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 Human exploration beyond the earth's orbit poses many risks for the crew on 

these missions. One of the major health risks is exposure to space radiation 

environment beyond the earth’s magnetic field. The space environment exposes 

astronauts to high levels of ionizing radiation such as galactic cosmic rays. The 

radiations can have acute and delayed effects on the human body. The primary 

response to tissue injury is increased oxidative stress and inflammation. The overall 

objective of this study was to analyze the effects of ionizing radiation in heart tissue 

by quantifying its impact on the expression of genes that correlate with chronic 

inflammatory responses and indicative of the presence of reactive oxygen species 

(ROS). Irradiated 900 c57b16 breed mice heart samples were obtained, and gene 

expression studies were performed to assess the alterations in genes after exposure 

to different types of radiation and doses by employing real-time PCR analysis. This 

study analyzed the regulation of inflammatory marker interleukin-6 (IL-6) and 

antioxidative enzyme superoxide dismutase (Sod2). Heart tissue samples were 

crushed, and RNA was isolated using the TRIzol method. RNA was reverse 
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transcribed to synthesize cDNA, and real-time PCR run was performed by using 

TaqMan Gene Expression assays. Target gene expression was quantified using the 

2- (▲▲Ct) method by normalizing the expression of target gene with housekeeping 

genes (Actb, GAPDH, and Hprt) and relative to their expression on control non-

irradiated samples. A total of thirteen irradiated samples and three control samples 

were assessed. The quantity and purity of isolated RNA was confirmed by 

spectrophotometric analysis, which showed that the ratio of absorbance at 260 nm 

versus 280 nm was between 1.8 and 2.0 for all samples. In tissues exposed to 50 cGy 

oxygen irradiation, it was observed that the regulation of gene expression was not 

consistent in all samples as some samples showed up-regulation of IL-6 and Sod2 

gene while others showed down-regulation of the genes. These results suggest that 

50 cGy Oxygen ionizing radiation had different effects on these tissue samples and 

modulated the gene expression discretely. By contrast, the tissues that were exposed 

to 50 cGy Fe showed down-regulation of IL-6 gene and up-regulation of Sod2 gene 

in all samples. The results for this sample indicated that long-term effects are not 

induced in the tissues after the exposure. Therefore, these results suggest that 50 cGy 

Fe ionizing radiation is too low to induce delayed or chronic effects in the tissues. 

The tissues that were exposed to 200 cGy Gamma radiation showed up-regulation of 

IL-6 and Sod2 gene, suggesting that the exposure to this radiation might have 

induced delayed or chronic effects in the tissues and may develop into cardiovascular 

diseases with time. 
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Chapter 1 

Introduction: 

The human body is a complex structure composed of various tissues and 

organs. Every tissue and organ in the human body plays a vital role in the survival of 

a human being. The functions of the tissues and organs can be influenced by various 

environmental factors one of which being radiation. The human body is susceptible 

to radiation and can cause biological changes in the human body at cellular level. 

Radiation can be helpful and as well as dangerously harmful for humans. Humans 

are constantly exposed to various radiation present in the surroundings, although 

such radiations are typically not high enough to cause significant damage to the 

human body. 

Radioactivity has existed all along, with radioactive materials existing in the 

Earth’s crust. The human body has been exposed to radiation in various forms, 

naturally arising radiation from the earth, as well as radiation from outer space. The 

radiation from outer space is called as cosmic radiation or cosmic rays. However, the 

earth is protected by its atmosphere and magnetic field, which intercepts the cosmic 

radiation and prevents it from passing through the earth's atmosphere. 

Radiation is also used in the medical field for diagnostic and therapeutic 

purposes. Radiations such as X-rays are used for diagnosing disease and also in 

various therapies. There are different types of radiation therapies that are used on 

patients to treat cancer and other diseases. These radiations are harmful for the human 
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body, but at the same time can be used to kill cancerous cells by focusing the 

radiation only on affected cells. 

