et 

al., 2007).  If the phagocytic function of macrophages is overwhelmed, 

apoptotic bodies, cellular debris, and lipid will accumulate, thereby 

expanding the volume of the plaque. In addition to surface changes, a 

plaque can rupture secondary to intraplaque hemorrhage as the vasa 

vasora in the adventitia are injured or become leaky over time (Virmani 

et al., 2000). 
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Figure (2-4):- Development of atherosclerosis (Koenig and 
Khuseyinova,   2007). 

Oxidative stress 

Reactive oxygen / nitrogen species (ROS/RNS) and free radicals 

are constantly formed in the human body and removed by an antioxidant 

defense system. A certain amount of ROS / RNS production is, in fact, 

necessary for proper health; for example ROS / RNS help the immune 

system to eliminate microorganisms. In healthy individuals, the 

generation of ROS / RNS appears to be approximately in balance with 

antioxidant defense. An imbalance between ROS / RNS and antioxidant 

defenses in favor of the former via excessive production of ROS / NOS, 

loss of antioxidant defenses, or both, has been described as oxidative / 

nitrosative stress (Dalle-Donne et al., 2006). 

 Oxidative stress in human biology comes from a variety of 

sources. In aerobic cells, incomplete reduction of oxygen in the 

mitochondrial electron transport chain releases O•
2‾ into the cytosol; 5% 

of molecular oxygen consumed may be converted to O•
2‾by this way. 

Free transition metal ions like iron and copper are strong catatalysts for 

oxidatation reactions in the presence of hydroperoxides. The superoxide 
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anion interacts with these free transition metal ions to produce the highly 

reactive hydroxyl radical (OH•). Macrophages and neutrophils produce 

also ROS such as Hydrogen peroxide (H2O2) and hypochlorous acid  

(HOCl) as a means of bacterial killing (Yücel et al., 2006). 

Pathophysiologic mechanisms of oxidative stress  

Endothelial function is impaired in the earlier stages of 

atherogenesis and is strongly correlated with several risk factors. 

Endothelial dysfunction predisposes to long-term atherosclerotic lesions 

and has been proposed as an important diagnostic and prognostic factor 

for coronary syndromes (Stocker and Keaney, 2005).The production of 

free oxidative radicals is believed to induce endothelial dysfunction, an 

initial step of atherogenesis. Oxidative stress leads to oxidation of LDL 

(ox-LDL), whose uptake by macrophages is easier compared to non-

oxidized lipoproteins. It has been proven that the main sources of 

oxidative substances and ROS in atherosclerotic vessels are macrophages 

and SMCs (Antoniades et al., 2007). 

Apoptosis: 
Apoptosis is a type of programmed cell death first described by 

Kerr et al. in the 1970s. It is morphologically characterized by cell 

shrinkage, membrane blebbing and nuclear condensation, and formation 

of apoptotic bodies (Elmore, 2007). The apoptotic process is initiated by 

“death” signals, which trigger a complex series of events with multiple 

positive and negative feedback loops (Schimmer, 2008). A central step in 

the execution of the apoptotic process is the activation of caspases, a 

group of enzymes belonging to the cysteine protease family. Activation 

of caspases cleaves many vital cellular proteins, breaking down the 
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nuclear scaffold and cytoskeleton, and subsequently leads to nuclear 

DNA degradation (Wong, 2011). 

Apoptosis is a physiological cell suicide program that is critical for 

the development and maintenance of healthy tissues. Regulation of 

programmed cell death allows the organism to control the cell number 

and the tissue size and to protect itself from rogue cells that threaten 

homeostasis. Apoptosis requires coordinated action and fine tuning of a 

set of proteins that are either regulators or executors of the process. 

Cancer, autoimmune diseases, immunodeficiency disease, reperfusion 

injury and neurodegenerative disorders are characterized by disregulation 

of apoptosis (Barisic et al., 2003).  

Apoptosis of endothelial cells 

Endothelial cells form the inner lining of all blood vessels and 

function to maintain vascular tone and anticoagulant properties of vessels. 

ECs apoptosis or dysfunction (the loss of vasomotor tone, alteration in 

pro-coagulant activity and inflammation) is therefore important in many 

disease states, including atherosclerosis (Victoria and Martin, 2004). 

Traditional hypotheses of atherogenesis have suggested that injury 

of vascular ECs is critical for the development of atherosclerosis (Ross, 

1990). The sites where plaques develop may be associated with increased 

ECs turnover rate, suggesting a mechanical link with susceptibility to 

atherosclerosis, perhaps as an increase in apoptosis (Dimmeler et al., 

1998). It has been reported that regenerated endothelial cells do not 

function correctly (Fournet-Bourguignon et al., 2000), therefore, if the 

endothelial monolayer has to be repaired due to damage, the 

dysfunctional cells will be unable to provide sufficient atheroprotective 

activity e.g. synthesis of NO. Increasing apoptosis may be due to a 
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variety of systemic factors; for example, high glucose (Du  et al., 

1998),increased oxidative stress and Ang II (angiotensin II),and ox-LDL 

(oxidized low-density lipoprotein) all induce endothelial apoptosis and 

are known risk factors for atherosclerosis (Schmidt-Ott et al., 2000).  

Endothelial cells apoptosis contributes to the development of 

atherosclerosis through an increased permeability of endothelial 

monolayer and subsequent uptake of lipids in the vascular wall (Choy et 

al., 2001). Clinical studies suggested a contributory role of ECs apoptosis 

in plaque destabilization and thrombosis (Tricot et al., 2000). 

In atherosclerotic plaques, ECs undergoing apoptosis produce high 

levels of apoptotic blebs containing active oxidized phospholipid that 

stimulate adhesion of monocytes to ECs (Huber et al., 2002). Enhanced 

production of NADPH oxidases-derived ROS, a hallmark in hypertension 

and atherosclerosis, is found in ECs as a result of disturbed flow (Hwang 

et al., 2003) and ROS released by pro-inflammatory cytokines and ox-

LDLs promote ECs apoptosis (Tiana et al., 2012). 

Increasing evidence suggested that oxidative stress regulates 

apoptosis of ECs. Thus, prooxidant stimuli like H2O2 induce ECs 

apoptosis (Rössig et al., 2001). Moreover, cytokine messengers, tumor 

necrosis factor-α (TNF-α), and the vasoconstrictor peptide angiotensin II 

(Ang II) trigger apoptosis of ECs and stimulate the generation of ROS 

(Dimmeler et al., 2000). Thus, enhanced oxidative stress may contribute 

to endothelial dysfunction in heart failure by the induction of ECs 

apoptosis (Irani, 2000). 

Endothelial progenitor cells 

The term “progenitor” is widely used in the stem cell field to 

describe primitive cells with limited clonal expansion, and from which 
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more than one type of lineage-related cells can be derived (Chao and  

Hirschi, 2010). Endothelial progenitor cells (EPCs) are primitive bone 

marrow (BM) cells that have the capacity to proliferate, migrate, and 

differentiate into various mature cell types, it is in particular possess the 

ability to mature into the cells that line the lumen of blood vessels 

(Sharma and Wu , 2013). 

They contribute substantially to preservation of a structurally and 

functionally intact endothelium. EPCs home in to the sites of endothelial 

injury and ischemia, where they proliferate, differentiate and integrate 

into the endothelial layer or exert a paracrine function by producing 

vascular growth factors (Di Stefano et al., 2013). 

Endothelial dysfunction predisposes to vasoconstriction, 

thrombosis, and atherosclerosis (Verma and Anderson, 2002). EPCs 

may play an important role in endothelium maintenance, being implicated 

in both reendothelialization and neovascularization (Szmitko et al., 

2003).  

In the traditional view, revascularization of ischemic tissue was 

thought to occur through the migration and proliferation of mature ECs in 

nearby tissues – a process called “angiogenesis”; however, mature ECs 

are terminally differentiated and have low proliferative potential, so their 

capacity to replace damaged ECs and create new vessels is limited. Thus, 

effective endothelial repair and angiogenesis appear to require the 

involvement of other angiogenic processes (Jujo et al., 2008). Evidence 

indicated that the peripheral blood of adults contains BM-derived cells 

with properties similar to those of embryonic angioblasts (Quirici et al., 

2001). These precursor cells have the potential to differentiate into 

mature ECs and are collectively referred to as EPCs. It is now believed 
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that BM-derived EPCs home to sites of neovascularization after ischemic 

insult (Asahara et al., 1999), where they differentiate into ECs in a 

process that mimics the well-described mechanism of embryonic blood-

vessel formation called “vasculogenesis.” (Jujo et al., 2008). 

Diverse subsets of EPCs are used for the treatment of ischemic 

diseases in clinical trials, and circulating EPCs levels are considered as 

biomarkers for coronary and PAD (Fadini et al., 2012). 

Directional migration of EPCs is critical in vasculogenesis, 

angiogenesis, and vasculature repair. In embryos, EPCs migrate, 

differentiate, and coalesce into clusters of hemangioblasts to form new 

blood vessels (vasculogenesis). In adults, EPCs may move to sites of 

injury or a site of neovascularization and then differentiate into mature 

ECs, thus contributing to re-endothelialization and neo-vascularization 

(angiogenesis) (Iwatsuki et al., 2005). Injury to vascular endothelium 

leads to the loss of the anti-thrombotic properties of the vessel wall, 

which could result in thrombosis, intimal hyperplasia and stenosis 

(Asahara et al., 1997; Zhao et al., 2008). Minor damage may be repaired 

by migration and proliferation of surrounding mature ECs. Larger 

damage requires migration and differentiation of EPCs that are marked in 

general by CD133+/CD34+/vascular endothelial growth factor receptor 2+ 

(VEGFR-2)/VE-cadherin (Akeson et al., 2010). 

The discovery of EPCs  

The discovery of EPCs by (Asahara et al., 1997) resulted in a new 

paradigm for endothelial regeneration and introduced a potential new 

approach to the treatment of cardiovascular diseases. They isolated EPCs 

using magnetic bead selection of cell surface antigens such as CD34 and 
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Flk1 from human PB. They have demonstrated that this cell population is 

found in areas of ischemia (Liew et al., 2006).  

Endothelial progenitor cells, which can be cultured in vitro from 

mononuclear cells in PB or BM, express both hematopoietic stem cell and 

EC markers on their surface. They are believed to participate in 

endothelial repair and postnatal angiogenesis due to their abilities of 

differentiating into ECs and secreting protective cytokines and growth 

factors. Mounting evidence suggests that circulating EPCs are reduced 

and dysfunctional in various diseases including hypertension, diabetes, 

CHD, and ischemic stroke. Emerging evidence indicates that 

transplantation of EPCs is beneficial for the recovery of ischemic cerebral 

injury. EPC-based therapy could open a new avenue for ischemic 

cerebrovascular disease (Zhao et al., 2012).  

Endothelial progenitor cells mobilization 

Accumulating data demonstrate that EPCs can be mobilized and 

recruited to sites of injury, which might contribute to vascular 

reendotheliazation or plaque regression. There are many physiological 

modulators that can change the circulating EPCs level, including physical 

training, erythropoietin (erythropoietin), estrogen, granulocyte-colony 

stimulating factor (G-CSF), granulocyte macrophage colony-stimulating 

factor (GM-CSF),(SDF-1) and VEGF (Urbich and Dimmeler, 2004). 

The directional migration of EPCs is meditated by varied 

chemokines, extracellular matrix, growth factors and membrane receptors 

(Hristov and Weber, 2004 and Hristov and Weber, 2008). Vascular 

endothelial growth factor (VEGF) is the most important growth factor in 

angiogenesis, controlling and increasing blood vessel formation 

(Yamashita et al., 2000 and Yancopoulos et al., 2000). 
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Figure (2-5):- Factors influencing the molecular pathway of endothelial 
progenitor cell mobilization. The interactions between circulation and 
BM are shown. The main pathway of EPCs mobilization is shown to be 
mediated by SDF-1 and nitric oxide. In the circulation, the main inducer 
of SDF-1 is VEGF. In the bone marrow, interleukin-8 (IL-8) plays an 
important role because it is an inducer of matrix metalloproteinase-9 
(MMP-9) (Mayr et al., 2011). 

In order to exert their ‘vascular function’, EPCs have to accomplish 

four distinct but interrelated steps. They must respond to chemoattractant 

signals and mobilize from the BM to the PB; home in on sites of vascular 

remodeling, repair and angiogenesis; invade and migrate at the same 

sites; and differentiate into mature ECs and/or regulate preexisting ECs 

via paracrine or juxtacrine signals (Caiado and Dias, 2012). 

 

Figure (2-6):- Molecular mechanism regulates the multiple steps of 
endothelial progenitor cells biology during vasculogenesis (Caiado and 

Dias, 2012). 



Review of literature 

 2-17

Circulating endothelial cells and endothelial progenitor cells  

Circulating endothelial cells (CECs) and EPCs are two populations 

of discovered ECs present in the blood. The former are thought to arise 

from the intima, the latter from the BM. However, it is becoming clear 

that these are not in fact homogenous populations (e.g. differing degrees 

of apoptosis, necrosis and viability, differing expression of monocyte 

markers) but do in fact represent more than one species of ECs (Blann 

and Pretorius ,2006).  

Endothelial progenitor cells and atherosclerosis 

Vasculogenesis, the growth of new vessels from EPCs is involved 

in both prenatal and postnatal tissue development, as well as vascular 

repair and atherosclerosis (Pákozdia et al., 2009). It has been 

demonstrated that EPCs have a characteristic of homing to the injured 

endothelium and upon arrival at the injured endothelial layer; EPCs may 

differentiate into the ECs, proliferate and replace the injured endothelial 

cells (Roberts et al., 2005). It has also been verified that the circulating 

EPCs may contribute to a so-called process of re-endothelialization by 

reducing neointimal formation after ECs injury (Li and Henry, 2011).  

Endothelial dysfunction observed in patients with cardiovascular 

disease or its risk factors may reflect a depressed ability to “renew” the 

endothelium from the circulating pool of EPCs which act to restore 

endothelial function. Indeed, patients with CAD and stroke were shown 

to have EPCs numbers that are reduced when compared to age-matched 

healthy volunteers (Grisar et al., 2011). EPCs numbers predict clinical 

events in patients with established CAD. Amongst patients with CAD, 

lower EPC numbers were associated with increased severity of CAD and 

higher risks of death from cardiovascular causes, major cardiovascular 
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events, revascularization or hospitalization (Schmidt-Lucke et al., 2005; 

Werner et al., 2005; Kunz et al., 2006). The number of EPCs cells was 

shown to be decreased stepwise in patients with plaque (Chironi et al., 

2007).  

In patients with atherosclerosis or cardiovascular risk factors, 

repair of endothelial damage by progenitor cells appears to be attenuated 

due to a decrease in their number and a reduced regenerative capacity 

(Hill et al., 2003). At the molecular level, this has been predominantly 

attributed to cellular senescence and impairment of proliferation (Hill et 

al., 2003; Lavie et al., 2009). In addition, it is conceivable that 

inflammatory cytokines - that are circulating in high concentration in 

particular in patients with end-stage chronic heart failure (CHF) - exert 

myelosuppressive effects and, thereby, preclude the release of EPCs that 

are urgently needed for vascular regeneration (Gielen et al., 2003; Torre-

Amione et al., 1996). Alternatively, the accelerated vascular damage 

might lead to an exhaustion of competent circulating EPCs in the blood 

and the BM in patients with CVD (Khakoo et al., 2005).  

Atherosclerosis risk factors cause injury to endothelial cells as well 

as apoptosis and lead to a progressive loss of endothelial integrity. In 

endothelial injury; adjacent endothelial cells proliferate, and re-

endothelialize the denuded luminal surface (Dimmeler and Zeiher, 

2004). Additionally, adult peripheral blood contains Endothelial 

Progenitors Cells (EPCs) which have a prominent role in the re-

endothelization phenomena at sites of endothelial injury (Asahara et al., 

1997; Werner and Nickenig, 2006). They can also affect surrounding 

cells through the secretion of angiogenic growth factors (Rehman et al., 

2003). 
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Figure (2-7):- Regulation of EPCs following the natural history of 
atherosclerosis (Fadinia et al., 2007). 

Influence of Cardiovascular Risk Factors on EPCs  

Endothelial progenitor cells characterization in CAD patients was 

conducted by (Vasa et al., 2001). The study reported an inverse 

correlation between the number of cardiovascular risk factors and the 

number and migratory activity of EPCs. Smoking was determined to be 

the major independent predictor for reduced EPC levels, whereas 

impairment of EPC migration was mainly influenced by hypertension. 

The mechanisms by which atherosclerotic risk factors reduce EPCs 

number and function remain to be determined. However, (Vasa et al., 

2001), speculate that these mechanisms may involve increased apoptosis 

of EPCs or interference with pathways regulating EPCs differentiation 

and mobilization. Recently, it has been suggested that the levels of EPCs 

may serve as a surrogate biological marker for vascular function and 

cumulative cardiovascular risk. NO is essential for mobilization and 

functional activity of EPCs (Javanmarda et al., 2010). 
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Figure (2-8):- Endothelial dysfunction, which precedes overt 
atherosclerosis by many years, is frequently found in conjunction with 
other cardiovascular risk factors (Van Craenenbroeck and Conraads, 
2010). 

Increased presence of traditional cardiovascular risk factors, such 

as hypertension, through multiple mechanisms, levels of EPCs in the 

circulation decrease. Homing of EPCs to sites of endothelial damage 

occurs. Over time, pools of bone marrow EPCs might become depleted. 

EPC mobilization from the bone marrow is also impaired; decreased 

levels of NO are thought to be responsible for decreased mobilization. 

Aspects of EPC proliferation, differentiation and apoptosis are affected 

by inflammatory mediators (Peter et al., 2009). 
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Figure (2-9):- Endothelial progenitor cells dysfunction (Westerweel et 
al., 2009). 

Possible mechanisms of EPC-mediated vascular repair 

The mechanisms underlying vascular repair by EPCs are yet to be 

made clear. However, numerous studies in animals have suggested that 

the vasoprotective and atheroprotective effects of EPCs mobilization or 

transfusion are associated with cell replacement effect and non-cellular 

differentiation effects like trophic support and enhancement of 

endogenous repair process. From the characteristics of early EPCs and 

late EPCs, it was showed that early EPCs might mainly by trophic 

support and enhancement of endogenous repair process, whereas late 

EPCs mainly by cell replacement, contribute vascular repair (Liu et al., 

2009). 
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Figure (2-10):- Possible mechanisms of vascular repair by EPCs (Liu et 
al., 2009). 