Exposure to a high level of radiation or ionizing radiation can cause 

significant damage to health. Exposure to such high levels of radiation can be from 

an atomic bomb or outer space radiations. Cosmic radiations are ionizing radiation 

from outer space. They have significant effects on the human body. These high level 

radiations have long-term health effects, causing cancer and cardiovascular diseases. 

  

1.1 Ionizing Radiation: 

Ionizing radiation is radiation that can separate a tightly bound electron from 

its orbit in an atom, leaving the atom charged or ionized. Prolonged exposure to 

ionizing radiation can be fatal. There are different types of ionizing radiation having 

different characteristics. 

Alpha Radiation 

Alpha radiation consists of heavy positively charged particles that consist of 

two protons and two neutrons. These particles are emitted from the decay of uranium, 

radium and polonium. Alpha particles are very energetic, but as they are heavy, they 

are unable to travel long distances and can be easily stopped by a sheet of paper or 

the epidermal layer of our skin. They lack energy to penetrate the skin and therefore 

are not a major concern to the outer body. However, if the alpha particles reach inside 

the body they can cause damage to the tissues. Alpha particles can reach inside the 
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body if inhaled, swallowed or enter through an open cut. These particles can cause 

severe damage to cells and DNA by releasing all their energy into the cells [1]. 

Beta Radiation 

Beta radiation consists of negatively charged fast moving particles that are 

emitted from the nucleus of an atom. Radioactive decay of atoms such as hydrogen-

3, carbon-14 and strontium-90 emit these particles. These particles travel a longer 

distance and penetrate more than the alpha particles but the damage to the living 

tissue and DNA is less than that from the alpha particles. This radiation can easily be 

stopped by a thin layer of clothing or a thin sheet of aluminum and usually is unable 

to enter the skin. However, some beta particles penetrate the skin and causes skin 

burns. Beta particles can be hazardous if they reach inside the body through 

inhalation [1]. 

Gamma Radiation 

Gamma radiation consists of weightless packets of electromagnetic energy 

called photons emitted by the nucleus of radionuclides. Gamma rays have shorter 

wavelengths, less than one-tenth of a nanometer and are the most energetic 

electromagnetic radiation. Gamma rays are emitted by radioactive atoms following 

the radioactive decay. Radioactive decay is a process of spontaneous disintegration 

of the nuclei of unstable atoms whose binding energy is not strong enough to hold 

its nucleus together. During this process various radiation particles are emitted from 

the nucleus of the atom. 



 

4 
 

Gamma radiation is produced in the universe by the most energetic objects 

such as pulsars and neutron stars, regions around black hole and supernova 

explosions. A gamma burst is the most energetic electromagnetic event and is known 

to releases more energy within 10 seconds than the sun in its entire lifetime. Cosmic 

rays also consist of high energy electromagnetic photons and are considered to be 

gamma rays. 

Gamma rays, unlike alpha and beta rays, have highest penetrating power and 

cannot be stopped by barriers such as skin or thin layers. They are weightless packets 

of energy and travel much farther than alpha and beta rays. Gamma rays can pass 

right through the human body and cause ionization of the tissues and cells damaging 

the tissues and organs inside the body. Exposure to such high energy electromagnetic 

radiation can adversely impact the human body and can affect the gene expression 

causing significant damage. High levels of exposure have direct acute effects causing 

immediate damage to cells whereas low levels of exposure have long term effects 

and can lead to cancer [2]. 

X-rays 

X-rays are electromagnetic radiation like gamma rays; however, they are not 

as harmful as the gamma radiation. X rays share similar basic properties with gamma 

rays but are emitted from different parts of the atom. X rays originate from outside 

the nucleus and generally have lower energy. 
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X-rays are produced naturally and artificially by machines. They can 

penetrate most of the objects including the human body; however, comparatively, 

they have less penetrating power than gamma rays. X-rays are used in several 

medical equipment for diagnosis or treatment. Medical X-rays are used in 

computered tomography and CAT scans to obtain detailed images of bones and soft 

tissues in the body and is one of the largest sources of diagnosis for human body. 