Nitric oxide (NO)  

It is a gaseous lipophilic free radical cellular messenger generated 

by three distinct isoforms of nitric oxide synthases (NOS), neuronal 

(nNOS), inducible (iNOS) and endothelial NOS (eNOS). NO plays an 

important role in the protection against the onset and progression of 

cardiovascular disease. Cardiovascular disease is associated with a 

number of different disorders including hypercholesterolaemia, 

hypertension and diabetes. The underlying pathology for most 

cardiovascular diseases is atherosclerosis, which is in turn associated with 

endothelial dysfunctional. The cardioprotective roles of NO include 

regulation of blood pressure and vascular tone, inhibition of platelet 

aggregation and leukocyte adhesion, and prevention smooth muscle cell 

proliferation (Naseem, 2005). 

Nitric oxide (NO) derived from eNOS promotes arterial 

vasodilatation and inhibits SMCs proliferation, LDL oxidation, platelet 

adhesion and aggregation, and monocyte adhesion to the endothelium. 

eNOS deficiency is a pivotal event in atherogenesis (Patschan et al., 

2009).  
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Reduced bioavailability of NO is thought to be one of the central 

factors common to cardiovascular disease, although it is unclear whether 

this is a cause of, or result of, endothelial dysfunction. Disturbances in 

NO bioavailability leads to a loss of the cardio protective actions and in 

some case may even increase disease progression (Naseem, 2005). 

At the molecular level the bioavailability of NO is the central key 

component regulating endothelial function. The concentration of NO is 

either up regulated by an increased activity of eNOS (Hambrecht et al., 

2003), or by a reduced production of ROS (Adams et al., 2005). 

Nitric oxide and angiogenesis 

Angiogenesis or collateral vessel formation is the name given to 

the formation of new capillaries from preexisting blood vessels. 

Angiogenesis is essential to provide oxygen and nutrients to growing 

tissues. It is a dynamic process that involves proliferation of endothelial 

cells and production of extracellular matrix by VSMC. NO is one of the 

key biochemical mediators of angiogenesis. VEGF is a strong angiogenic 

stimulus but also elicits the release of NO from ECs (Hood et al., 1998). 

The ability of VEGF to stimulate the release of NO is crucial for its 

ability to stimulate angiogenesis. NO then reciprocally activates further 

biosynthesis of the VEGF receptor. The mechanisms by which NO 

stimulates angiogenesis is unclear, but is probably a combination of 

stimulating the proliferation and migration of ECs (Ziche et al., 1994; 

Murohara et al., 1999), and inhibiting the release of angiostatin, an 

angiogenic antagonist (Matsunaga et al., 2002).  

 Nitric oxide and apoptosis 

Apoptosis or programmed cell death is a highly regulated process 

that requires energy for protein synthesis (Hengartner, 2000) and results 
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in a characteristic pattern of fragmented DNA. Often this is a signal-

induced event leading to the activation of downstream signalling 

enzymes. It has been suggested by several studies that apoptosis is 

important to the pathogenesis of atherosclerosis (de Nigris et al., 2003). 

Animal models of atherosclerosis have demonstrated that apoptotic ECs 

macrophages and VSMC are present in plaques (Lutgens et al., 1999).  

Nitric oxide and Atherosclerosis  

Nitric oxide in this setting can have both pro- and anti-

atherosclerotic effects. The anti-atherosclerotic effects rely upon 

sufficient amounts of NO to regulate platelet function, leukocyte adhesion 

and extravasation, inhibit LDL oxidation and prevent SMCs proliferation. 

However, endothelium-mediated vasorelaxation in vitro and in vivo, in 

both man and laboratory animals, is compromised in atherosclerosis, 

suggesting a loss of NO activity (Forstermann et al., 1988).  

 

Figure (2-11):- the influence of plasma lipoproteins on nitric oxide 
biosynthesis and availability (Naseem, 2005). 

NO and endothelial progenitor cells 

In the mature ECs, bioavailability of NO is a key determinant of 

the preservation of a normal vascular function. Besides its role as 

endothelial-derived relaxing factor, NO inhibits leukocyte adhesion, 

platelet aggregation and inflammation. In physiological conditions, low 



Review of literature 

 2-25

concentrations of ROS modulate cell signalling and contribute to 

regulation of vascular tone. However, at higher concentrations, 

intracellular ROS react with NO thereby forming toxic peroxynitrite and 

diminished NO bioavailability. The delicate balance in the ECs between 

the presence of NO and ROS is crucial in the maintenance of a healthy 

endothelium (Van Craenenbroeck and Conraads, 2010). 

 

Figure (2-12):- vascular homeostasis depends on the critical balance 
between endothelial injury and repair (Van Craenenbroeck and 

Conraads, 2010). 

Superoxide dismutase and cardiovascular disease 
There are 3 isoforms of superoxide dismutase (SOD) which 

catalyze the dismutation reaction from O2 (superoxide) to H2O2.Copper-

zinc SOD (CuZnSOD) is localized primarily in cytosol, manganese SOD 

(MnSOD) in mitochondria, and extracellular SOD (ecSOD) in the 

extracellular space (Faraci and Didion, 2004).  

MnSOD is upregulated by oxidative stress (Macmillan-Crow and 

Cruthirds, 2001) and transiently unregulated by atherosclerosis (Hoen et 

al., 2003). MnSOD protects against mitochondrial damage and 

development of atherosclerosis (Ballinger et al., 2002). 
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Reduced extracellular superoxide dismutase activity, also known as 

copper/zinc SOD (Cu/ZnSOD) is associated with increased vascular 

oxidative stress, and has been implicated in the endothelial dysfunction of 

patients with hypertension, CHF, and CAD (Landmesser et al., 2000). It 

was reported that human EPCs can tolerate oxidative stress because they 

have high intracellular expression levels of manganese SOD (MnSOD), 

the enzyme which scavenges superoxide anion (O2
-) (He et al., 2004). 

Lipid peroxidation 

Free radical-mediated damage to cellular membranes results in 

lipid peroxidation, a process that generates a variety of DNA-reactive 

aldehydes, including malondialdehyde (MDA) and 4-hydroxy-2-nonenal 

(4-HNE),which demonstrates high reactivity with protein and DNA 

(Tuma, 2002). 

A crucial step in the pathogenesis of atherosclerosis is believed to 

be the oxidative modification of LDL. The oxidation of LDL is a free 

radical driven lipid peroxidation process and the aldehyde products of 

lipid hydroperoxide breakdown are responsible for the modification of 

the LDL apoprotein. Aldehyde-modified apoB protein has altered 

receptor affinity, causing it to be scavenged by macrophages in an 

uncontrolled manner with the development of foam cells and the 

initiation of the atherosclerotic lesion. The aldehydic products of lipid 

peroxidation may also be involved in other aspects of the development of 

the lesion (Esterbauer et al., 1993).  

Since oxidative stress triggers various antioxidant mechanisms in 

the body, biomarkers such as lipid peroxidation products and endogenous 

enzymes with antioxidant properties have been identified and used to 

assess oxidative stress (McMichael, 2007). 
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Malondialdehyde (MDA), one of the end products of lipid 

peroxidation had been widely used as a biomarker of oxidative stress. 

MDA can be measured using several different assays; however, the 

simplest and most common method is the thiobarbituric acid reactive 

substances assay (TBARS) (Lee et al., 2012). 

Radiation  

The term ‘‘radiation’’ covers the electromagnetic spectrum, which 

includes static fields like the earth’s magnetic field, fields generated by 

50 or 60-cycle alternating currents, radio waves, microwaves, infrared, 

visible and ultraviolet (UV) light, and non ionizing and ionizing radiation 

(IR) (Land, 2005). 

Radiation and its types 

Radiation is fast-moving energy emitted as particles or waves. It is 

commonly divided into two categories: nonionizing (NIR) and ionizing 

radiation (IR) (International Atomic Energy Agency, 2005). 

 Non ionizing radiation  

It is low frequency radiation that disperses energy through heat and 

increased molecular movement. It includes visible light; ultraviolet rays; 

and microwave, ultrasound, radio frequency, and some electromagnetic 

waves. NIR commonly interacts with tissue through the generation of 

heat (Williams and Fletcher, 2010). 

Ionizing radiation 

 It is a natural part of the world. It includes particles (alpha and 

beta particles) and some electromagnetic radiation (gamma rays and x-

rays) (Ratnapalan et al., 2008). 
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Ionizing radiation has become an integral part of modern uses, 

especially in medical field. It is used in diagnostic as well as therapeutic 

purposes as cancer (Table 1), in some cases; IR may be the single best 

treatment of cancer (Srinivasan et al., 2007), it can stopping them from 

spreading as through irradiation modulates tumor-Cell phenotype and 

increases immune recognition (Hodge et al., 2008). Ionizing radiation 

can provide a cure or control the some disease. It can also reduce the risk 

of cancer coming back or sometimes helps to reduce uncomfortable 

symptoms such as pain (Maher and O’Sullivan, 2009). 

However IR has become a central role in therapeutic cancer, it also 

injures or destroys the normal cells by damaging their genetic material, 

making it impossible for these cells to continue to grow and divide 

(Grdina et al., 2002). 

 
Table (2-1): Common Medical Applications of Ionizing and Nonionizing 

Radiation (Williams and Fletcher, 2010). 
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Biological effects of ionizing radiation  

When the living organisms are exposed to ionizing radiation, they 

could be affected either directly or indirectly or by both effects. The 

effects of irradiation on biological matter have been studied extensively. 

According to Mettler and Mosely (1987), when a cell or tissue is 

exposed to radiation, several changes occur, e.g. 

1. Damage to the cell membrane through lipid peroxidation. 

2. Damage to either one or both strands of deoxyribonucleic acid 

(DNA). 

3. Formation of free radicals causing secondary damage to cells. 

Considering the above, radiation can lead to damage in two 

ways: 

Direct interaction: 

In direct interaction, a cell's macromolecules (proteins or DNA) are 

hit by ionizing radiation, which affects the cell as a whole, either killing 

the cell or mutating the DNA (Nais, 1998). A major mechanism of effect 

is the ionizing damage directly inflicted up on the cell's DNA by radiation 

(Ward, 1988; Nelson, 2003). 

Mettler and Moseley (1987) suggest that if only one strand of 

DNA is broken by ionizing radiation, repair could occur within minutes. 

However, when both strands of DNA are broken at about the same 

position, correction would be much less likely to occur but if there are a 

large number of ionizations in a small area (more than one single break in 

the DNA strand), the local cell repair mechanisms become overwhelmed. 

In such cases the breaks in DNA may go unrepaired, leading to cell 

mutations (Altman and Lett, 1990). Unrepaired DNA damage is known 

to lead to genetic mutations, apoptosis, cellular senescence, 
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carcinogenesis and death (Wu et al., 1999; Rosen et al., 2000; Oh et al., 

2001). 

Indirect interaction: 

Ionizing radiation affects indirectly, via the formation of free 

radicals (highly reactive atoms or molecules with a single unpaired 

electron). These radicals may either inactivate cellular mechanisms or 

interact with the genetic material (DNA). The ionizing effects of radiation 

also generate oxidative reactions that cause physical changes in proteins, 

lipids, and carbohydrates, impairing their structure and/or function 

(Lehnert and Iyer, 2002; Spitz et al., 2004). Indirect interaction occurs 

when radiation energy is deposited in the cell and the radiation interacts 

with cellular water rather than with macromolecules within the cell. The 

reaction that occurs is hydrolysis of water molecules, resulting in a 

hydrogen molecule and hydroxyl free radical molecule (Dowd and 

Tilson, 1999). 

 H2O (molecule) + ionizing radiation              H+    +    OH־ 

                                                         = (hydroxyl, free radical) 

Recombination of: 

                  H+     +    H+                     H2 = hydrogen gas  

                  H+   + OH־                        H2O = water  

 Antioxidants can recombine with the OH- free radical and block 

hydrogen peroxide formation. If not, then the 2 hydrogen ions could do 

the following: 

   OH־   + OH־              H2O2   = hydrogen peroxide formation 

               H2O2                 H+ + HO2
 unstable peroxide = ־

      HO2
 organic molecule              Stable organic peroxide + ־

Stable organic peroxide               Lack of essential enzyme               

                Eventual cell death is possible (Dowd and Tilson, 1999). 
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Radiation Hormesis 

Radiation hormesis is a lesser-known effect of LDIR which 

propounds that, on the basis of animal and human studies, toxic radiation 

acts like a stimulant (beneficial) in low doses. DNA repair at the 

molecular level is proposed as a possible mechanism for hormesis. 

According to this hypothesis, a LDIR induces the production of special 

proteins that are involved in DNA repair processes. LDIR causes DNA 

double-strand breaks that activate induced resistance, which protects cells 

even against damage due to metabolism and thus may protect against 

cancer development. Free radical detoxification at the molecular level is 

proposed as a second possible mechanism for hormesis. LDIR cause a 

temporary inhibition in DNA synthesis, which gives irradiated cells a 

longer time to recover. The third mechanism for stimulation of the 

immune system occurs at the cellular level. Low doses of radiation 

stimulate the function of the immune system. It is reported that upon 

receiving low doses of radiation, the body produces more of those 

proteins that are involved in regulating the cell cycle, cyclones, kinases, 

enzymes responsible for DNA repair, and genes that induce cell 

proliferation (Rekha and Mannudeep, 2008). 

Gupta and Bhattacharjee (1988), showed that low concentrations 

of hydrogen peroxide can also induce mechanisms against subsequent 

doses of ionizing radiation. The production of scavengers is also 

enhanced through radiation which produces a high local concentration of 

radicals. 

Protection and cell cycle  

Damaged cells may also exit the system by premature 

differentiation and maturation to senescence. The various mechanisms of 
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protection may be linked directly or indirectly to transient changes in the 

activity of the G1 cell cycle checkpoint. Another mechanism in this 

category of damage removal is known to occur in a number of tissue 

culture cell types by way of hypersensitivity to LDIR that disappears at 

higher doses. This hypersensitivity in some cells was linked to the cell 

cycle and disappeared in a number of cultured cells within about 4 h, but 

not immediately, after a single low-dose, low-LET irradiation. Radiation-

induced predisposition to genetic instability in cultured cells also declined 

following LDIR. These data indicate prevention of damage removal by 

way of low-dose induced DNA repair (Feinendegen, 2005). 

Ionizing radiation and endothelial progenitor cells 

Postnatal vasculogenesis is the formation of new blood vessels 

from bone marrow-derived EPCs. This process is regulated, in part, 

through chemokine signaling gradients that guide these EPCs to areas of 

ischemia/injury. Chemokines, a cytokine subset, are inflammatory 

mediators specifically involved in trafficking of many different cell types 

including immune cells and stem cells. IR can affect CXC chemokine 

expression in human fibroblasts (Fujimori et al., 2005). 

 Low-dose radiation has also been shown to mobilize BM derived 

EPCs into the circulation, leading to enhanced revascularization , in 

contrast, local administration of high-dose radiation causes DNA strand 

breaks and cell death that result in hypovascular tissue (Heissig et al., 

2005; Rafii and  Lyden, 2003).  

Irradiation modulates neo-angiogenesis within the ischemic 

microenvironment through VEGF release from mast cells. IR induces up-

regulation of MMP-9, resulting in the release of KitL. KitL not only 

promotes mobilization of progenitors into circulation, which ultimately 
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can be incorporated in ischemic tissue, but also acts as a potent 

proliferation and migration factor for mast cells. In a partly MMP-9–

dependent manner, IR enhances VEGF release from mast cells, which 

further promote local accumulation of mast cells. VEGF directly can 

locally support angiogenesis and can further up-regulate MMP-9 (Heissig 

et al., 2005). 

 

Figure (2-13):- Irradiation modulates neo-angiogenesis within the 
ischemic microenvironment through VEGF release from mast cells 

(Heissig et al., 2005). 
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Patients: 

The present study included 30 patients complaining of lower limb 

ischemia attributed to atherosclerosis. Participants for this study were 

recruited from the department of general and vascular surgery unit in El-

kasr El-eny hospital, Faculty of Medicine, Cairo University, almost three 

months from the period 15/1/2012 to 9/4/2012. 

Atherosclerosis was suggested according to the patient's age > 50 

years old suffering from ischemia in one or both lower limbs, and by the 

presence of abnormal lipid profile mainly in the form of 

hypercholesterolemia. The presented data were statistically evaluated in 

relation to a control group of 30 normal healthy volunteers, age matching 

volunteers. 

All the studied patients and control subjects were conducted to 

laboratory investigations including serum fasting blood glucose level and 

complete serum lipid profile. Moreover, all the patients were subjected to 

Duplex ultrasonography evaluation of the lower limb, and accordingly 

selected patients were further investigated by arteriography. 

Collection of blood sample: 

Whole blood: 16 ml of peripheral blood was collected into 8 tubes 

of a 2-ml Vacutainer (Becton Dickinson, Basel, Switzerland) tubes 

containing liquid tri-potassium ethylene diamine tetra-acetic acid 

(K3EDTA) as an anticoagulant then mixed well by inversing the tubes up 

and down several times, shaking was avoided and processed within 2 hrs 

of collection.  

After selection, blood samples from investigated patients and 

controls were divided into two parts for:  
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(A) Flow Cytometric Investigations: 

Flow cytometric Investigations included the separation of blood 

mononuclear cells, which were further cultured for 24 hours with or 

without exposure to ionizing gamma radiation and then subjected to 

identification and enumeration of CD133+, KDR+, CD34+ and 

CD133+KDR+ blood mononuclear endothelial progenitor cells using their 

monoclonal antibodies. Also evaluation of apoptosis, viability and 

necrosis was determined. Analysis was performed with an automated 

fluorescence-activated cell sorter (FACS) (Becton Dickinson, Sunnyvale, 

CA, USA) equipped with a compact air cooked low power 15 mwatt 

argon iron laser beam (488nm). 

(B) Biochemical investigations: 

Biochemical investigations of plasma and blood for the 

determination of oxidative stress biomarkers including superoxide 

dismutase enzyme (SOD) activity, nitric oxide (NO) level and lipid 

peroxidation measured as malondialdehyde (MDA). 

 (A)  Flow Cytometric Investigations: 
1- Blood Cell Separation 

Peripheral blood mononuclear cells were isolated by density-

gradient centrifugation using Ficoll-Paque PLUS (sigma, Saint Louis, 

MO), from 30 atherosclerotic patients with lower limb ischimia and 30 

matched controls. Apoptosis in progenitor CD34+ cells was assessed 

using the Annexin V-PE/PI detection kit, and FACS (Becton Dickinson, 

Sunnyvale, CA, USA) analysis was performed with triple staining for 

CD34+, annexin-V and propidium iodide. The percentage of early and 

late apoptotic progenitor cells was determined in the subject groups and 

was correlated with oxidative stress biomarkers. 
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Principle of the Procedure: 

The following principles applied for Ficoll-Paque PLUS. De-

fibrinated or anticoagulant-treated blood was layered on the Ficoll-Paque 

PLUS solution and centrifuged for a short period of time. Differential 

migration during centrifugation resulted in the formation of layers 

containing different cell types. The bottom layer contains erythrocytes 

which had been aggregated by the Ficoll and, therefore, sediment 

completely through the Ficoll-Paque PLUS. The layer immediately above 

the erythrocyte layer contains mostly granulocytes which at the osmotic 

pressure of the Ficoll Paque PLUS solution attain a density great enough 

to migrate through the Ficoll-Paque PLUS layer. Because of their lower 

density, the lymphocytes are found at the interface between the plasma 

and the Ficoll-Paque PLUS with other slowly sedimenting particles 

(platelets and monocytes). The lymphocytes were then recovered from 

the interface and subjected to short washing steps with a balanced salt 

solution to remove any platelets, Ficoll-Paque PLUS and plasma. Since 

this method can be adapted to very small volumes of blood, it is 

particularly suitable for isolation of lymphocytes where only limited 

quantities of blood are available (Bøyum, 1976). 