  

1.2 Space Radiation: 

         The journey to space and interaction of the human body with the space 

environment will have various negative effects on the human body. The human body 

starts experiencing changes starting from the spaceflight and all the way in to space. 

Although the spaceship and spacesuits are built to protect astronauts from the harsh 

environment they cannot protect completely from all negative effects such as 

weightlessness and space radiation and various other effects caused due to radiation 

[3]. 

         One of the most concerning risks in space is radiation exposure [4]. 

Astronauts are exposed to high energy radiation fields in space. The space 

environment consists of several types of ionizing radiation emitted from objects and 

events in space. The radiation in space includes high energy radiations such as 

cosmic rays and solar particle events (SPE). Energetic particles in the interplanetary 

space produces low linear energy transfer radiation (LET) [5]. Astronauts going 
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beyond the lower earth orbit (LEO) are exposed to galactic cosmic radiation (GCR). 

A high energy radiation originating from outside the solar system/far away galaxies 

is known as the cosmic radiation [6]. About 99% of these cosmic rays are the nuclei 

of atoms and the remaining 1% are electrons. Among the 99% of the nuclei, 1% is 

the high charge and energy (HZE) nuclei. HZE ions are a component of GCR. The 

remaining of the nuclei are high energy protons. The radiation in space is mostly 

composed of high energy protons, helium nuclei, and HZE ions. The SPE’s also 

consists of high energetic protons and heavy ions, producing large plasma clouds. 

The space radiation is also composed of electromagnetic radiation such as X-rays 

and gamma rays. 

Galactic Cosmic Radiation (GCR) 

         Galactic cosmic radiation consists of high LET particles that originate from 

outside of the solar system. The GCR spectrum is composed of 87% hydrogen ions, 

12% helium ions and 1-2% HZE nuclei [7]. Among the GCR's the most dangerous 

is the Fe+26. Such high energetic particles are capable of penetrating through thick 

shielding objects and human body tissues causing DNA destruction, mutation, and 

cell apoptosis. 

         GCR ions have large ionization power and are a great threat to astronauts and 

is one of the main challenges in space travel. These ions a capable to surge through 

an aircraft shield and penetrate through the body. Shielding from these ions is one of 

the greatest challenges. Although the spaceship and space suit are built to shield from 
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space radiation, it only partially reduces the dose [8].  As the astronauts transit 

outside of the LEO, the hydrogen ion and heavy HZE nuclei traverse the nucleus of 

every cell in an astronauts’ body. Therefore, HZE ions have a high negative impact 

on the human body and are a great biological threat [9]. Some of the HZE nuclei 

include O, Si and Fe. A significant amount of HZE ions contribute to the cumulative 

GCR dose incurred by the astronauts. 

SPE Radiation 

         SPE radiation emerges from the solar particle events (SPE). The SPE 

originates from the sun. The sun emits a large number of energetic particles 

consisting of protons. The solar particle event occurs when these protons become 

accelerated near the sun or in interplanetary space. The solar particle event occurs 

near the sun during a solar flare or in interplanetary space by coronal mass ejection 

(CME) shocks. The solar particle event includes helium ions and highly charged 

HZE ions [10]. 

SPEs occur from several times a day to less than once a week. Smaller SPEs 

occur more frequently than the large SPEs and are difficult to detect by the satellites. 

According to the research, it is now being stated that there are two types of SPEs: an 

impulsive event that occurs near the sun during a solar flare, and a gradual event that 

occurs in the interplanetary space by coronal mass ejections away from the sun. The 

impulsive events of the solar flares are short and lasts for minutes producing a stream 
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of high energy particles, whereas the gradual events are associated with the CME 

shocks. 