Procedure for separation 

Fresh blood should be used to ensure high viability of isolated 

lymphocytes. Prepare sample at 18–20 °C as follows: 

1. To a 10 ml test-tube add 2 ml of defibrinated or anticoagulant-treated 

blood* and an equal volume of balanced salt solution such as phosphate 

buffer saline (final volume will be 4 ml). 
Note: the more diluted the blood sample, the better the purity of MNCs. 

2. Mix by drawing the blood and buffer in and out of a Pasteur pipette. 

*Anticoagulants: Heparin, EDTA, citrate, acid citrate dextrose (ACD) 

and citrate phosphate dextrose (CPD) may be used.  



Subjects & Methods 

 3-4

3. Add Ficoll-Paque PLUS (3 ml) to the centrifuge tube. 

4. Carefully layer the diluted blood sample (4 ml) on Ficoll-Paque PLUS.  

*Height of the Ficoll-Paque PLUS (3 ml) and of blood sample (4 ml) in 

the centrifuge test tube (Falcon 15 ml). 

Important: When layering the sample do not mix Ficoll- Paque PLUS 

and the diluted blood sample. 

5. Centrifuge at 400 × g for 30-40 minutes at 18–20 °C. 

6. Draw off the upper layer using a clean Pasteur pipette, leaving the 

lymphocyte layer undisturbed at the interface. 

Care should be taken not to disturb the lymphocyte layer. The upper layer 

of plasma, which is essentially free of cells, may be saved for later use. 

7- Washing the lymphocytes to remove platelets 

Procedure for washing the lymphocytes to remove platelets 

1. Using a clean Pasteur pipette transfer the lymphocyte layer to a clean 

centrifuge tube. It is critical to remove all of the interface but a minimum 

amount of Ficoll-Paque PLUS and supernatant. Removing excess Ficoll-

Paque PLUS causes granulocyte contamination, removing excess 

supernatant results in unnecessary contamination by platelets and plasma 

proteins. 

2.  Add at least 3 volumes (6 ml) of balanced salt solution to the 

lymphocytes in the test tube. 

3. Suspend the cells by gently drawing them in and out of a Pasteur 

pipette. 

4.  Centrifuge at 60–100 × g for 10 minutes at 18–20 °C. 

5.  Remove the supernatant. 

6.  Suspend the lymphocytes in 6–8 ml balanced salt solution by gently 

drawing them in and out of the Pasteur pipette. 

7. Centrifuge at 60–100 × g for 10 minutes at 18–20 °C. 

8. Remove the supernatant. 
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9. The lymphocytes should now be suspended in the media appropriate to 

the application. 

2-Culture  

 Resuspention of blood mononuclear cells (BMNCs) in media (RPMI 

1640 with L-glutamine ) and 10 % FBS. 

*Media containing separated BMNCs was carfully at very strile 

conditions (to avoid contamination) was divided into three strile falcon 

tubes for investigations. One tube was counted directly at zero time 

without radiation and the other two tubes (one of them was irradiated) 

remained in the CO2 incubator (to prevent change in PH of the media ) 

for 24 hrs and then subjected for counting by flow cytometry. 

3-Irradiation 

Γ-irradiation was performed at the National Centre for Radiation 

Research and Technology (NCRRT), Cairo, Egypt, using a 60Co Gamma 

Cell-40 biological irradiator. Cultured BMNCs were exposed to 54 unit 

of γ-radiation that was equivalent to o.25 Gy (25 cGy) of 60Co. 

Instrument: 60Co trady-800 from Argentina. 

4-Flow Cytometry enumeration of CD133+, CD34+, CD133+KDR+ 

progenitor cells and evaluation of apoptosis 

Flow cytometric identification and enumeration of CD34+, 

CD133+, and CD133+ KDR+ blood mononuclear endothelial progenitor 

cells and apoptosis of these cells at zero time and 24 hrs after culture 

without radiation was investigated. BMNCs were supposed to low doses 

of ionizing gamma radiation, cultured for 24 hrs and then counting occur 

by flow cytometry.  

Analysis was performed with an automated fluorescence-activated 

cell sorter (FACS) (Becton Dickinson, Sunnyvale, CA, USA) equipped 

with a compact air cooked low power 15 mwatt argon iron laser beam 

(488nm) in which 1 000 0000 events were counted. The absolute number 
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of cells expressing CD34+, CD133+, CD133/KDR+ per 1 000 0000 events 

in the lymphocyte gate was calculated. The percentages of all the 

measured components were derived from the absolute cell count divided 

by the lymphocyte count (Yiu et al., 2010). CD marker and apoptosis 

histogram derived from flow cytometry was obtained with a computer 

program for Dean and Jett mathematical analysis (Dean and Jett, 1974). 

Staining method of flow cytometry: 

This technique is applicable where the fluorochrome is directly 

linked to the primary antibody by Fluorescein isothiocyanate (FITC) or 

phycoerythrin (PE) conjugates.  

General protocol for immunofuorescent staining 

Human peripheral blood mononuclear cells (PBMCs) were stained with: 

 CD34 antibodies conjugated to FITC. 

 CD133 antibodies conjugated to PE. 

 CD309 (VEGFR-2/KDR) antibodies conjugated to FITC. 

Staining cells protocol with CD34, CD133 and KDR 
▲ Volumes given below are for up to 107 nucleated cells.  

1- Determine cell number. 

2- Centrifuge cell suspension at 300×g for 10 minutes. Aspirate 

supernatant completely. 

3- Resuspend up to 107 nucleated cells per 100 µL of buffer. 

4-Add 10 µL of the CD34 FITC antibody or CD133 PE antibody or 

CD309 FITC antibody. 

5-Mix well and incubate for 10 minutes in the dark in the refrigerator 

(4−8 °C). 
▲Note: Higher temperatures and/or longer incubation times may lead to nonspecific 

cell labeling. Working on ice requires increased incubation times. 

6- Wash cells by adding 1−2 mL of buffer and centrifuge at 300×g for 10 

minutes. Aspirate supernatant completely. 
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7- Resuspend cell pellet in a suitable amount of buffer for analysis by 

flow cytometry. 

Flow Cytometry evaluation of early and late apoptotic progenitor 

CD34+ cells, viability and necrosis. 

After Ficoll gradient separation, PBMNCs were washed with phosphate-

buffered saline (PBS), and 107 cells were stained with (FITC)-anti-CD34 

monoclonal antibodies (MAb) for 30 minutes at 4°C in 100 microliters of 

FACS staining buffer (PBS and 2% fetal bovine serum (FBS). Apoptosis 

in progenitor CD34+ progenitor cells was assessed using Southern 

Biotech Apo Screen Annexin V Apoptosis detection kit (Annexin V-PE, 

Propidium Iodide (PI) solution and Annexin V binding buffer). This 

assay involved staining peripheral blood mononuclear cells with Annexin 

V-PE (a phospholipid-binding protein binding to disrupted cell 

membranes) in combination with propidium iodide (PI, a vital dye 

binding to DNA penetrating into apoptotic cells). FACS analysis of 

CD34+ progenitor cells that are in early (annexin V+/PI−) or late (annexin 

V+/PI+) apoptotic phase was performed. The percentage of apoptotic 

CD34+ progenitor cells (out of total circulating CD34+ progenitor cells) 

was assessed by staining peripheral blood mononuclear cells for 3 color 

FACS analysis employing (FITC)-anti-CD34 MAb (IQ products), 

Annexin V-PE and Propidium Iodide (Southern Biotech). The cells were 

then washed again with PBS and resuspended in 100 microliters of 

Annexin V-PE binding buffer and incubated with 5 microliters of 

Annexin V-PE for 15 minutes at room temperature. Without washing, 

another 200 microliters of binding buffer and 5 microliters of PI solution 

were added, and 800,000 cells were acquired by flow cytometry (FACS 

Calibur, Becton Dickinson) and analyzed by Cell Quest software (BD 

Bioscience). All analyses and readings were made by technicians who 

were blinded to the study questions. 
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Pilot study 

Cultured blood mononuclear cells (BMNCs) from investigated patients 

were divided into three subgroups besides BMNCs from controls. 

Controls (Healthy individuals), (n=30): 

 Group I: Non-irradiated BMNCs at zero time in culture media 

Atherosclerotic patients (n=30): 

 Group II: Non-irradiated BMNCs at zero time in culture media 

 Group III: Non-irradiated BMNCs 24 hrs. in culture media. 

 Group V: Irradiated BMNCs with LDIR (0.25 Gy of 60 Co) 24 hrs. 

in culture media. 

Establishing dose of ionizing gamma radiation for in vitro 

experiments 

A wide range of ionizing gamma radiation doses had been used for 

experimental purposes to investigate in vitro effects. In vitro studies 

doses under 7 Gray (6, 5, 4, 2 and 0.5 Gy) of gamma radiation used for 

experiments. It was first established an optimal dose of ionizing radiation 

to maximize percentage of blood mononuclear endothelial progenitor 

cells, while minimizing cell death. All doses of radiation resulted in an 

absolute reduction in CD34+, CD133+ and KDR+ blood mononuclear 

endothelial progenitor cells by 24 hours. Apoptosis was then assessed by 

annexin V-PE expression measured by flow cytometry. Results showed 

that, doses of 0.25 Gy, 0.125 Gy and 0.0625 Gy were found to have 

significant increase in level of CD34+, CD133+, and CD133+ KDR+ cells 

after 24 hours post radiation. Cells exposed to a single dose of 0.25 Gy 

radiations, decreased apoptosis suggesting an increase in EPCs number. 

Thus, a dose of 0.25 Gy radiations was used for all subsequent 

experiments. 
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(B)  Biochemical investigations: 

The following parameters were measured in blood and plasma of 

both atherosclerotic patients before and after exposure to o.25 Gy of 

ionizing gamma radiation (60Co) and healthy subjects. 

 Nitric oxide level in plasma. 

 Lipid per oxidation measured as Malonaldhyde in plasma.  

 Super oxide dismutase enzyme activity in blood. 

Patients 

After selection, blood of 30 patients was classified into two 

subgroups besides blood from controls. 

Controls: Normal healthy volunteers, (n=30): 

 Group I: Non-irradiated blood 

Atherosclerotic patients, (n=30): 

 Group II: Non-irradiated blood  

  Group III: Irradiated blood with low dose ionizing gamma          

radiation (0.25 Gy of  60 Co) 

Sample preparation 
Whole blood for determination of SOD activity: 

  2 ml of peripheral blood was collected into 2-ml Vacutainer 

(Becton Dickinson, Basel, Switzerland) tubes containing liquid tri-

potassium ethylene diamine tetra-acetic acid (K3EDTA) as an 

anticoagulant then mixed well by inversing the tubes up and down several 

times, shaking was avoided and processed within 2 hrs of collection.  

Plasma for MDA and NO determination: 

1. Collect blood (2 ml for lipid peroxidation determination and 2 ml for 

NO) using an anticoagulant (EDTA). 

2. Centrifuge at 4,000 for 10 minutes at 4°C. 
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3. Collect the plasma for assaying and store on ice If not assaying on the 

same day, freeze at - 80°C. 

Chemicals: 

Chemicals used in the present study were of high analytical grade 

and purchased from: Biosource (Germeny), Spinreact (Germeny), Sclavo 

(Italy), Biocon (Germany), Merk (Germeny) and Sigma (USA).                                                    

Methods: 

Determination of lipid peroxidation level measured as 

Malondialdehyde (MDA)        

The determination of lipid peroxidation was carried out according 

to (Yoshioka et al., 1979).  

Principle: 

This method was based on the measurement of malondialdehyde 

(MDA) as the main end product of lipid peroxidation by the use of 

thiobarbituric acid. 

Reagents:  

 Trichloroacetic acid 20% (TCA). 

 Thiobarbituric acid 0.67% (TBA). 

 n-Butyl alcohol (Analar) 

Procedure: 

Sample and reagents were added to dry test tubes as follows: 

 Blank Sample 

Sample _____ 0.2ml 

Bi-distilled water 0.2ml _____ 

TCA 1ml 1ml 

TBA 0.4ml 0.4ml 
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-Tubes were vigorously shaken, put in boiling water bath for 30 minutes 

and then rapidly cooled. 

-1.6 ml n-butanol was added to both blank and samples then shaken very 

well till pink color was transferred to alcoholic layer completely. 

-The mixture was centrifuged at 3000 r.p.m for 10 minutes. 

-The alcoholic layer that contains malondialdehyde (MDA) was taken 

into separate tube and its color intensity was spectrophotometrically 

detected at 535 nm.  

The standard used in this assay was 5, 10, 15, 20 μmol of 1, 1, 3, 3-

tetraethoxypropane, determine optical density of this substance at these 

known concentrations. Draw relationship between conc. And optical 

density then display the equation used to calculate the concentration of 

this substance. 

Concentration of MDA = O.D x 333.3 

 

Calculation: 

Malondialdehyde concentration was determined by nmol of    

malondialdehyde / ml. 

 

 

 

 

 

 

 

Figure (3-1): Standard curve of MDA 
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2- Determination of superoxide dismutase enzyme activity (SOD) in 

blood. 

Superoxide dismutase activity was measured in blood according to 

the method of (Minami and Yoshikawa, 1979). 

Principle: 

Superoxide dismutase catalyzes the dismutation of the superoxide 

radical (O2
-) into hydrogen peroxide (H2O2) and elemental oxygen (O2). 

       O2
- + 2H                             H2O2 + O2  

Superoxide ions, generated from auto-oxidation of pyrogallol, 

convert the nitro blue tetrazolium chloride (NBT) to NBT-diformazan 

which absorbs light at 550 nm. 

Superoxide dismutase reduces the superoxide ion concentration 

thereby lowering the rate of NBT-diformazan formation. The extent of 

reduction in the appearance of NBT-diformazan is a measure of SOD 

activity present in samples. 

Reagents: 

 NaCl solution 0.9%. 

 (Ethanol: Chloroform) mixture (2:1, v/v).  

 Tris cacodylic buffer: prepared by dissolving 1g. sod.cacodylic 

acid (Sigma) and 0.1 g diethylene triamine penta acetic acid ( 

DPTA ) (Sigma) in 100 ml dist. water then, pH was adjusted to 8.2 

using tris hydroxy methyl pentane. 

 2 M formic acid. 

 Triton X-100 16 %. 

 NBT 0.98 mmol/L. 

 Pyrogallol solution: (0.9 mmol). 

 1M HCl. 

SOD 
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*The stock solution: Pyrogallol powder 11.3 mg was dissolved in 10ml 

1M HCl and stored at 4oC until use. The stock was stable for at least 3 

months. 

*The working solution:  The working solution was prepared freshly 

before use by diluting 1 ml of stock solution with 9 ml of dist. water. 

*Stopper solution: Contain 2 M formic acid dissolved in 16% triton X-

100. 

Procedure: 

1. In covered polyethylene tubes, the following reagents were applied to 

the samples: 

 Blood Blank 

Sample 0.1 ml _____ 

NaCl solution 0.4 ml _____ 

Dist. Water _____ 0.5 ml 

Ethanol, chloroform   0.75 ml 0.75 ml 

 

2. Mixture was vigorously mixed then, centrifuged at 10000 r.p.m at 40C 

for 60 minutes. 

3. The clear supernatant was transferred to other test tubes then, the 

following reagents were added. 

Supernatant 0.25 ml 0.25 ml 

Cacodylic buffer 0.5 ml 0.5 ml 

Triton 0.1 ml 0.1 ml 

NBT 0.1 ml 0.1 ml 
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4. The mixture was then incubated at 370C for 5 minutes. 

5. 0.01 ml pyrogallol was applied and left 10 minutes then 0.3 ml stopper 

solution was added. 

6. Absorbance of both sample and blank were measured against buffer at 

λ 540 nm. 

 

Calculations: 

SOD activity was calculated as unit/ml for blood. 

SOD activity (U /ml of reaction mixture) 

        = (A blank -A sample)/ 0.5Ablank 

One unit (50% inhibitory level of the enzyme) corresponds to 7.47 µg/ml 

of reaction mixture of SOD. 

The percentage inhibition of pyrogallol autoxidation was calculated 

according to the following equation: 

% Inhibition of pyrogallol autoxidation =  

  100 - 
min/

min/
AB

ATorS


  × 100. 

Where: 

  AT/min = change in absorbance of the test sample in 1 min. 

  AS/min = change in absorbance of the standard sample in 1 min. 

  AB/ min = change in absorbance of the blank sample in 1 min. 

 
Figure (3-2): Standard curve of superoxide dismutase 
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3 -Determination of nitric oxide level in plasma 

Nitric oxide was determined according to the method described by 

(Miranda et al., 2001). 

Principle: 

Nitric oxide is relatively unstable in the presences of molecular 

oxygen, with an apparent half life approximately 3-5 seconds and is 

rapidly oxidized to nitrate and nitrite totally designated as NOx. A high 

correlation between endogenous nitric oxide production and nitrite/nitrate 

(NOx) levels has been established. The measurement of these levels 

provides a reliable and quantitative estimate of nitric oxide output in vivo. 

The assay determines total nitrite/nitrate level based on the reduction of 

any nitrate to nitrite by vanadium followed by the detection of total nitrite 

by Griess reagent. The Griess reaction entails formation of a 

chromophore from the diazotization of sulfanilamide by acidic nitrite 

followed by coupling with bicyclic amines such as N-(1-naphthyl) 

ethylendiamine. The chromophoric azo derivative can be measured 

colorimetrically at 540 nm.  

Reagents: 

1. Absolute ethanol. 

2. Vanadium trichloride (VCl3): Saturated solution of VCl3 was prepared 

by dissolving 0.4 g in 50 ml 1M HCl. The blue solution was stored in the 

dark at 4 oC for less than 2 weeks.   

3. Griess reagent: 

a-N-(1-Naphthyl) ethylendiamine dihydrochloride (NEDD): 0.1 % (w/v) 

in distilled water. 

b- Sulfanilamide: 2% (w/v) in 5% HCl (v/v). 

4. Standard nitrate solution. 

 

 



Subjects & Methods 

 3-16 

Procedure: 

1. In Eppendorf tube 0.5 cold absolute ethanol was added to 250 μl 

plasma or homogenate then left for 48 hours in the refrigerator to attain 

complete protein precipitation followed by centrifugation at 15.000 rpm 

for 1 hour using cooling centrifuge (Megafuge 1.OR, Heraeus, Germany). 