Intra Vehicular Radiation 

         Intravehicular radiation is the secondary radiation that is produced by the 

interaction of SPE protons and GCR particles with the spacecraft. This secondary 

radiation consists of secondary particles including protons, alpha particles, gamma 

rays, beta particles, neutrons, X-rays and heavy charged particles. These secondary 

particles can pass through the body causing significant damage to the tissues and its 

cellular components. 

  

1.3 Effects of Space Radiation to Human Body: 

         Space exploration has a potential for discoveries and benefit the society, but 

at the same time, it poses a great threat to the well-being of astronauts. High energy 

protons and subatomic particles are present in the space environment that upon 

exposure cause cellular mutation and leads to cell destruction. The space 

environment exposes astronauts to high levels of ionizing radiation such as galactic 

cosmic rays and SPEs. These high radiation can severely affect the immune system 

by penetrating the living tissue and damaging the bone marrow and stem cells. Space 

radiation impacts the central nervous system (CNS) and inflicts cell loss affecting its 

functional integrity, which can lead to CNS disorders. Studies on astronauts after the 
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space mission have observed damage in the brain areas that accelerates the onset of 

Alzheimer's disease in astronauts. 

         The effects of ionizing radiation can group as acute or delayed effects, 

depending on the time the effects are observed. Acute effects are observed soon after 

the exposure to high doses of radiation for a short period of time, whereas delayed 

effects are observed in a long period of time where the radiation is too low to cause 

acute effects and causes long term effects such as cancer. 

         Acute radiation syndrome caused by acute radiation consists of sequence of 

symptoms [11, 12]. The symptoms for acute radiation syndrome vary from individual 

to individual depending on the radiation sensitivity, type of radiation, and radiation 

dose. After exposure to radiation, the sequence of symptoms starts with the 

prodromal stage, which involves the rapid onset of nausea, vomiting, and malaise. 

The prodromal stage is then followed by a symptom free phase that lasts from weeks 

to days. Studies have indicated that humans that had radiation exposure between 0.7 

Sv and 4 Sv has been observed to have reduced bone marrow function leading to 

lymphocyte deprivation, causing decreased resistance to infections following anemia 

in 2-6 weeks and eventually death. It is observed that the death rate of acute radiation 

syndrome lies at 30 days after exposure and may extend up to 60 days. Higher 

ionizing radiation doses ranging from 6-8 Sv will implicate severe fluid losses, 

diarrhea, and hemorrhage, leading to gastrointestinal syndrome. These effects, if not 

treated, may lead to inflammation and eventually death. Radiation exposure to very 

high acute doses of 20-40 Sv for hours to 3 days will cause neurological damage, 
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leading to loss of consciousness, loss of coordination, confusion, convulsions and 

shocks, including severe symptoms of blood forming organ that will lead to coma 

and death.   

         Chronic radiation syndrome involves delayed effects of long-term radiation 

exposure to doses 2-4 Sv/year [13]. Some of the symptoms include sleeping 

disorders, loss of appetite, weakness, headaches, loss of concentration, and impaired 

memory. Induction of cancer is of primary concern in the space exploration missions 

[14]. Exposure to radiation doses <1 Sv/year induces tumors and cancer cells in the 

body, which is one of the most important concerns for astronauts [15, 16]. Delayed 

effects usually have an onset of symptoms years and decades after the exposure. The 

development and induction of cancer and tumor due to radiation exposure is still 

under research and not yet completely understood. It is yet to be found out the exact 

magnitude of SPEs combined with GCR exposure that will have a significant impact 

on the astronaut’s health and affect physical and mental performance of the astronaut. 

Effects of Ionizing Radiation on Cellular Level 

Exposure to ionizing radiation causes physical and chemical modifications in 

the biological molecules [17]. The biological effects of radiation on the human body 

is due to the chemical reaction initiated by the deposition of energy in the cells and 

tissues. These reactions alter the cell’s reproduction and their cellular processes, 

resulting in mutation of the cell. The cells have an innate ability to repair themselves, 

and when the cells are no longer capable of repairing themselves, they die [18]. In 
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some cases of damage, the cells might survive, but there may be latent errors that are 

observed in later generations of dividing cells [19-22]. 

The effects induced by radiation particles reduces as it passes through a 

material. The HZE particle loses its energy as it travels into the depths of the human 

body, and therefore, the chemical and physical changes within the cells varies. The 

GCR particles can penetrate a substantial thickness of material, as GCR particles 

traverse the body, they generate light secondary products that travel even further into 

the body [23]. 

A large radiation particle that passes through a cell damages the DNA of that 

cell. Radiation produces single-strand breaks and double-strand breaks in the DNA, 

and clustered DNA damage, caused by the energy deposition [19]. Damaging the 

DNA can change the properties of the cells and result in malfunctioning of the cell. 

As the particles passes through a cell it breaks the DNA strands, resulting in a 

mismatch repair and chromosomal rearrangement where the repaired DNA strands 

do not correspond to each other due to the mismatch [24]. Exposure to ionizing 

radiation induces DNA lesions depending on the dose and type of radiation. The 

DNA damage induced by radiation affects the cellular reproduction and genetic 

stability, and results in cellular inactivation and mutation induction [25]. In the 

human body, the cells are capable to detect, signal, and repair the DNA damage. The 

identification of the damage and repair are of critical importance and high LET 

radiation and low LET radiation affect the induction and repair of DNA damage [26]. 

Exposure to ionizing radiation affects the genomic integrity of the cell and alters the 
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expression of genes. The ionizing radiation induces changes in the genes by 

increasing or decreasing the gene expression of certain genes. These alterations in 

the gene expression gives rise to alternative mechanisms of DNA repair, apoptosis, 

protein expression and processing, and signal transduction and intercellular signaling 

[23]. Changes in the gene expression induced by radiation exposure results in 

malfunctioning of the organs and their cellular processes leading to the death of cells. 

Effects of Ionizing Radiation on Heart 

         Clinical studies have observed radiation induced cardiovascular effects in 

humans. Studies in animal models have facilitated in understanding the mechanism 

of these effects that injure the heart. Studies have suggested that exposure to ionizing 

radiation of low doses induces cardiovascular diseases. Manifestation of radiation 

induced injury is observed long time after exposure; thus, cardiovascular injury is a 

long-term effect of radiation. This has led to further studies on low dose radiation 

and their effect on heart tissue. 

Several studies have been done to analyze the high-dose and low-dose 

radiation effects on the heart. Patients undergoing radiation therapy for intrathoracic 

and chest wall tumors have been observed to have a late onset of radiation-induced 

cardiovascular diseases [27-29]. People who have survived cancer in childhood are 

at high risk of developing late effects of radiation [30, 31]. Studies done on animal 

models for the effects of high-dose radiation observed an increase in perivascular 

and interstitial collagen in the myocardium that worsens by time [32-34]. This is due 



 

13 
 

to the change in density and function of the microvasculature, which leads to fibrosis 

[35-38]. This deposition of collagen increases the expression of transforming growth 

factor beta 1 (TGF-beta1) that enhances the cardiac fibrosis. Radiation exposure to 

heart also leads to alterations in the gene and protein expression. 

Epidemiological studies have been done by the researchers to analyze the 

alterations in the heart tissue due to low-dose ionizing radiation. Low-dose radiation 

induced cardiovascular effects include diseases such as ischemic heart and stroke.  A 

study was conducted on Japanese atomic bomb survivors to analyze the short-term 

and long-term health effects who were exposed to ~2 Gy gamma radiation [39-43]. 

Recent analysis on the survivors have stated an increase in the cardiovascular 

diseases decades after exposure [39-43]. Studies performed on animal models that 

were exposed to ~0.2 Gy observed a dysregulation in cellular environment and 

molecular transport leading to an adverse microenvironment within the cells. 