2. To 250 μl of the obtained supernatant, 250 μl VCl3 was added followed 

by rapid addition of 125 μl Sulfanilamide and 125μl NEDD. 

3. The mixture was incubated at 37 oC for 30-45 min than cooled and the 

absorbance of the pink colored chromophore was measured at 540 nm 

using a double beam spectrophotometer (UV-150-02, Shimadzu, Japan) 

against a blank treated in a similar manner to the test. 

4. The standard was treated exactly as the supernatant and measured 

against a blank reagent containing 250 μl distilled water. 

Calculations: 

NO (μM) =   AT / As × n × dilution factor 

Where:     

AT: absorbance of the test                      

As: absorbance of the standard  

 n: concentration of the standard (μM)               

Dilution factor =750/250=3 

Nitric oxide was measured from the standard curve Fig. (3-3). 
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Figure (3-3): Standard calibration curve of nitric oxide 
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Statistical analysis 

Descriptive statistics are presented as arithmetic mean, standard 

error of the mean (mean ± SE) for all groups under investigation. In order 

to test the significance of the differences between the mean values of any 

two sets of observations, two independent sample "t" – test was applied. 

Post Hock tests, Paired sample t-test were used with statistical 

significance deemed present at a level of P < 0.05. No formal adjustments 

were made for multiple testing but all P-values are interpreted with 

caution. Categorical data were investigated using Chi-Square test (x2) of 

association, where appropriate.  

Correlation coefficients were performed using Pearson’s 

coefficient and linear regression analysis in order to assess the association 

of number of EPCs and oxidative stress biomarkers in vitro in 

atherosclerotic patients suffering from lower limb ischemia. 

The significance of the results was calculated by the aid of a digital 

computer, using the Statistical Package for the Social Sciences version 

16.0 program (SPSS, Inc., Chicago, IL, USA). All calculations and data 

presentations were carried out by the use of the software Microsoft Excel 

V.5 (2010). USA. 
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The clinical characteristics of the patients (age, gender, and smoking) 

were shown in Table (4-1). The results were analyzed by Pearson chi-square. It 

was found that there was non-significant difference in age, gender and 

smoking between controls and atherosclerotic patients suffering from lower 

limb ischemia. 

 
Table (4-1): Characteristics of atherosclerotic patients with lower 

limb ischemia and controls 
 

 
 

 

 

 

 

 

 

 

NS: Non-significant 
            X2: Pearson chi-square test 
 
 

 

 

 

 

Group 

Statistics 
Controls 

Atherosclerotic 

patients 
X2 

Age in years (Mean ± SD) 50.8 ±  5.8 58.2 ± 4.9 NS 

Gender  

(n,%) 

Male 16 (53.3 %) 21 (70%) 
NS 

Female  14 (46.7 %) 9(30%) 

History of 

smoking 

(n,%) 

Presence 14 (46.7 %) 18 (60%) NS 

Absence 16 (53.3 %) 12 (40%) NS 
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In vitro effect of ionizing gamma radiation at doses of 6 , 5 , 4 , 2 and 0.5 

Gy on level of blood mononuclear endothelial progenitor cells (%) in 

atherosclerotic patients 

Results in Figures (3-1:3-3) indicated that there was an increase in level 

of CD34+, CD133+, KDR+ and CD133+ KDR+ blood mononuclear endothelial 

progenitor cells (%) in atherosclerotic patients suffering from lower limb 

ischemia 24 hrs. in vitro pre radiation compared to cells counted at zero time, 

in the contrary they were decreased after exposure of cells to ionizing gamma 

radiation (γ) at 6, 5, 4, 2 and 0.5 Gy 24 hrs. in culture media compared to its 24 

hrs. pre radiation. Current data elucidated that as dose of ionizing γ- radiation 

decreased, level of CD34+, CD133+, KDR+ and CD133+ KDR+ blood 

mononuclear endothelial progenitor cells increased. 

 

Propidium Iodide (PI) is a vital dye binding to DNA, a process implying 

disrupted cellular membrane and exposed DNA, compatible with late, 

irreversible cell necrosis. Cells that are viable are Annexin V-PE and PI 

negative; cells that are in early apoptosis are Annexin V-PE positive and PI 

negative (lower right quadrant –figure 4-4); and cells that are in late apoptosis 

or necrosis are both Annexin V-PE and PI positive (upper right quadrant –

figure 4-4). 

 

Results in Figure (4-4) indicated that there was significant reduction in 

level of viable blood mononuclear endothelial progenitor cells, while there was 

significant increase in level of late and early blood mononuclear endothelial 

progenitor cells in vitro in atherosclerotic patients with lower limb ischemia 24 

hrs. post irradiation compared to its 24 hrs. pre-irradiation. Current study 

showed that as doses of ionizing gamma radiation decreased, an increasing in 

viable cells and decreasing in both late and early apoptotic cells occurred.     
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Figure (4-1): Flow cytometric determination of CD34+ blood mononuclear endothelial  
progenitor cells in vitro in atherosclerotic patients with lower limb ischemia pre and post 
exposure to low doses of ionizing gamma radiation;(*)CD34+ cells (%) at zero time in 
culture media pre ionizing radiation,(**)CD34+cells (%) after 24 hrs. in culture media pre 
ionizing radiation,(***) CD34+ cells (%) after 24 hrs. in culture media and after exposure to 
6 Gy of  γ-radiation,(****) CD34+ cells (%) after 24 hrs. in culture media and after exposure 
to 5 Gy of  γ-radiation,(*****) CD34+ cells (%) after 24 hrs. in culture media and after 
exposure to 4 Gy of  γ-radiation,(******) CD34+ cells (%) after 24 hrs. in culture media and 
after exposure to 2 Gy of γ-radiation,(*******) CD34+ cells (%) after 24 hrs. in culture 
media and after exposure to 0.5 Gy of γ-radiation. 
 

 

Figure (4-2): Flow cytometric determination of CD133+blood mononuclear endothelial  
progenitor cells in vitro in atherosclerotic patients with lower limb ischemia pre and post 
exposure to low doses of ionizing radiation;(*) CD133+cells (%) at zero time in culture 
media before ionizing radiation,(**) CD133+cells (%) after 24 hrs. in culture media pre 
ionizing radiation,(***) CD133+ cells (%) after 24 hrs. in culture media and after exposure 
to 6 Gy of  γ-radiation, (****) CD133+ cells (%) after 24 hrs. in culture media and after 
exposure to 5 Gy of  γ-radiation,(*****) CD133+cells (%) after 24 hrs. in culture media and 
after exposure to 4 Gy of γ-radiation,(******) CD133+ cells (%) after 24 hrs. in culture 
media and after exposure to 2 Gy of γ-radiation,(*******) CD133+ cells (%) after 24 hrs. in 
culture media and after exposure to 0.5 Gy of  γ-radiation. 

* ** *** **** 

***** ****** ******* 

1.36% 2.52% 0.63% 1.56% 

1.64% 1.99% 2.48% 

* ** *** **** 

***** ******* 

3.28% 3.38 % 1.19 % 

1.80% 2.34% 1.98% 

****** 

1.76
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Figure (4-3): Flow cytometric determination of KDR+ blood mononuclear endothelial  
progenitor cells in vitro in atherosclerotic patients with lower limb ischemia pre and post 
low doses of ionizing radiation;(*) KDR+ cells (%) at zero time in culture media pre 
ionizing radiation,(**) KDR + cells (%) after 24 hrs. in culture media pre ionizing 
radiation,(***) KDR+ cells (%) after 24 hrs. in culture media and after exposure to 6 Gy of 
γ-radiation,(****) KDR+ cells (%) after 24 hrs. in culture media and after exposure to 5 Gy 
of γ-radiation, (*****) KDR+ cells (%) after 24 hrs. in culture media and after exposure to 4 
Gy of γ-radiation,(******) KDR+ cells (%) after 24 hrs. in culture media and after exposure 
to 2 Gy of γ-radiation,(*******) KDR+ cells (%) after 24 hrs. in culture media and after 
exposure to 0.5 Gy of γ-radiation. 

 

                 C1: necrotic cells (%)  C2: Late apoptotic cells (%)  C3: Viable cells (%)  C4: Early apoptotic cells (%) 

Figure (4-4): Flow cytometric determination of apoptosis of blood mononuclear endothelial 
progenitor cells in atherosclerotic patients with lower limb ischemia before and after low 
doses of ionizing radiation;(*) apoptosis at zero time in culture media before ionizing 
radiation,(**) apoptosis after 24 hrs. in culture media before ionizing radiation, (***) 
apoptosis after 24 hrs. in culture media and after exposure to 6 Gy of γ-radiation, (****) 
apoptosis after 24 hrs.in culture media and after exposure to 5 Gy of γ-radiation,(*****) 
apoptosis after 24 hrs. in culture media and after exposure to 4 Gy of γ-radiation,(******) 
apoptosis after 24 hrs. in culture media and after exposure to 2 Gy of  γ-radiation, (*******) 
apoptosis after 24 hrs. in culture media and after exposure to 0.5 Gy of  γ-radiation. 

* ** *** 

****** ******* 

0.05% 0.06% 

0.26% 99.6% 

0.05% 

99.1% 0.79% 

0.00% 3.98% 

71.2% 24.8% 

0.00%  1.51% 

78.7% 19.8% 

0.08%  2.66% 

75.0% 22.2% 

0.00% 4.82% 

70.3% 24.9% 

0.04% 

0.00% 3.21% 

72.9% 23.9% 

**** 

***** 

* ** *** 

**** 

***** 

****** ******* 

0.85% 1.89% 0.78% 

1.35% 

1.11% 

1.75% 1.83% 
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In vitro effect of ionizing gamma radiation at doses of 0.25 , 0.125  and 

0.0625 Gy on blood mononuclear endothelial progenitor cells in 

atherosclerotic patients  

 

Results in Figures (3-5, 3-6 and 3-7) showed that, ionizing radiation at 

doses of 0.25, 0.125 and 0.0625 Gy had significant increase in levels of 

CD34+, CD133+ , KDR+ and CD133+ KDR+ blood mononuclear endothelial  

progenitor cells in vitro in atherosclerotic patients after 24 hrs. pre and post 

irradiation compared to cells counted at zero time pre-irradiation. Cells 

exposed to a single dose of 0.25 Gy radiations, showed high significant 

increase in cells compared to the other doses, also it decreased early, late 

apoptosis suggesting an increase in EPCs numbers. Thus, a dose of 0.25 Gy 

radiations was used for all subsequent experiments. 
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Figure (4-5): Flow cytometric determination of CD34+ blood mononuclear endothelial  
progenitor cells in vitro in atherosclerotic patients with lower limb ischemia before and after 
exposure to low doses of ionizing gamma radiation;(*) CD34+ cells (%) at zero time in 
culture media before ionizing radiation ,(**) CD34+ cells (%) after 24 hrs. in culture media 
before ionizing radiation, (***) CD34+ cells (%) after 24 hrs. in culture media and after 
exposure to 0.25 Gy of γ-radiation, (****) CD34+ cells (%) after 24 hrs. in culture media 
and after exposure to 0.125 Gy of γ-radiation,(*****) CD34+ cells (%) after 24 hrs. in 
culture media and after exposure to 0.0625 Gy of γ-radiation . 
 

 
 
Figure(4-6): Flow cytometric determination of CD133+ blood mononuclear endothelial 
progenitor cells in vitro in atherosclerotic patients with lower limb ischemia before and after 
exposure to low doses of ionizing γ- radiation;(*) CD133+ cells (%) at zero time in culture 
media before ionizing radiation ,(**) CD133+ cells (%) after 24 hrs. in culture media before 
ionizing radiation, (***) CD133+ cells (%) after 24 hrs. in culture media and after exposure 
to 0.25 Gy of γ-radiation, (****) CD133+ cells (%) after 24 hrs. in culture media and after 
exposure to 0.125 Gy of γ-radiation,(*****) CD133+ cells (%) after 24 hrs. in culture media 
and after exposure to 0.0625 Gy of γ-radiation . 

* ** *** **** 

***** 

17.3% 18.8% 21.2% 20.0% 

16.5% 

** * 
  

*** 

 
  **** 

*****  

* 
0.13% 0.45%  0.66% 

0.58% 

0.86% 
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Figure (4-7): Flow cytometric determination of KDR+ blood mononuclear endothelial 
progenitor cells in vitro in atherosclerotic patients with lower limb ischemia before and after 
low doses of ionizing γ- radiation;(*) KDR+ cells (%) at zero time in culture media before 
ionizing radiation,(**) KDR+ cells (%) after 24 hrs. in culture media before ionizing 
radiation, (***) KDR+ cells (%) after 24 hrs. in culture media and after exposure to 0.25 Gy 
of  γ-radiation, (****) KDR+ cells (%) after 24 hrs. in culture media and after exposure to 
0.125 Gy of  γ-radiation,(*****) KDR+ cells (%) after 24 hrs. in culture media and after 
exposure to 0.0625 Gy of γ-radiation . 

 
                              C1: necrotic cells (%) C2: Late apoptotic cells (%) C3: Viable cells (%) C4: Early apoptotic cells (%) 

Figure (4-8): Flow cytometric determination of apoptosis and necrosis of blood 
mononuclear endothelial progenitor cells in atherosclerotic patients with lower limb 
ischemia before and after low doses of ionizing γ-radiation;(*) apoptosis at zero time in 
culture media before ionizing radiation,(**) apoptosis after 24 hrs. in culture media before 
ionizing radiation,(***) apoptosis after 24 hrs. in culture media and after exposure to 0.25 
Gy of  γ-radiation, (****) apoptosis after 24 hrs. in culture media and after exposure to 
0.125 Gy of  γ-radiation,(*****) apoptosis after 24 hrs. in culture media and after exposure 
to 0.0625 Gy of  γ-radiation . 

 

** *** 

**** ***** 

0.05%  

99.7% 0.23% 

* 
0.05% 

99.0% 
 

0.28% 

0.01% 

99.9% 0.11% 

0.03% 0.06% 

99.4% 0.53% 

0.02% 

99.4% 0.54% 

0.03% 

0.01% 0.01% 

* ** *** **** 

*****  

4.75% 4.45% 10.6% 8.65% 

6.61% 

0.06% 
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Establishing time required for in vitro experiments 

Blood mononuclear endothelial progenitor cells count after 24 and 48 hrs. 

 

After establishment of optimal dose of ionizing gamma radiation 

required  to maximize EPCs number and minimizing cell death (0.25Gy), 

levels of CD34+, CD133+, KDR+ and CD133+KDR+ blood mononuclear 

endothelial progenitor cells were determined after 24 and 48 hrs. in culture.  

 

Results in Figures (3-9, 3-10, 3-11 and 3-12) showed that there was an 

increased in blood mononuclear endothelial progenitor cells after 24 hrs.  more 

than 48 hrs. and this may be due to an increase in necrosis and apoptosis of 

these cells so current study investigated that a dose of 0.25 Gy radiations was 

used for all subsequent experiments after 24 hrs.  
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Figure (4-9): Flow cytometric determination of CD34+ blood mononuclear endothelial 
progenitor cells in vitro in atherosclerotic patients with lower limb ischemia before and after 
exposure to 0.25 Gy of ionizing radiation;(*) CD34+ (%) at zero time in culture media 
before ionizing radiation ,(**) CD34+ (%) after 24 hrs. in culture media before ionizing 
radiation, (***) CD34+ (%) after 48 hrs. in culture media before γ-radiation, (****) CD34+ 
(%) after 24 hrs. in culture media and after exposure to 0.25 Gy of γ-radiation,(*****) 
CD34+ (%) after 48 hrs. in culture media and after exposure to 0.25 Gy of γ-radiation . 
 

 

Figure (4-10): Flow cytometric determination of CD133+ blood mononuclear endothelial 
progenitor cells in vitro in atherosclerotic patients with lower limb ischemia before and after 
exposure to 0.25 Gy of ionizing radiation;(*) CD133+ (%) at zero time in culture media 
before ionizing radiation ,(**) CD133+ (%) after 24 hrs. in culture media before ionizing 
radiation, (***) CD133+ (%) after 48 hrs. in culture media before γ-radiation, (****) 
CD133+ (%) after 24 hrs. in culture media and after exposure to 0.25 Gy of γ-
radiation,(*****) CD133+ (%) after 48 hrs. in culture media and after exposure to 0.25 Gy 
of γ-radiation . 

* ** *** **** 

***** 

2.34% 6.72% 3.37% 9.35% 

2.08% 

* ** ***  **** 

***** 

0.95% 0.77% 1.42% 0.84% 

2.47% 
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Figure (4-11): Flow cytometric determination of KDR+ blood mononuclear endothelial 
progenitor cells in atherosclerotic patients with lower limb ischemia before and after 
exposure to 0.25 Gy of ionizing radiation;(*) KDR+ (%) at zero time in culture media before 
ionizing radiation ,(**) KDR+ (%) after 24 hrs. in culture media before ionizing radiation, 
(***) KDR+ (%) after 48 hrs. in culture media before γ-radiation, (****) KDR+ (%) after 24 
hrs. in culture media and after exposure to 0.25 Gy of  γ-radiation,(*****) KDR+ (%) after 
48 hrs. in culture media and after exposure to 0.25 Gy of  γ-radiation . 
 

 
            

 C1: necrotic cells (%) C2: Late apoptotic cells (%) C3: viable cells (%) C4: Early apoptotic cells (%) 

Figure (4-12): Flow cytometric determination of apoptosis and necrosis of blood 
mononuclear endothelial progenitor cells in vitro in atherosclerotic patients with lower limb 
ischemia before and after exposure to 0.25 Gy of ionizing γ-radiation; (*) apoptosis at zero 
time in culture media before ionizing radiation,(**) apoptosis after 24 hrs. in culture media 
before ionizing radiation, (***) apoptosis after 48 hrs. in culture media and before exposure 
to γ-radiation, (****) apoptosis after 24 hrs. in culture media and after exposure to 0.25 Gy 
of γ-radiation,(*****) apoptosis after 48 hrs. in culture media and after exposure to 0.25 Gy 
of  γ-radiation . 

 

** 

**** 

*** 
0.05%  

 99.7% 0.28% 

* 
0.05% 0.06% 

99.4% 
 

0.23% 

0.01% 

99.7% 0.18% 

0.08% 

89.9% 0.56 % 

0.12 % 

0.01% 

0.01% 

0.04% 0.07% 

99.% 0.25% 

***** 

* ** *** **** 

***** 

1.71% 3.33% 3.49% 

1.4% 

 1.51% 
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 (A) Flow Cytometry evaluation of CD133+, CD34+, CD133+ KDR+ 

progenitor cells in vitro pre and post exposure to 0.25 Gy of 60Co in 

atherosclerotic patients and controls.   

Due to the wide range of data in patients’ group, data are expressed as 

mean ± SE. Flow cytometry determination of levels of CD34+, CD133+, KDR+, 

CD133+ KDR+ blood mononuclear endothelial progenitor cells and its 

apoptosis in vitro at zero time and 24 hours pre and post exposure to low dose 

of ionizing gamma radiation {54 unit of γ-radiation that was equivalent to o.25 

Gy (25 cGy) of 60Co}. 

1-level of CD34+ blood mononuclear endothelial progenitor cells  

 Flow cytometric enumeration of CD34+ blood mononuclear endothelial 

progenitor cells (%) in controls (Group1) and atherosclerotic patients suffering 

from lower limb ischemia were given in Table (4-2) and Figure (4-13). 

Atherosclerotic CD34+ blood mononuclear endothelial progenitor cells were 

counted at zero time in culture medium pre-irradiation (Group 2), 24 hrs in 

culture pre-irradiation (Group 3) and 24 hrs in culture post irradiation with 

0.25 Gy of 60Co (Group 4).  

Table (4-2) and Figure (4-13) illustrated that there was non-significant 

increase in levels of CD34+ blood mononuclear endothelial progenitor cells 

(%) in group (2) by 3.11% (P>0.05) and a high significant increase in group 

(4) by 292.1% (P<0.001) compared to controls. Moreover, significant increase 

in levels of CD34+ cells (%) was found in group (3) by 163.8% (P>0.05) as 

respect to controls. Also high significant increase in levels of CD34+ cells (%) 

was found in group (4) {from .51 % to 1.9 %; P<0.001} and significant 

increase in group (3) {from .51 % to 1.3 %; P<.028} compared to group (2) 

was observed. Significant increase in levels of CD34+ cells (%) was observed 

in group (4) {from 1.3 % to 1.9 %; P<0.001} compared to group (3).  
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Table (4-2): Statistical analysis for the differences in level of CD34+ blood 
mononuclear endothelial progenitor cells in atherosclerotic patients 
suffering from lower limb ischemia in vitro pre and post irradiation 
compared to controls 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

P < 0.05:  Significant    P < 0.01: High significant     P > 0.05: Non-significant 
Pa: Significant compared to controls (Post Hock test) 
Pb: Significant compared to group (2) according to (Paired samples test). 
Pc: Significant compared to group (3) according to (Paired samples test). 
BMNCS: Blood mononuclear cells. 

 

 
 

Figure (4-13): Mean and standard error of CD34+ blood mononuclear endothelial 
progenitor cells in vitro in atherosclerotic patients pre and post irradiation 

compared to controls. 
 

1- CD34+ BMNCs in controls at zero time in culture pre-irradiation. 
2- CD34+ BMNCs in atherosclerotic patients at zero time in culture pre ionizing radiation. 
3- CD34+ BMNCs in atherosclerotic patients 24 hrs in culture pre ionizing radiation. 
4- CD34+ BMNCs in atherosclerotic patients 24 hrs in culture post ionizing radiation. 

 

 

parameters 
 

                                  
Group       

statistics 

Controls 
BMNCS 

at zero time in 
culture Pre- 
irradiation 
(Gp1), n=30 

Atherosclerotic 
BMNCs 

at zero time in 
culture pre- 
irradiation 
(Gp2), n=30 

Atherosclerotic 
BMNCs 
24 hrs in 

culture pre- 
irradiation 
(Gp3), n=30 

    Atherosclerotic 
BMNCs 

      24 hrs in 
Culture post 
irradiation 
(Gp4), n=30 

Number 30 30 30 30 

Mean ±SE .49±.05 .51±.05 1.3±.35 1.9±.37 

Range .23 
.95 

.13 

.96 
.18 
6.9 

.24 
7.1 

% change  
 3.11 163.8 292.1 

P a   value<  NS 0.028 .001 

P b value<   .028 .001 

P C value<    .083 
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2-Level of CD133+ blood mononuclear endothelial progenitor cells  

Flow cytometric enumeration of CD133+ blood mononuclear endothelial 

progenitor cells (%) in controls (Group1) and atherosclerotic patients suffering 

from lower limb ischemia were given in Table (4-3) and Figure (4-14). 

Atherosclerotic CD133+ blood mononuclear endothelial progenitor cells were 

counted at zero time in culture medium pre-irradiation (Group 2), 24 hrs in 

culture pre-irradiation (Group 3) and 24 hrs in culture post irradiation with 

0.25 Gy of 60Co (Group 4).  

Data presented in Table (4-3) and Figure (4-14) showed high significant 

decrease in levels of CD133+ blood mononuclear endothelial progenitor cells 

(%) in group (2) by 64.64 % and group (3) by 65.26 % respectively, but in 

group (4) there was significant reduction by 44.85 % compared to controls. 

Also non-significant decrease in CD133+ blood mononuclear endothelial 

progenitor cells (%) in group (3) {from 4.7 % to 4.6 % P<0.028} and 

significant increase in group (4) {from 4.7 % to 7.4 % P<0.001} compared to 

group (2) was observed. Moreover, there was significant increase in group (4) 

{from 4.6 % to 7.4 % P<0.001} than group (3). 
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Table (4-3): Statistical analysis for the differences in level of CD133+ blood 
mononuclear endothelial progenitor cells in atherosclerotic patients 
suffering from lower limb ischemia in vitro pre and post irradiation 
compared to controls 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
P < 0.05:  Significant    P < 0.01: High significant     P > 0.05: Non-significant 
Pa: Significant compared to controls (Post Hock test) 
Pb: Significant compared to group (2) according to (Paired samples test). 
Pc: Significant compared to group (3) according to (Paired samples test). 
BMNCS: Blood mononuclear cells. 

 

 
 

Figure (4-14): Mean and standard error of CD133+ blood mononuclear 
endothelial progenitor cells in vitro in atherosclerotic patients pre and post 

irradiation compared to controls. 
 

1- CD133+ BMNCs in controls at zero time in culture pre-irradiation. 
2- CD133+ BMNCs in atherosclerotic patients at zero time in culture pre ionizing radiation. 
3- CD133+ BMNCs in atherosclerotic patients 24 hrs in culture pre ionizing radiation. 
4- CD133+ BMNCs in atherosclerotic patients 24 hrs in culture post ionizing radiation. 

 
 

parameters 
 

                       
Group          

statistics 

Controls 
BMNCS 

at zero time in 
culture Pre- 
irradiation 
(G1), n=30 

Atherosclerotic 
BMNCs 

at zero time in 
culture pre- 
irradiation 
(G2), n=30 

Atherosclerotic 
BMNCs 
24 hrs in 

culture pre- 
irradiation 
(G3), n=30 

    Atherosclerotic 
BMNCs 

    24 hrs in  
Culture post 
irradiation 
(G4), n=30 

Number 30 30 30 30 
Mean ±SE 13.4±2.3 4.7±1.2 4.6±1.2 7.4±1.9 

Range .17 
42.5 

.14 
20.9 

.61 
26.3 

1.11 
50.7 

% change  - 64.64 - 65.26 - 44.85 
     Pa   value <  .001 .001 .016 
      Pb  value <   NS .069 
      PC  value <    .018 
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3-Level of Kinase insert domain receptor (KDR+)  

Flow cytometric enumeration of KDR+ blood mononuclear cells (%) in 

controls (Group1) and atherosclerotic patients suffering from lower limb 

ischemia were given in Table (4-4) and Figure (4-15). Atherosclerotic KDR+ 

blood mononuclear endothelial progenitor cells were counted at zero time in 

culture medium pre-irradiation (Group 2), 24 hrs in culture pre-irradiation 

(Group 3) and 24 hrs in culture post irradiation with 0.25 Gy of 60Co (Group 

4).  

 Results in Table (4-4) and Figure (4-15) indicated significant increase in 

level of KDR+ cells (%) in group (4) by 64.01%, non-significant decrease in 

group (3) by 17.2 % and significant decrease in group (2) by 47.1% compared 

to controls. Also high significant increase in group (3) {from 1.9 % to 2.96 %; 

P<0.001} and group (4) {from 1.9 % to 5.9 % P<0.001} compared to group (2) 

was found. Significant increase in levels of KDR+ cells (%) in group (4) {from 

3.8 % to 5.9 % P<0.01} compared to group (3) was shown.   
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Table (4-4): Statistical analysis for the differences in level of KDR+ blood 
mononuclear cells in atherosclerotic patients suffering from lower limb 
ischemia in vitro pre and post irradiation compared to controls 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

P < 0.05:  Significant    P < 0.01: High significant     P > 0.05: Non-significant 
Pa: Significant compared to controls (Post Hock test) 
Pb: Significant compared to group (2) according to (Paired samples test). 
Pc: Significant compared to group (3) according to (Paired samples test). 
BMNCS: Blood mononuclear cells. 

 

 
 

Figure (4-15): Mean and standard error of KDR+ blood mononuclear cells in 
vitro in atherosclerotic patients pre and post irradiation compared to 

controls. 
 

1- KDR+ BMNCs in controls at zero time in culture pre-irradiation. 
2- KDR+ BMNCs in atherosclerotic patients at zero time in culture pre ionizing radiation. 
3- KDR+ BMNCs in atherosclerotic patients 24 hrs in culture pre ionizing radiation. 
4- KDR+ BMNCs in atherosclerotic patients 24 hrs in culture post ionizing radiation. 

 

parameters 
 

                       
Group          

statistics 

Controls 
BMNCS 

at zero time in 
culture Pre- 
irradiation 
(G1), n=30 

Atherosclerotic 
BMNCs 

at zero time in 
culture pre- 
irradiation 
(G2), n=30 

Atherosclerotic 
BMNCs 
24 hrs in 

culture pre- 
irradiation 
(G3), n=30 

    Atherosclerotic 
BMNCs 
24 hrs in  

culture Post 
irradiation 
(G4), n=30 

Number 30 30 30 30 
Mean ±SE 3.5±1.04 1.9±.37 2.96±.33 5.9±.82 

Range .07 
29.6 

.31 
9.3 

.37 
9.6 

.54 
14.9 

% change  -47.1 -17.2 64.01 

  Pa   value <  0.095 NS .024 
Pb value <   .001 .001 
PC value <    .01 
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4-Level of CD133+ KDR+ blood mononuclear endothelial progenitor cells  

Flow cytometric enumeration of CD133+KDR+ blood mononuclear 

endothelial progenitor cells (%) in controls (Group1) and atherosclerotic 

patients suffering from lower limb ischemia were given in Table (4-5) and 

Figure (4-16). Atherosclerotic CD133+KDR+ blood mononuclear endothelial 

progenitor cells were counted at zero time in culture medium pre-irradiation 

(Group 2), 24 hrs in culture pre-irradiation (Group 3) and 24 hrs in culture 

post irradiation with 0.25 Gy of 60Co (Group 4).  

Table (4-5) and Figure (4-16) showed significant decrease in levels of 

CD133+ KDR+ cells (%) in group (2) by 43.33 %, non-significant decrease in 

group (3) by 27.56 % and non-significant increase in group (4) by 23.92 % 

compared to controls. Non-significant increase in group (3) {from 1.3 % to 1.7 

%; P>0.05} and high significant increase in group (4) {from 1.3 % to 2.9 %; 

P<0.001} compared to group (2) was observed. Also significant increase in 

group (4) {from 1.7 % to 2.9 %; P<0.001} than in group (3) was shown. 
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Table (4-5): Statistical analysis for the differences in level of CD133+KDR+ 
blood mononuclear endothelial progenitor cells in atherosclerotic patients 
suffering from lower limb ischemia in vitro pre and post irradiation 
compared to controls 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

P < 0.05:  Significant    P < 0.01: High significant     P > 0.05: Non-significant 
Pa: Significant compared to controls (Post Hock test) 
Pb: Significant compared to group (2) according to (Paired samples test). 
Pc: Significant compared to group (3) according to (Paired samples test). 
BMNCS: Blood mononuclear cells. 

 

 
 

Figure (4-16): Mean and standard error of CD133+KDR+ blood mononuclear 
endothelial progenitor cells in vitro in atherosclerotic patients pre and 

post irradiation compared to controls. 
 

1- CD133+ KDR+ BMNCs in controls at zero time in culture pre-irradiation. 
2- CD133+KDR+ BMNCs in atherosclerotic patients at zero time in culture pre ionizing radiation. 
3- CD133+KDR+ BMNCs in atherosclerotic patients 24 hrs in culture pre ionizing radiation. 
4- CD133+KDR+BMNCs in atherosclerotic patients 24 hrs in culture post ionizing radiation. 
 

parameters 
 
                              

Group             
statistics 

Controls 
BMNCS 

at zero time in 
culture Pre- 
irradiation 
(G1), n=30 

Atherosclerotic 
BMNCs 

at zero time in 
culture pre- 
irradiation 
(G2), n=30 

Atherosclerotic 
BMNCs 
24 hrs in 

culture pre- 
irradiation 
(G3), n=30 

   Atherosclerotic 
BMNCs 
24 hrs in 

culture Post 
irradiation 
(G4), n=30 

Number 30 30 30 30 
Mean ±SE 2.3±.44 1.3±.32 1.7±.28 2.9±.36 

Range .08 
8.45 

.08 
8.42 

.11 
5.40 

.72 
8.04 

% change  -43.33 -27.56 23.92 
Pa   value <  0.048 NS NS 
Pb  value <   NS .001 
PC value <    .002 
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Flow Cytometry evaluation of early and late apoptotic progenitor CD34+ 

cells, viability and necrosis 

Propidium Iodide (PI) is a vital dye binding to DNA, a process implying 

disrupted cellular membrane and exposed DNA, compatible with late, 

irreversible cell necrosis. Cells that are viable are Annexin V-PE and PI 

negative; cells that are in early apoptosis are Annexin V-PE positive and PI 

negative (lower right quadrant); and cells that are in late apoptosis or necrosis 

are both Annexin V-PE and PI positive (upper right quadrant).  

Flow cytometric determination of apoptosis of blood mononuclear 

endothelial progenitor cells (%) in controls (Group1) and atherosclerotic 

patients suffering from lower limb ischemia was shown. Apoptotic, necrotic 

and viable blood mononuclear endothelial progenitor cells were counted at 

zero time in culture medium pre-irradiation (Group 2), 24 hrs in culture pre-

irradiation (Group 3) and 24 hrs in culture post irradiation with 0.25 Gy of 
60Co (Group 4). 

1-Evaluation of early apoptotic blood mononuclear endothelial progenitor 

CD34+ cells  

Early apoptotic endothelial progenitor cells were defined as Annexin V-

PE–positive and PI–negative. The percentage of early apoptotic cells ± SE was 

significantly higher in atherosclerotic patients than in controls. 

Results in Table (4-6) and Figure (4-17) showed significant increase in 

early apoptotic cells (%) by 178.3% in group (2) and non- significant increase 

by 249.8% and 214.28% in group (3) and group (4) respectively compared to 

group (1). Significant increase in group (3) (from 7.99% to 10.04%; P< 0.002) 

and group (4) (from 7.99% to 9.02%; P< 0.004) compared to group (2) was 

observed. Also non-significant decrease in group (4) than in group (3) was 

shown. 
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Table (4-6): Statistical analysis for the differences in level of early 
apoptotic blood mononuclear endothelial progenitor CD34+ cells in 
atherosclerotic patients suffering from lower limb ischemia in vitro pre 
and post irradiation compared to controls 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
P < 0.05:  Significant    P < 0.01: High significant     P > 0.05: Non-significant 
Pa: Significant compared to controls (Post Hock test) 
Pb: Significant compared to group (2) according to (Paired samples test). 
Pc: Significant compared to group (3) according to (Paired samples test). 
 

 

 
 

Figure (4-17): Mean and standard error of early apoptotic blood mononuclear 
endothelial progenitor CD34+ cells (%) in vitro in atherosclerotic 

patients pre and post irradiation compared to controls. 
 
1- Early apoptotic cells in controls at zero time in culture pre-irradiation. 
2- Early apoptotic cells in atherosclerotic patients at zero time in culture pre -radiation. 
3- Early apoptotic cells in atherosclerotic patients 24 hrs in culture pre ionizing radiation. 
4- Early apoptotic cells in atherosclerotic patients 24 hrs in culture post ionizing radiation. 

Parameters   
 

           Group 
       statistics 

Group 
(1) 

Group 
(2) 

Group 
(3) 

Group 
(4) 

Number 30 30 30 30 
Mean ±SE 2.87 ± 1.0 7.99 ± 1.8 10.04 ± 2.7 9.02 ± 2.5 

Range .11 
30.8 

.00 
18.1 

.04 
39.4 

.03 
36.3 

% change  178.3 249.8 214.28 
Pa   value <  0.09 NS NS 
Pb value <   .002 .004 
PC value <    NS 
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2-Evaluation of late apoptotic blood mononuclear endothelial progenitor 
CD34+ cells 
  

Late apoptotic endothelial progenitor cells were defined as both Annexin 

V-PE and PI positive.  

Results in Table (4-7) and Figure (4-18) showed significant increase in 

late apoptotic cells (%) in group (2), (3) and group (4) by 2700%, 7185.7% and 

7185.7% respectively compared to group (1). Also significant increase in late 

apoptotic cells (%) in group (3) and group (4) compared to group (2) was 

observed. Non-significant change in late apoptotic cells (%) in group (4) and 

group (3) was found. 
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Table (4-7): Statistical analysis for the differences in level of late apoptotic 
blood mononuclear endothelial progenitor CD34+ cells in atherosclerotic 
patients suffering from lower limb ischemia in vitro pre and post 
irradiation compared to controls 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
P < 0.05:  Significant    P < 0.01: High significant     P > 0.05: Non-significant 
Pa: Significant compared to controls (Post Hock test) 
Pb: Significant compared to group (2) according to (Paired samples test). 
Pc: Significant compared to group (3) according to (Paired samples test). 
 

 

 

Figure (4-18): Mean and standard error of late apoptotic blood mononuclear 
endothelial progenitor cells (%) in vitro in atherosclerotic patients pre 

and post irradiation compared to controls. 
 

 
1- Late apoptotic cells in controls at zero time in culture pre-irradiation. 
2- Late apoptotic cells in atherosclerotic patients at zero time in culture pre -radiation. 
3- Late apoptotic cells in atherosclerotic patients 24 hrs in culture pre ionizing radiation. 
4- Late apoptotic cells in atherosclerotic patients 24 hrs in culture post ionizing radiation. 

Parameters   
 
         

          Group 
     statistics 

Group  
(1) 

Group 
(2) 

Group 
(3) 

Group 
(4) 

   Number 30 30 30 30 

  Mean ± SE .07 ± .026 1.96 ± .049 5.1 ± 2.54 5.1 ± 2.54 

Range .00 
.60 

.00 

.94 
.00 
54.6 

.00 
54.6 

% change  2700 7185.71 7185.71 
Pa   value <  .017 0.05 0.05 
Pb value <   .003 .003 
PC value <    NS 
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3-Evaluation of necrotic blood mononuclear endothelial progenitor CD34+     
cells 

  
Necrotic endothelial progenitor cells were defined as both Annexin V-

PE and PI positive.  

 Results in Table (4-8) and Figure (4-19) indicated significant increase in 

necrotic endothelial progenitor cells (%) in group (2) by 1600% and in group 

(3) by 2000%, also non-significant decrease in group (4) by 1100% compared 

to group (1) was found. Moreover non-significant increase in necrotic cells (%) 

in group (3) and non-significant decrease in group (4) compared to group (2) 

was observed. Also non-significant decrease in necrotic cells (%) in group (4) 

than in group (3) was shown. 
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Table (4-8): Statistical analysis for the differences in level of necrotic blood 
mononuclear endothelial progenitor CD34+ cells in atherosclerotic patients 
suffering from lower limb ischemia in vitro pre and post irradiation 
compared to controls 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
P < 0.05:  Significant    P < 0.01: High significant     P > 0.05: Non-significant 
Pa: Significant compared to controls (Post Hock test) 
Pb: Significant compared to group (2) according to (Paired samples test). 
Pc: Significant compared to group (3) according to (Paired samples test). 
 

 

 

Figure (4-19): Mean and standard error of necrotic endothelial progenitor CD34+ 
cells (%) in vitro in atherosclerotic patients pre and post irradiation 

compared to controls. 
 

 
1- Necrotic cells in controls at zero time in culture pre-irradiation. 
2- Necrotic cells in atherosclerotic patients at zero time in culture pre -radiation. 
3- Necrotic cells in atherosclerotic patients 24 hrs in culture pre ionizing radiation. 
4- Necrotic cells in atherosclerotic patients 24 hrs in culture post ionizing radiation. 

 

Parameters     
         

          Group 
     statistics 

Group 
(1) 

Group 
 (2) 

Group  
 (3) 

Group  
(4) 

Number 30 30 30 30 
Mean ±SE .01±.002 .18±.09 .21±.04 .12±.04 

Range .00 
.03 

.00 
1.83 

.00 

.81 
.00 
1.00 

% change  1600 2000 1100 

Pa   value <  0.03 0.009 NS 
Pb value <   NS NS 
PC value <    NS 
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4-Evaluation of viable blood mononuclear endothelial progenitor CD34+ 

cells 

Viable blood mononuclear endothelial progenitor cells were defined as 

both Annexin V-PE and PI negative.  

Results in Table (4-9) and Figure (4-20) showed significant decrease of 

viable endothelial progenitor cells (%) in group (2), (3) and group (4) by 

25.9%, 53.1% and 43.47% respectively compared to group (1). Also 

significant decrease of viable cells (%) in group (3) and group (4) compared to 

group (2) was observed. Non-significant increase of viable cells (%) in group 

(4) than in group (3) was shown. 
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Table (4-9): Statistical analysis for the differences in level of viable blood 
mononuclear endothelial progenitor CD34+ cells in atherosclerotic patients 
suffering from lower limb ischemia in vitro pre and post irradiation 
compared to controls 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
P < 0.05:  Significant    P < 0.01: High significant     P > 0.05: Non-significant 
Pa: Significant compared to controls (Post Hock test) 
Pb: Significant compared to group (2) according to (Paired samples test). 
Pc: Significant compared to group (3) according to (Paired samples test). 
 

 

 

Figure (4-20): Mean and standard error of viable endothelial progenitor CD34+ 
cells (%) in vitro in atherosclerotic patients pre and post irradiation 

compared to controls. 
 

 
1- Viable cells in controls at zero time in culture pre-irradiation. 
2- Viable cells in atherosclerotic patients at zero time in culture pre -radiation. 
3- Viable cells in atherosclerotic patients 24 hrs in culture pre ionizing radiation. 
4- Viable cells in atherosclerotic patients 24 hrs in culture post ionizing radiation. 

 

Parameters      
         

          Group 
     statistics 

Group 
(1) 

Group 
(2) 

Group 
(3) 

Group 
(4) 

Number 30 30 30 30 

Mean ±SE 59.8 ± 2.36 44.3 ± 1.12 28 ± 3.32 33.8 ± 3.34 

Range 61.4 
99.9 

80.9 
100 

46.6 
99.9 

48.4 
99.9 

% change  -25.9 -53.1 -43..47 

Pa   value <  0.003 0.074 0.035 

Pb value <   0.017 0.007 
PC value <    NS 
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(B) Whole blood for biochemical investigations for determination of SOD 
activity, NO and MDA level. 

     The concentration of malondialdehyde (MDA nmol/ml) in plasma, 

superoxide dismutase activity in blood (SOD U/ml ) and NO (nmol/ml) in 

plasma were determined in controls (Group 1) and atherosclerotic patients 

suffering from lower limb ischemia before ionizing radiation (Group 2) and 

after exposure to 0.25 Gy of 60Co (Group 3). 

Malondialdehyde (MDA nmol/ml) level in plasma 

The results of malondialdehyde (MDA nmol/ml) level in plasma were 

given in Table (4-10) and Figure (4-9). 

Results in Table (4-10) and Figure (4-21), elucidated high significant 

increase in MDA level (nmol/ml) in group (2) by 107.5% and group (3) by 

79.8% than group (1). Significant decrease in MDA level (nmol/ml) in group 

(3) (from 151.7 nmol/ml to 131.5 nmol/ml; P<0.073) compared to group (2) 

was observed.  
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Table (4-10): Statistical analysis for the differences in malondialdehyde 
(MDA) level nmol/ml in plasma samples from atherosclerotic patients pre 
and post irradiation compared to controls 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
  P < 0.05:  Significant    P < 0.01: High significant     P > 0.05: Non- significant     

                            Pa: Significant compared to controls 
                            Pb: Significant compared to group (2) according to (Paired sample T-test). 
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Figure (4-21): Mean and standard error of malondialdehyde level (nmol/ml) in 
plasma samples from atherosclerotic patients pre and post irradiation compared 

to controls 
 

 
 

 

 

Parameters 
 

          Group 
      statistics 

Controls 
plasma 

Pre-irradiation 
(1) 

Atherosclerotic 
plasma 

Pre-irradiation 
(2) 

Atherosclerotic 
plasma 

Post irradiation 
(3) 

Number 30 30 30 
Mean ±SE 73.1±4.8 151.7±8.9 131.5±7.6 

Range 28.33 
134.99 

52.99 
247.98 

74.33 
224.98 

% change  -107.5 79.8 

Pa   value <  .001 .001 

Pb value <   0.073 
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Superoxide dismutase (SOD U/ml ) activity in blood  

     The results of superoxide dismutase activity in blood (SOD U/ml) 

were given in Table (4-11) and Figure (4-22). 

Data in Table (4-11) and Figure (4-10) showed high significant decrease 

in SOD activity (U/ml) in group (2) and non-significant decrease in group (3) 

by 32.2% and 19.8% respectively compared to group (1). Also significant 

increase in SOD activity (U/ml) in group (3) compared to group (2) (from 8.2 

U/ml to 9.7 U/ml; P<0.03) was shown.  
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Table (4-11): Statistical analysis for the differences in superoxide dismutase 
(SOD) activity U/ml in plasma samples from atherosclerotic patients pre 

and post irradiation compared to controls 
 

  
 
 

 
 
 
 

 
 
 
     

                 P < 0.05:  Significant    P < 0.01: High significant     P > 0.05: Non- significant    
                 Pa: Significant compared to controls 
                 Pb: Significant compared to group (2) according to (Paired sample T-test). 
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Figure (4-22): Mean and standard error of superoxide dismutase activity 
(U/ml) in blood samples from atherosclerotic patients pre and post irradiation 

compared to controls 
 

 
 

 

 

 

Parameters 
 
               

Group 
      statistics 

Controls  
blood 

Pre-irradiation 
(1) 

Atherosclerotic 
blood 

Pre-irradiation 
(2) 

Atherosclerotic 
blood  

Post irradiation 
(3) 

Number 30 30 30 
Mean ±SE 12.1±.48 8.2±.34 9.7±.32 

Range 4.55 
14.18 

7.90 
14.72 

5.56 
13.32 

% change  -32.23 -19.8 
Pa   value<  .001 NS 
Pb value<   .03 
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Nitric oxide level (NO nmol/ml) in plasma 

The results of nitric oxide concentration (NO nmol/ml) in plasma were 

given in Table (4-12) and Figure (4-23). 

Results in Table (4-12) and Figure (4-23) showed high significant 

decrease in NO level (nmol/ml) in group (2) and group (3) by 24.21 % and 

21.4 % respectively compared to controls. Non-significant increase in NO 

level (nmol/ml) in group (3) compared to group (2) (from 21.6 nmol/ml to 24.4 

nmol/ml; P > 0.05) was shown. 
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Table (4-12):  Statistical analysis for the differences in nitric oxide (NO) 
level nmol/ml in plasma samples from atherosclerotic patients pre and 

post irradiation compared to controls 
  
  
 

  
  
  
 

 
 
 
 
 
 
 

 
                    P < 0.05:  Significant    P < 0.01: High significant     P > 0.05: Non- significant     
                    Pa: Significant compared to controls 
                    Pb: Significant compared to group (2) according to (Paired sample T-test). 
 
 

 
 

 
Figure (4-23): Mean and standard error of nitric oxide level (nmol/ml) in 

plasma samples from atherosclerotic patients pre and post irradiation compared 
to controls 

 
 

 

 

Parameters 
 

          Group 
      statistics 

Controls  
plasma 

Pre-irradiation 
(1) 

Atherosclerotic 
plasma 

Pre-irradiation 
(2) 

Atherosclerotic 
plasma 

Post irradiation 
(3) 

Number 30 30 30 

Mean ±SE 28.5±1.36 21.6±.91 24.4±1.26 

Range 1.63 
33.85 

18.00 
40.95 

10.90 
38.73 

% change  -24.21 -21.4 
Pa   value<  0.001 0.001 
Pb value<   NS 
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Correlation 

By computing the correlation matrix of the studied parameters using 

Pearson correlation coefficient analysis, the correlations between the estimated 

parameters and other variables were estimated and shown in Table (4-13) and 

Figures (4-24:4-32). 

Pearson correlation analysis showed that CD34+ blood mononuclear 

endothelial progenitor cells number was negatively correlated with MDA (r = -

.004, P < 0.04) and positively correlated with SOD activity (r = 0.229, P < 

0.06), NO level (r = 0.093, P < 0.05) in atherosclerotic patients suffering from 

lower limb ischemia. 

There was also an inverse correlation between late apoptotic progenitors 

and SOD activity and NO level in atherosclerotic patients (r = -.127, p = 0.165, 

r = -.054, p = 0.555) as well as a positive association with MDA level (r = 

.098, p = 0.458). 
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Table (4-13): Correlations between level of blood mononuclear 
endothelial progenitor cells number and oxidative stress biomarkers 

levels in vitro in atherosclerotic patients (Pearson correlation) 
 

            
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
r: Pearson correlation                P: Significance 
**: Correlation is significant at the 0.01 level (2-tailed). 
  *: Correlation is significant at the 0.05 level (2-tailed). 
  -: Negative correlation 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 

Estimated parameters oxidative stress 
biomarkers r- value P value < 

CD34+ blood mononuclear 
endothelial progenitor cells 

SOD 
NO 

MDA 

0.64* 
.093* 

    -.634** 

0.03 
0.05 

0.000 

CD133+ blood mononuclear 
endothelial progenitor cells 

SOD 
NO 

MDA 

0.102 
.063 

  -.281* 

0.066 
NS 
.03 

CD133+KDR+ blood 
mononuclear endothelial 

progenitor cells 

SOD 
NO 

MDA 

.179 

.167 
-.262* 

0.091 
0.203 
0.043 

Early apoptotic  blood 
mononuclear endothelial 

progenitor cells 

SOD 
NO 

MDA 

-.092 
-.083 
.291* 

0.390 
0.528 
0.024 

Late apoptotic  blood 
mononuclear endothelial 

progenitor cells 

SOD 
NO 

MDA 

-.127 
-0.54 
.098 

0.165 
0.06 

0.458 

Necrotic blood mononuclear 
endothelial progenitor cells 

SOD 
NO 

MDA 

-.0.009 
-.118 
.272* 

0.936 
0.369 
0.035 

Viable blood mononuclear 
endothelial progenitor cells 

SOD 
NO 

MDA 

.081 

.007 
-0.152 

0.450 
0.957 
0.246 
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Figure 4-24: Significant negative 
correlation between Late apoptotic cells 
number and NO level in atherosclerotic 

patients. 
 

 

 
 

 Figure 4-25: Significant positive 
correlation between CD34+ cells number 

and SOD activity in atherosclerotic patients. 
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Figure 4-26: Significant negative 
correlation between CD34+ cells number 

and MDA level in atherosclerotic patients. 
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Figure 4-32:Non-significant positive 
correlation between Late apoptotic cells 
number and MDA level in atherosclerotic 
patients. 
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Figure 4-28: Significant positive correlation 
between CD133+ cells number and SOD 
activity in atherosclerotic patients. 
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Figure 4-30: Significant negative 
correlation between CD133+ cells number 
and MDA level in atherosclerotic patients 
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Atherosclerosis is a progressive disease characterized by 

endothelial injury and lipid aggregation in the arterial walls (Badimon et 

al., 2011), gradual arterial wall thickening and formation of an 

atherosclerotic plaque. The integrity of the functional endothelial 

monolayer, which lines the lumen of all blood vessels, plays a critical role 

in the development of this process. Damage can result in apoptosis, or 

inflammatory conditions can stimulate EC dysfunction, consequently 

resulting in monocyte infiltration, formation of foam cells and the initial 

stages of a developing atherosclerotic plaque. Uncontrolled smooth 

muscle cell proliferation, matrix deposition and advanced neointima 

formation follow (Hansson and Libby, 2006; Xu, 2004). The latter 

results in the narrowing of the arterial lumen, a reduction in oxygenated 

blood delivery to organs such as the heart and potential ischemia induced 

myocardial infarction and stroke takes place (Rader and Daugherty, 

2008). Diagnosis and treatment of atherosclerosis involves the use of 

ionizing radiations (Picano et al., 2012).  

Endothelial progenitor cells are critically involved in essential 

biologic processes, such as vascular homeostasis, regeneration, and tumor 

angiogenesis (Reinisch et al., 2009). Levels of circulating EPCs have 

been correlated with endothelial function and atherogenic risk factors 

(Huang et al., 2007; Muller-Ehmmsen et al., 2008). It was suggested 

that endothelial injury in the absence of sufficient circulating EPCs may 

affect the progression of cardiovascular disease (Hill et al., 2003; Vasa et 

al., 2001), and that the amount of circulating EPCs, measured in terms of 

circulating blood mononuclear cells (BMNCs) that express CD34+, 

CD133+ and KDR+ surface markers offer ideal markers for assessing 

environmental effects (Kondo et al., 2004). 
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In the present study, a non-significant increase in CD34+ blood 

mononuclear cells surface marker among atherosclerotic patients 

compared to controls (from 0.51 ± 0.05 to 0.49 ± 0.05). A decreased 

number of circulating EPCs has been shown to be significantly associated 

with cardiovascular disease (CVD) (Schmidt-Lucke et al., 2005 & 

Werner et al., 2005). Decreased EPCs numbers also have been 

associated with aging, increased number and level of coronary artery 

disease risk factors, and increased 10-year risk of coronary artery disease 

in clinical patients. Incidence of death from cardiovascular causes was 

observed in patients with low baseline levels of EPCs (Werner et al., 

2005); however, this finding has not been consistently confirmed in 

healthy individuals (Chen et al., 2006).  

Result in the present study is not in agreement with Boilson et al, 

as they provided that CVD and reduced numbers of circulating CD34+ 

cell subsets are integrally related in the early stages of coronary artery 

disease. This finding is distinct from that of Werner et al, which indicated 

an association between CVD and CD34+/VEGFR2+ cell numbers being 

reduced in patients with later stages of coronary artery disease (Werner 

et al., 2007;Boilson et al., 2008). 

Eizawa et al., (2004) given that several experimental studies 

indicate a significant contribution of EPCs for adult neovascularisation, 

the reduction in the number of CD34+ cells might contribute to reduced 

vascularisation in patients with CVD. 

This result is contradictory to previous studies that showed that 

endothelial injury in the absence of sufficient circulating progenitor cells 

may affect the progression of cardiovascular disease (Vasa et al., 2001). 
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It was found that an inverse correlation between CD34+ cells count and 

coronary artery disease risk factors (Fendini et al., 2006).  

This inconsistency with previous study may be attributed to the 

fact that, expression of the stem cell marker CD34+ is also found on a 

lower level on mature ECs, and the search for more specific stem cell 

markers led to the discovery of CD133+, which is expressed on immature 

stem cells but whose expression is lost during the differentiation to 

mature ECs (Peichev et al., 2000; Yin et al., 1997). These mature ECs 

increase in the circulation of atherosclerotic patients than in normal 

healthy as a result of ECs damage occurred. Consistent with this 

hypothesis, it was reported that mature ECs were increased in the 

circulation in patients with acute coronary syndromes (Lee et al., 2005). 

Also Adams et al., (2004) ; Sandri et al., (2005) had directly 

observed that exercise-induced ischemia is associated with an increase in 

numbers of circulating EPCs, the increased level of EPCs in patients with 

coronary ischemia might reflect EPCs mobilization from the bone 

marrow in response to inflammatory cytokine signals. A second 

possibility is suggested by the recent report that EPCs reside within the 

vascular endothelium. It is possible that ischemic damage to the 

endothelium may result in the release of EPCs into the blood, and this 

release of EPCs from the vasculature may be sufficient to significantly 

elevate circulating EPCs number (Friedrich et al., 2006). 

Unlike CD34+, CD133+ is never expressed on mature ECs and, 

therefore, CD133+KDR+ cells may better correspond to EPCs. Unluckily, 

CD133+ is expressed on more immature cells than CD34+ and, for this 

reason; CD133+KDR+ cells are rarer than CD34+KDR+ cells in the 

circulation, in steady-state conditions (Friedrich et al., 2006). 
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Results of the present study showed that there was a high 

significant decrease in CD133+ (4.7 ± 1.2 vs. 13.4 ± 2.3), a non-

significant decrease of KDR+ (1.9 ± .37 vs. 3.5 ± 1.04) and a significant 

decrease of CD133+KDR+ BMNCs surface markers (1.3 ± .32 vs. 2.3 ± 

.44) in atherosclerotic patients compared to normal healthy group. This 

may be attributed to the fact that the presence of traditional 

cardiovascular risk factors in atherosclerotic patients, lead to decrease of 

EPCs and insufficient repair of damaged vascular walls (Schmidt-Lucke 

et al., 2005). These results were in agreement with (Peter et al., 2009; 

Dimmeler and Zeiher, 2004). 

A decreased number of circulating EPCs has been shown to be 

significantly associated with CVD (Shmidt-Luke et al., 2005; Werner et 

al., 2005). Decreased EPCs numbers also have been associated with 

aging, increased number and level of coronary artery disease risk factors, 

and increased 10-year risk of coronary artery disease in clinical patients 

Incidence of death from cardiovascular causes was observed in patients 

with low baseline levels of EPCs (Werner et al., 2005), however, this 

finding has not been consistently confirmed in healthy individuals (Chen 

et al., 2006). 

It had been previously reported that the number of circulating 

CD133+, CD34+, and KDR+ EPCs surface markers in healthy subjects is 

rather low (about 0.002%) of peripheral blood mononuclear cells 

(PBMCs) (Dignat-George and Sampol, 2000). Previous studies had 

shown that acute atherosclerosis results in mobilization of progenitor 

cells, including EPCs, as well as with an increase in circulating 

endothelial microparticles representing mature ECs damage and apoptosis 

(Schwartzenberg et al., 2007). 
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Increased cardiovascular risk factors and the presence of 

atherosclerosis are associated with dysfunction and reduced numbers of 

EPCs (Fadini et al., 2005). Moreover, a low number of EPCs is an 

independent risk factor for future cardiovascular events (Schmidt-Lucke 

et al., 2005). 

A study reported by Werner et al., indicated that regeneration of 

ECs either by endogenous or transfused progenitor cells may be an 

important and novel therapeutic approach for the management of vascular 

injury in the early stages of atherosclerosis (Werner et al., 2006). 

However, George et al. demonstrated that transfer of bone marrow cells 

or EPCs may result in an increase in atherosclerotic lesion size, whereas 

EPCs transfer might also potentially influence plaque stability (George et 

al., 2005). These contradictory results suggest that EPCs may play a 

different role in atherosclerosis formation of the early stage. Possible 

reasons for such discrepancy are the different models and different time 

points found in these studies. 

In the present study, biomarkers of oxidative stress were measured 

in terms of lipid peroxidation measured as malondialdehyde, plasma 

nitric oxide (NO) and superoxide dismutase (SOD) activity in blood of 

atherosclerotic patients compared to healthy individuals. Results showed 

that the level of malondialdehyde (MDA) (nmol/mL); an indicator of 

lipid peroxidation, was significantly higher (107.69%) among 

atherosclerotic patients with lower limb ischemia compared to normal 

healthy subjects. This result confirms previous study presented by 

Ahmad et al., (2009). 

Also, Oen et al., (1992) showed significantly increased levels of 

lipid peroxides in patients suffering from coronary heart disease as 
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compared to the control subjects. Belch et al., (1991) showed evidence of 

increased free radical activity in patients with myocardial ischemia than 

the control subjects.  

During the last decades several studies have examined the potential 

role of oxidative stress in atherogenesis (Stephens et al., 1996; Ohara et 

al., 1993). According to the theory of oxidative stress, atherosclerosis is 

the result of the oxidative modification of low density lipoproteins (LDL) 

in the arterial wall by reactive oxygen species (ROS). Evidence suggests 

that common risk factors for atherosclerosis increase the risk of the 

production of free ROS, not only from the ECs, but also from the smooth 

muscle cells (SMCs) and the adventitial cells.Thus, hypercholesterolemia, 

DM, arterial hypertension, smoking, age, and nitrate intolerance increase 

the production of free ROS. Moreover, several processes are triggered by 

those risk factors, including the expression of adhesion molecules, the 

proliferation and migration of SMCs, the apoptosis of ECs, the oxidation 

of lipids, the activation of matrix metalloproteinases (MMP-9) and the 

alteration of vasomotor activity (Madamanchi et al., 2009; Lum and 

Roebuck, 2001). 

The endothelial progenitor cells average lifespan has been reported 

to be shortened in presence of oxidative stress and regulated by anti-

oxidative mechanisms. Oxidative stress accelerates the senescence of 

progenitor cells. It is thought that oxidative stress induces cardiovascular 

damage by shortening lifespan and impairing EPCs functions (Case et al., 

2008). 

Present data showed that there was a high significant decrease in 

NO level (nmol/mL) in plasma of atherosclerotic patients than in normal 

healthy group (28.5 vs. 21.6; p < 0.001).These results were in agreement 
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with (Chapidze et al., 2007), who reported, that there was statistically 

significant difference in mean values of plasma nitric oxide levels 

between patients with coronary atherosclerosis and healthy subjects. 

Extent of coronary artery disease was associated with severity of 

endothelial dysfunction. Measurement of plasma NO concentration was 

suggested to provide useful information for cardiologists and that 

modification of abnormal levels of this NO may delay progression of 

aggressive atherosclerotic process and thus, may prevent recurrent 

coronary events in patients with coronary atherosclerosis (Chapidze et 

al., 2007). 

Nitric oxide prevents oxidative modification of low-density 

lipoprotein cholesterol (LDL-c) (Rubbo et al., 2002). Oxidation of LDL 

has been proposed as a major mechanism of the atherosclerotic process ( 

Steinberg and Witztum, 2002), furthermore, plasma and macrophage 

content of oxidized low-density lipoprotein (ox-LDL) in coronary plaques 

correlate with severity of acute coronary syndrome (Ehara et al., 2001). 

Conversely, impaired production or activity of NO leads to events or 

actions that promote atherosclerosis, such as vasoconstriction, platelet 

aggregation, SMCs proliferation and migration, leukocyte adhesion, and 

oxidative stress (Endres et al., 1998). Ox-LDL cholesterol increases 

synthesis of caveolin-1, which inhibits production of NO by inactivating 

eNOS. Oxidative stress can also interfere with the production and activity 

of NO by a number of mechanisms that are independent of LDL. For 

example, the free radical superoxide anion rapidly inactivates NO and 

destroys tetrahydrobiopterin, a cofactor required for NO synthesis 

(Endres et al., 1998). 

Present data demonstrated that there was significant decrease in 

SOD activity (U/mL) in atherosclerotic patients before exposure to 
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ionizing radiation compare to normal healthy group (from 12.1 to 8.2 

U/mL; p< 0.019), these results were in agreement with (Sugiyama et al., 

1998), who reported that the endogenous vascular SOD activity in 

atherosclerotic arteries was found to be much less as compared with that 

in control arteries. These results suggest that decreased endogenous 

vascular CuZn-SOD activity may fail to inactivate superoxide anion 

leading to the greater contraction in atherosclerotic arteries. 

Classic studies demonstrated that superoxide can inactivate NO, 

(Wei et al., 1985) and superoxide thereby produces endothelial 

dysfunction by reduction of NO bioavailability. It appears that levels of 

superoxide are increased in atherosclerotic vessels, (Hathaway et al., 

2002) and inactivation of NO by superoxide plays a key role in 

endothelial dysfunction of atherosclerotic arteries. Many of us assumed 

that the primary source of superoxide in atherosclerotic arteries is 

inflammatory cells in the vessel wall. Thus, the finding that SMCs in the 

media of atherosclerotic arteries are an important source of superoxide 

(Miller et al., 1998) was surprising and important. It is likely that 

NADPH oxidase, possibly activated in part by angiotensin- II, 

(Griendling et al., 1994) is an important mechanism for generation of 

superoxide in SMCs in atherosclerotic vessels. Other enzymes, however, 

also may be important sources of superoxide, including xanthine oxidase 

and “uncoupling” of the NO synthases,b5 as NOS produces superoxide in 

addition to NO (Mu¨nzel et al., 2005). 

Improvement of endothelial function is accompanied by reduction 

of superoxide in arterial media, and decreased expression of NADPH 

oxidase (Hathaway et al., 2002). In addition, the number of 

inflammatory cells in atherosclerotic arteries decreases during regression 

of atherosclerosis. During regression of atherosclerosis, it is of interest 
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that reduction of inflammatory cells (perhaps by apoptosis) occurs 

primarily in intima, not adventitia, and inflammatory cells in adventitia 

persist (Padgett et al., 1992). 

It was believed that decreased mobilization, differentiation and 

functions of EPCs are linked to increased levels of oxidative stress, 

inflammatory cytokines and asymmetric dimethylarginine (Verma et al., 

2004). 

Results in the present study demonstrated early apoptotic cells as 

defined as Annexin V-FITC–positive and PI–negative. The percentage of 

early apoptotic progenitor cells was significantly higher in atherosclerotic 

patients than in the controls (7.99 ± 1.0 vs. 2.87 ± 1.8). Likewise, there 

was a significant increase in late apoptotic cells (%) in blood 

mononuclear cells in atherosclerotic patients compared to controls. 

Moreover there was a non-significant change in necrotic cells (%) and a 

significant reduction of viable cells (%) in blood mononuclear cells in 

atherosclerotic patients compared to controls. These results confirm 

previous studies (Verma et al., 2004). 

Geft et al., (2008) elucidated that, the late apoptotic progenitor 

cells represent cells whose plasma membrane is no longer intact. While 

there was no significant difference in numbers of early or late apoptotic 

cells between CHF patients and healthy controls, there was an elevated 

number of late apoptotic progenitors in the more severe CHF patients 

compared to the less severe heart failure patients.  

Schwartzenberg et al., (2007) showed that progenitor cells are 

important precursors of mature ECs that are essential components of 

angiogenesis and vasculogenesis. These cells that are mobilized from the 

bone marrow appear to be destroyed by apoptosis and their circulating 
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numbers appear to be controlled by these two processes of mobilization 

versus apoptotic cell death. Factors favoring peripheral apoptosis are 

expected to result in reduction in circulating CD34+ cell numbers with 

subsequent attenuation in the angiogenic capacity that is responsible for 

the replenishment of dysfunctional endothelium. This could explain a 

potential causal effect of the increased apoptotic progenitors on the 

destabilization of the atheroma resulting in ACS. Alternatively, increased 

oxidative stress known to be present in ACS could be responsible for the 

increased apoptosis of progenitor CD34+ cells. 

Apoptosis is indeed a major determinant of atherosclerotic plaque 

vulnerability and thus a key player in ACS induction (Mitra et al., 2004). 

Thus, these findings can be explained by increased pro-apoptotic 

mediators in ischemic heart disease including ROS (de Nigris et al., 

2003) ox-LDL (Rusinol et al., 2004), high levels of NO (Chung et al., 

2001) and inflammatory cytokines produced by the activated 

macrophages and T-lymphocytes (including tumor necrosis factor-α, 

interferon-γ, and IL-1β) (Stoneman et al., 2004).  In particular, oxidative 

stress and cigarette smoke extracts were found to increase Fas ligand and 

caspase-3–mediated endothelial cell apoptosis (Suzuki et al., 2006). 

It was well established that chronic hypoxia is associated with an 

increase in oxidative stress (Hill et al., 1997), which is associated with 

the generation of ROS and reactive nitrogen species (RNS) (Morici et al., 

1990). Increased levels of ROS and RNS beyond the physiological level 

are well known to cause damage to cellular DNA (Wiesman and 

Halliwell, 1996). Accordingly, the observed increase in apoptosis 

percentage observed in atherosclerotic patients compared to healthy 

controls is related to the increase in ROS and RNS associated with 

pathophysiological condition of the disease (Valco et al., 2006).  
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In vitro effects of iozing radiation(IR) 

The present data showed that, there was a significant increase in 

percentage of CD34+ cells in atherosclerotic patients at zero time in 

culture without radiation compared to their level 24 hrs in culture without 

radiation (from .51 % to 1.3 %; P<.028). Also, a significant decrease in 

CD133+ cells percentage {from 4.7 % to 4.6 % P<0.028} and a high 

significant increase in KDR+ cells (%) (From 1.9 % to 3.8 %; P<0.001) 

24 hr in culture without radiation compared to cells at zero time. 

Moreover, a significant increase in CD133+ KDR+ BMNCs {from 1.3 % 

to 1.7 %; P< 0.047} in atherosclerotic patients 24 hr after culture without 

radiation compared to cells at zero time this may attributed to the effect 

of culture media cells which have to simulate the individual living 

conditions of the cells in vitro.  

Ionizing radiation is a mutagen capable of inducing single- and 

double-strand breaks and initiates base excision repair and/or double-

strand break repair (Tice et al., 2000). In the present study it is shown 

that IR induced a non-significant decreased level of early apoptotic cells 

accompanied by a significant decrease in necrotic cells in mono-nuclear 

cells of atherosclerotic patients 24 hours post irradiation compared to its 

level before irradiation. In vitro studies had indicated that radiation-

induced apoptosis in human lymphocytes has the kinetics, sensitivity, and 

reproducibility to be a potential biological dosimeter (Boreham et al., 

1996 and Vral et al., 1998).  

Hristov et al., (2004) indicated that isolated adult human EPCs 

react to apoptotic bodies from mature ECs by increasing their number and 

differentiation state. The idea of apoptotic bodies as transporters of cell-

derived compounds (e.g., DNA, peptides, or oxidized phospholipids) 
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contained in these membrane vesicles to induce the maturation of 

progenitor cells. It was suggested that apoptotic bodies from ECs are 

phagocytosed by EPCs, increasing their number and differentiation state. 

Such a mechanism may facilitate the repair of injured endothelium and 

may represent a new signaling pathway between progenitor and damaged 

somatic cells.  

The morphological changes typical of apoptosis, loss of integrity of 

the plasma membrane and breakdown of nuclear DNA provide several 

features that permit recognition of apoptotic cell death by a number of 

methods (Gorczyca et al., 1997). Flow cytometric identification and 

quantitation of apoptotic or necrotic cells are generally based on the 

analysis of a particular biochemical or molecular feature that is 

characteristic for either necrosis or apoptosis (Gorczyca et al., 1998). 

 Early in apoptosis there is a breakdown of this asymmetry and PS 

undergoes translocation to the external leaflet of the plasma membrane. 

Annexin V, a Ca2+-dependent anticoagulant protein, has high affinity for 

negatively charged PS and, when conjugated with a fluorochrome (e.g. 

Annexin V-FITC) can be used as a marker to identify apoptosis (together 

with DNA staining with propidium iodide (PI).  

Non-apoptotic cells are Annexin V-negative and PI-negative 

(negative green and red fluorescence), early apoptotic cells are Annexin 

V-positive but PI-negative, and late apoptotic cells as well as necrotic 

cells are stained intensely with PI (only red fluorescence). The Annexin V 

assay offers the possibility of detecting early phases of apoptosis before 

the loss of cell membrane integrity and permits measurement of the 

kinetics of apoptotic death in relation to the cell cycle. It is a very easy 

and fast method and can be applied in the analysis of apoptosis in cell 
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cultures or leukemic cells from peripheral blood or bone marrow aspirates 

(Gorczyca, 1999).  

The effects of LDIR exposure on endothelial regeneration and 

vascular repair are unclear. Bone marrow-derived EPCs are involved in 

repair of the endothelium and growth of new vessels. Studies had shown 

increased mobilization of EPCs, enhanced homing capacity, and 

reperfusion of ischemic regions upon irradiation, suggesting that LDIR is 

angiogenic. These benefits were seen in both local and total-body 

irradiation. NO and endothelial nitric oxide synthase (eNOS) appear to 

have a central role in EPCs mobilization and function. VEGF and statins 

have been demonstrated to increase circulating EPCs levels through 

increasing eNOS activity and therefore NO concentration. However, it is 

well established that IR increases levels of ROS and that ROS scavenges 

NO. Excess ROS results in oxidative stress, which is widely accepted as 

an underlying cause of vascular disease. The balance between ROS and 

NO may explain the contradictory findings of the effects of IR exposure 

on vascular repair (Kuo et al., 2011).  

In contrast to the inflammatory processes initiated by localized 

irradiation with doses > 2 Gy, whole body doses of 0.1- 0.6 Gy have been 

shown to inhibit inflammatory cell adhesion to ECs (Arenas et al., 2006) 

and doses of ≤0.05 Gy exerted some protective effects on the 

development of atherosclerosis in mice, particularly at low dose rates 

(Mitchel et al., 2013). 

The hematopoietic and immune systems are among the most 

sensitive tissues to the adverse effects of IR: lymphocyte decline and 

thrombocytopenia are reported after as low as 50 cGy of exposure 

(Dainiak, 2002). After 400 cGy of exposure, more severe 
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myelosuppression occurs, and the mortality risk is estimated to be 50% in 

the absence of medical intervention (Dainiak, 2002). At doses 400 cGy, 

bone marrow (BM) failure and death can occur despite maximal 

supportive care with transfusion support and antibiotics (Wasalenko et 

al., 2004) Experimental studies have demonstrated that LDIR induces 

cellular apoptosis via activation of Fas ligand–mediated pathways 

(Albanese and Dainiak, 2000) whereas higher-dose radiation induces 

double-stranded DNA damage, which causes necrotic cell death in 

proliferating cells (Radford and Murphy, 1994). 

There was a high significant increase in early and late apoptotic 

cells (%) of blood mononuclear cells in atherosclerotic patients 24 hrs in 

culture without radiation compared to cells in atherosclerotic patients at 

zero time. Also, a non-significant increase in necrotic cells (%) and a high 

significant decrease of viable cells (%) respectively was observed in 

blood mononuclear cells in atherosclerotic patients 24 hrs in culture 

without radiation compared to cells in atherosclerotic patients at zero 

time. this may be due to the fact that cell proliferation was markedly 

affected by both the biological sources of MNCs and the culture 

conditions. Moreover, VEGF was present in the fibronectin medium at a 

high level, thus improving cell survival more than RPMI medium 

(Muscari et al., 2010). 

Joo et al., (2012) reported that LDIR (<0.1 gray (Gy)) did not 

induce cell death, but high-dose radiation (> 0.5 Gy) induced apoptosis. 

Damaged cells may be induced into apoptosis by intracellular and 

intercellular cellular signalling. Apoptosis may also occur within hours 

after high-dose irradiation. Low-dose induced apoptosis of pre-damaged 

cells with replacement by healthy cells. Low-dose induced apoptosis is 
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also assumed to operate through intercellular signalling from normal 

cells, which may also be activated by transformed cells in culture. Non-

growing human fibroblasts in culture with DSBs from low-dose low-LET 

irradiation readily lost this damage to the level of DSBs in non-irradiated 

control cells after induction of proliferation; this damage removal was 

mainly due to apoptosis. Low-dose induced enhancement of DNA repair, 

where the incidence of radiation-induced apoptosis first declined at low 

doses and only rose with higher doses. The induction of apoptosis 

apparently requires a certain level of DNA damage (Feinendegen, 2005). 

Conversely, there was a non-significant decrease in early apoptotic 

cells and non-significant change in late apoptotic cells (%) respectively in 

atherosclerotic patients 24 hr in culture after exposure of BMNCs to IR 

compared to its group without radiation, this may attributed to the 

increase of regeneration rate of endothelial progenitor cells than death 

rate after exposure to ionizing radiation. these were in agreement with 

other studies (Feinendegen, 2005). Moreover, a non-significant decrease 

in necrotic cells (%) and a non-significant decrease of viable cells (%) 

respectively in atherosclerotic patients 24 hr in culture after exposure of 

BMNCs to IR compared to its group without radiation. 

It was demonstrated that in PBMNCS isolated from blood of 

healthy donors and irradiated by the dose of 7 Gy apoptosis is not 

detectable within the first 6 hr, but 16 hr after irradiation 50% of the cells 

are Annexin V-positive and 48 hr after irradiation all cells are AnnexinV-

positive (Vokurková et al., 2006). Apoptosis induction by ionizing 

radiation in dose of 2.5 Gy was also proved in human CD133+ HSC. 

Although these cells were able to repair radiation-induced damage and 

entered cell cycle again after 7 days post-irradiation, their expansion 

ability was significantly reduced (Vávrová et al., 2002). 
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Nitric oxide (NO) is a biologically active unstable radical that is 

synthesized in vascular endothelial cells by NO synthase (eNOS), and its 

bioavailability depends on the balance between its production and 

inactivation rates (Wattanapitayakul et al., 2000). Decreased NO 

bioavailability has been proposed as one of the determinants of vascular 

damage. NO can stimulate EPCs mobilization from bone marrow stem 

cell niches to the peripheral circulation so that they can participate in the 

neovascularization process (Ozuyaman et al., 2005). 

Endothelial dysfunction is characterized by low bioavailability of 

endothelium-derived NO which is itself an independent predictor of 

future cardiovascular events. The extent of the interaction between NO 

and O2
- is thought to be important in the development of endothelial 

dysfunction because the resultant product, peroxynitrite, can inactivate 

soluble guanylyl cyclase (Tarpey et al., 1995). In addition, increased 

generation and inadequate removal of O2
- can result in oxidative stress, 

and the development of endothelial dysfunction. The results of previous 

studies suggested that reduced extracellular SOD activity is closely 

associated with increased vascular oxidative stress, and has been 

implicated in the endothelial dysfunction of patients with hypertension, 

congestive heart failure, and coronary artery disease (Giansante and 

Fiotti, 2006). Human EPCs have high intracellular expression levels of 

MnSOD, and EPCs are dependent on this level of expression to protect 

themselves against oxidative stress (He et al., 2004). 

 Tao et al., (2007) demonstrated that augmenting Cu/ZnSOD 

expression in human EPCs by shear stress can accelerate O2
- 

neutralization. Indeed, they suggested that this O2
- neutralization leads to 

increased local NO bioavailability, thereby enhancing the EPCs repair 

potential in the vascular system. 
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The present study elucidated that treating blood of atherosclerotic 

patients with lower limb ischemia in vitro with LDIR (0.25 cGy of cobalt 

60), caused non-significant decrease in MDA level (151.7 vs. 131.5 nmol 

/mL; p<0.001) and a significant increase in NO level (21.6 vs. 22.4 

nmol/mL; p<0.001) and induced a significant increase in SOD activity 

(8.2 vs. 9.7 U/mL; p<0.001). 

It was previously assumed that antioxidant mechanisms are 

activated around 24 hr post-irradiation, concurrently eliminating the 

levels of ROS by metabolizing them to neutral products. This was 

previously confirmed by showing that the expression of MnSOD at 24 hr 

post-irradiationhas been significantly increased. The latter provides 

further proof to thehypothesis that LDIR alone activates the antioxidant 

mechanisms (Summers et al., 1989). 

Previous study showed that, therapeutic doses of radiation rapidly 

increased intracellular ROS generation in HPCs-CD34+ cell line. At 30 

min post-irradiation, superoxide anion levels were elevated in a dose-

dependent manner, influencing the oxidative status of cells. After 24 hr, 

the high dose of 5 Gy was able to activate the antioxidant mechanisms of 

the cells that catalyse the superoxide anion to neutral products (Summers 

et al., 1989). The increase in MnSOD observed in irradiated cells with 5 

Gy, as evaluated by western blot analysis, confirms the above hypothesis. 

Following irradiation, cells appear to respond by increasing the 

expression of cellular antioxidant systems (Spitz et al., 2004).  

Previous results showed that the activities of erythrocyte CuZn-

SOD and Se-GPx enzymes observed for the radiation exposed group were 

significantly higher than in the controls. The activity of CAT enzyme and 

MDA levels were significantly lower in the exposed group than in the 
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controls, thus indicating chronic LDIR in exposed individuals, stimulates 

an enhanced resistance to oxidative stress (Eken et al., 2012). 

In the contrary Kandaz et al., (2009) reported that irradiation 

significantly increased malondialdehyde levels as an end product of lipid 

peroxidation, glutathione peroxidase activity, and iron and calcium 

concentrations. Irradiation decreased superoxide dismutase activities and 

zinc concentrations in the rat lens, indicating an increased oxidative stress 

generated by the decomposition of water and/or Fenton reaction. 

Irradiated groups were exposed to total cranium irradiation of 5 Gy in a 

single dose by using a cobalt-60 teletherapy unit. 

 Pearson correlation analysis showed that Level of CD34+ blood 

mononuclear endothelial progenitor cells was negatively correlated with 

MDA (r = -.004, P < 0.04) and positively correlated with SOD activity (r 

= 0.229, P < 0.032) and NO level (r = 0.093, P < 0.05) in atherosclerotic 

patients suffering from lower limb ischemia; this is in agreement with 

(Hamed S. et al., 2011). Moreover CD133+ (R = 0.174, P > 0.05), and 

CD133+KDR+ EPCs (R = 0.048, P > 0.05) were non- significantly 

correlated with blood level of SOD. These results confirm previous 

studies (Zhao et al., 2012).  

Zhao et al., (2012) reported that level of CD34+ EPCs was 

significantly correlated with serum level of SOD (R = 0.37, P < 0.01). 

Nonetheless CD133+ (R = 0.13, P = 0.30), CD34+/KDR+ (R = 0.09, P = 

0.50) and CD133+/KDR+ EPCs (R = 0.11, P = 0.41) showed no such 

correlation. 

It had become evident that the interaction between NO and O2
- is 

important in the development of endothelial dysfunction. EPCs have high 
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intracellular expression levels of SOD, which can protect them against 

oxidative stress (He et al., 2004).  

Thum et al., 2007 have reported that increased NAD(P)H oxidase 

activity results in increased O2
- generation and reduced NO 

bioavailability because O2
- inactivates NO and uncouples eNOS in EPCs. 

Moreover, the increased O2
- is closely associated with the reduced 

extracellular SOD activity. Thus the addition of SOD may scavenge O2
-, 

increase NO bioavailability and/or prevent the uncoupling of eNOS in 

EPCs (Hamed et al., 2009).  

Previous study showed that inhibiting SOD activity which may 

account for decreasing bioavailable NO of late EPCs increase the risk of 

developing cardiovascular diseases by decreasing the SOD activity of 

EPCs (Li et al., 2012). 
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Atherosclerotic heart disease is a chronic life-threatening disease, 

which is characterized by reduced blood supply to the heart as a result of 

the accumulation of atheromatous plaques within the walls of the arteries 

that supply the myocardium.  

Progressive atherosclerosis in the coronary arteries may lead to 

intimal thickening and eventual artery occlusion. Coronary artery 

occlusion can cause acute myocardial ischemia as a result of reduced 

oxygen supply or increased oxygen demand. Convincing evidence 

indicates that atherosclerosis is associated with endothelial dysfunction at 

the early stage of the disease process.  

More recently, it has become clear that circulating endothelial 

progenitor cells are an alternative mechanism for maintenance and repair 

of the endothelium, these cells are recruited from the bone marrow, 

circulate in the peripheral blood, and can differentiate into mature cells 

with endothelial characteristics.  

Postnatal vasculogenesis is the formation of new blood vessels 

from bone marrow-derived endothelial progenitor cells (EPCs). This 

process is regulated, in part, through chemokine signaling gradients that 

guide these EPCs to areas of ischemia/injury.  

Chemokines, a cytokine subset, are inflammatory mediators 

specifically involved in trafficking of many different cell types including 

immune cells and stem cells. Recent studies have shown that ionizing 

radiation (IR) can affect CXC chemokine expression in human 

fibroblasts.  
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Low-dose radiation has also been shown to mobilize bone marrow 

(BM) derived EPCs into the circulation, leading to enhanced 

revascularization. LDI up-regulates the level of endogenous and 

exogenous VEGF around the fracture area. The up-regulated VEGF then 

enhances angiogenesis, and promotes the activities of related cells (e.g. 

endothelial cells. 

Present study was carried out to: 

1. Compare the number of CD34+, CD133+ and CD133+ KDR+ blood 

mononuclear endothelial progenitor cells (EPCs) in both 

atherosclerotic patients with lower limb ischemia and healthy 

individuals and establish the optimal dose of ionizing gamma 

radiation for in vitro experiments to maximize EPCs number while 

minimizing cell death. 

2. Elucidate the effect of low dose ionizing gamma radiation on levels 

of blood mononuclear endothelial progenitor cells in vitro in 

atherosclerotic patients suffering from lower limb ischemia and 

assay viability, necrosis and apoptosis of these cells before and after 

exposure to low dose of ionizing gamma radiation (0.25 Gy of 60Co) 

in atherosclerotic patients. 

3. Correlate number of CD34+, CD133+ and CD133+KDR+ blood 

mononuclear endothelial progenitor cells with markers of oxidative 

stress including plasma lipid peroxidation, superoxide dismutase 

(SOD) activity and nitric oxide (NO) level in atherosclerotic 

patients.  

To achieve this, Blood samples from investigated patients and from 

healthy individuals were collected and subjected to the following studies: 
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(A) Flow cytometric investigations: 

Included the separation of blood mononuclear cells, which were 

further cultured for 24 hours with or without exposure to ionizing gamma 

radiation and then subjected to identification and enumeration of CD133+, 

KDR+, CD34+ and CD133+KDR+ blood mononuclear endothelial 

progenitor cells using their surface markers. 

(B) Biochemical investigations: 

 Blood for biochemical determination of 

 Activity of superoxide dismutase enzyme (SOD). 

 Level of nitric oxide (NO)  

 Level of lipid peroxidation measured as malondialdehyde.  

Experimental design 

Patients:  

The present study included 30 patients complaining of lower limb 

ischemia attributed to atherosclerosis and 30 control subjects. 

After selection, separation of blood mononuclear cells occurred and 

cells of patients (n=30) were classified into three subgroups besides cells 

from healthy individuals (n=30). 

 Group I:  Normal healthy blood mononuclear cells at zero time in 

culture media. 

 Group II: Non-irradiated atherosclerotic blood MNCs at zero time 

in culture media  

 Group III: Non-irradiated atherosclerotic blood MNCs 24 hrs in 

culture media. 
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 Group V: Irradiated atherosclerotic blood MNCs with 0.25 Gy of 
60Co 24 hrs in culture media. 

The results of the present study can be summarized as follows: 

1. There was significant decrease in levels of CD34+, CD133+, KDR+ 

and CD133+ KDR+ blood mononuclear endothelial progenitor cells in 

atherosclerotic patients compared to normal healthy. 

2. Patients with lower limb ischemia had higher levels of late, early 

apoptotic progenitors than healthy subjects. 

3. There was significant increase in levels of CD34+, CD133+, KDR+ 

and CD133+KDR+ blood mononuclear endothelial progenitor cells in 

atherosclerotic patients after exposure to low dose of ionizing 

radiation 24 hrs in culture media, more over there was a significant 

reduction in apoptosis of these cells after radiation. 

4. Low dose of ionizing radiation caused an increase in blood SOD 

activity and plasma nitric oxide level, besides it caused decrease in 

plasma MDA level.   

From aforementioned results, it can be concluded that: 

 There was a possible good effect of low dose ionizing gamma 

radiation on both blood mononuclear endothelial progenitor cells 

and oxidative stress biomarkers including SOD activity, MDA and 

NO levels.  

Recommendation 
Differentiation of endothelial progenitor cells in vitro to mature 

endothelial cells and re-injection of these cells in vivo for treatment of 

atherosclerosis disease. 
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لخاليا جدار األوعية  المبطنةتأثيراألشعه المؤينه منخفضة المستوى على الخاليا 
السفلية الناتج من تصلب  لألطرافالدموية فى مرضى قصور الدورة الشريانية 
  الشرايين

على طول جدار  ةتراكم المواد الدھنی ةھو حال) التصلب العصیدى(تصلب الشرایین 

یق الشرایین و ض ةمسبب ةو قوی ةتصبح مع مرور الزمن كثیفتلك المواد التى  ،شرایین الجسم

یؤدى إلى ضعف تدفق الدم عبر ھذه الشرایین لألعضاء التى تغذیھا مما  مماربما انسدادھا 

اد كامل لھذه و قد تؤدى ھذه المواد إلى انسد .والعض ھذا ةو وظیف ةیعمل على ضعف حیوی

فى حاالت أخرى یتم انفصال أجزاء صغیره من و  ،عضاءلى موت ھذه األإالشرایین مما یؤدى 

الضغط التأكسدى الناتج  ةن زیادأكما وجد  .جلطات ةھذه التراكمات و انتقالھا عبر الدم محدث

إلى تصلب الشرایین و ذلك ألنھا تعمل على  ةأحد العوامل المؤدی ةالعوامل المؤكسد ةمن زیاد

و انبساط العضالت  ةالدموی ةع األوعینقص أكسید النیتریك و الذى یعمل بدوره على توسی

تقوم  ةالدموی ةجدار األوعی ة لخالیاالمنتج ةو قد أكدت الدراسات على أن الخالیا السلفی .الملساء

من الغشاء المبطن لجدار الشرایین و ذلك  ةبدور ھام فى إعاده تكوین ھذه األجزاء التالف

 نسبة أكسید النیتریك ةعلى زیادتعمل بدورھا  التىو ،  المستو ةمنخفض ةالمؤینة ستخدام األشعاب

  .تكوین الغشاء المبطن لھذه الشرایین  ةمما یؤدى إلى إلتئام الجروح و إعاد

  :النقاط التاليةاستهدفت الدراسـة الحالـية 

ا المنتج  معرفة  .١ ا   ةعدد الخالی ھ   لخالی ھ الدموی دار األوعی ى   CD34, CD133, KDR  ج ف

 .صلب الشرایین و مقارنتھا بمجموعات التحكماألشخاص المصابین بمرض تدم 

دد     .٢ ادة ع ا المنتج  تعیین الجرعة المناسبھ من األشعة المؤینة التى تعمل علىى زی ة الخالی

 .و تقلل من الموت المبرمج لھذة الخالیا جدار األوعیھ الدمویھلخالیا 

د   ة منخفضة المستوى  المؤین  ةمعرفھ تأثیر األشع  .٣ ى ع ا المنتجة لخ  عل ا  د الخالی دار  الی ج

 .ساعھ ٢٤بعد زراعتھا لمدة  فى مرضى تصلب الشرایین  ةالدموی ةاألوعی

ة .٤ دد مقارن ا ع غط دالالت بال  CD34،CD133 ،KDR  خالی ھ بالض دى  الخاص التأكس

دھون و ى ال مل عل ذى یش ده ال ى    ،المؤكس واه ف ھ الن ا أحادی ى الخالی ك ف ید النیتری و أكس

 .طةو المجموعات الضاب مرضى تصلب الشرایین
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 لدیھم قصور فى الدوره الشریانیھ ضیمر ٣٠ من راسھ الحالیھ على أخذ عینات دمتشتمل الد

و قد تم عمل  )٣٠عددھم (  الناتج من تصلب الشرایین و أشخاص أصحاء كمجموعات تحكم

   :األتى

ا       ف*  ین عدد خالی ا و تعی واه و زراعتھ ھ الن ا أحادی ل و   CD34,CD133,KDR صل الخالی قب

   .المستوى ةمنخفض ةبعد تعریضھا إلى األشعھ المؤین

ین نسبھ   *  د إستخدام          SOD , NO, MDAتعی ل و بع دلیل خاص بالضغط التأكسدى قب ك

  المستوى  ةمنخفض ةالمؤین ةاألشع

    المرضى و الطرق 

قصور فى الدوره مریض لدیھم ) ٣٠(عدد  أخذ عینات منوقد تضمنت ھذه الدراسة 

تحكم فى ظروف سنیة و إجتماعیة و  ةكمجموع )٣٠(و  ناتج من تصلب الشرایینال الشریانیھ

 ةو قسمت العینات الى ثالث و قد تم فصل الخالبا أحادیھ النواه و زراعتھا. اقتصادیة متشابھة

   .التحكم ةباإلضافھ الى مجموع مجموعات

  بعد زراعتھا مباشرةا ھوتعین عددخالیا أحادیھ النواه من مجموعة التحكم  :موعھ األولىالمج

  بعد زراعتھا مباشرةھا وتعین عدد المرضى ةمجموعمن  خالیا أحادیة النواه:ةالمجموعة الثانی

دون ساعھ  ٢٤و زراعتھا لمده  المرضى ةمجموعمن  خالیا أحادیة النواه: ةالثالث ةالمجموع

  .التعرض لألشعة المؤینة منخفضة المستوى

ساعھ بعد  ٢٤و زراعتھا لمدة  المرضى ةمجموعمن  النواه خالیا أحادیة :ةالرابع ةالمجموع

  )٦٠جراى من أشعھ الكوبلت  ٠.٢٥( ةالمؤین ةمنخفضھ من األشع ةتعریضھا لجرع

  :لتالىويمكن تلخيص نتائج البحث كا

مرضى تصلب الشرایین عن  دم فى   CD34 , CD133, KDR حدوث نقص فى عدد خالیا -١

  مجموعات التحكم 

منخفضة  ھذه الخالیا فى مرضى تصلب الشرایین بعد استخدام األشعھ المؤینھ زیاده عدد -٢

   .ونقص فى الموت المبرمج لھذه الخالیا المستوى

مرضى تصلب الشرایین  دم فى MDAو نقص فى نسبھ   NO , SODحدوث زیاده فى نسبھ -٣

   ٦٠جراى من أشعھ الكوبلت  ٠.٢٥بعد أستخدام 
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  :التوصیات
ى    بق نوص ا س ة     مم ة الدموی دار األوعی ا ج ة لخالی ا المنتج ذه  الخالی ى ھ ارات عل إجراء اختب ب

دد   ى ع ارات عل راء االختب رایین و  إج لب الش راض تص الج أم ائج لع ل النت ى أفض ول عل للحص

ات             ذه الدراس ل الخطورة المسببة للمرض و تشتمل ھ اة تثبیت عوام ع مراع ات م ن العین ر م كبی

ة   ى إمكانی تقبلیة عل ورالمس ا الخال تح ةی ا    المنتج د زراعتھ ھ بع ھ الدموی دار األوعی ا ج يلخالی  ف

ھ    المبطنة الخالیا إلى الوسط المالئم ھ الدموی دار األوعی م الحي       لج ي الجس ن ف  لعالج وإعادة الحق

  .مرض تصلب الشرایین
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