Astronauts travelling to the low-Earth orbit are exposed to low dose rates 

(1.3-1.5 mGy/day) of GCR [44]. These dose radiations do not produce a significant 

cardiovascular effect. In contrast, the astronauts travelling beyond the low-Earth 

orbit are exposed to larger doses of radiation that will induce adverse cardiovascular 

effects in the body. Studies are being performed to analyze the cardiovascular effects 

of high and low dose ionizing space radiation. Some of the studies on animal models 

include exposure of mice to iron particles of doses 2 and 5 Gy, which was observed 

to induce atherosclerosis in the aorta. Other studies were performed to analyze the 

effects on cardiac function and structure. A similar study was performed on mouse 
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model that was exposed to 0.15 Gy iron ions; it induced increased DNA oxidation, 

myocardial fibrosis and altered cardiac function in mice [45, 46]. Similarly, exposure 

to silicon ions (0.1-0.5 Gy) induced cardiac apoptosis and expression of pro-

inflammatory cytokines were observed [47]. 

  

1.4 Oxidative Damage: 

         Exposure of living cells to ionizing radiation causes the disruption of atomic 

structures that leads to chemical and biological changes. The ionizing radiation 

induces oxidative damage by radiolysis of water, which produces highly reactive 

compounds that damages the nucleic acid, proteins and lipids [48]. The development 

of reactive oxygen species (ROS), such as hydrogen peroxide, superoxide, and 

hydroxyl radicals result in oxidative damage in the cell [49-52]. The ROS can form 

oxidative adducts with the DNA nucleic acids and therefore are carcinogenic [53, 

54]. Studies have indicated the implication of 8-oxo-deoxyguanosine, an oxidative 

DNA adduct, in carcinogenesis that causes G to T transversions [55, 56]. The 

generation of ROS continues for days and months after the initial exposure and 

increases oxidative stress in the cells. The oxidative stress can spread to other non-

targeted bystander cells and produce ROS, exhibiting wide spread oxidative damages 

including protein carbonylation, lipid peroxidation, and gene mutations [57]. These 

oxidative changes persist in the progeny cells and has an implication on long-term 

health effects. Increased oxidative stress is crucial and furthers the progression of 



 

15 
 

malignancies, degenerative diseases and tissue damage. In response to the increased 

oxidative damage, the cell produces enzymes such as superoxide dismutase, catalase, 

and glutathione peroxidase that helps in reducing the oxidative stress caused by free 

radicals [58, 59]. If the oxidative stress does not reduce by these enzymes, the DNA 

becomes damaged, and then a network of secondary mechanisms for DNA repair is 

generated. Inadequacy in the DNA repair mechanism leads to aging, loss of bone 

mineral density (BMD), and susceptibility to cancer [60]. When the expression of 

ROS exceeds the tolerance level of the cell, the cell triggers apoptosis, protecting the 

tissue from the damaged cells [61, 62] and reducing the possibility of tumor 

formation [63, 64]. 

         A cell is comprised of 80% of water. When radiation particles penetrate the 

cells, they interact with the water content of the cell and induce high-energy water 

radiolysis. Water radiolysis is the process of splitting of water molecules into 

chemically reactive H+ and OH- radicals. These radicals actively combine and attack 

other critical molecules to produce highly reactive compounds. The process of 

absorption of high radiation particles and generation of free radicals can be described 

in three stages. In the first stage, the energy from the radiation particles is deposited 

into the cells, and generation of secondary electrons takes place. In the 

physicochemical stage, the resulting chemically reactive and unstable radicals 

undergo reorganization. The free radicals are capable to react and attack other 

molecules and reorganization of these radicals produces molecular products, such as 

superoxide (HO2) and peroxide (H2O2), which increases oxidative stress and induces 
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oxidative damage in the cell. Eventually, the cell begins to respond to the 

accumulation of these oxidative components inducing long-term consequences of 

radiation exposure [48]. 

         The cells also generate other radicals such as organic radicals (R+), usually 

by the H-abstraction reaction (OH radicals). These radicals react actively with O2 to 

produce peroxyl radicals (RO2). Peroxyl radicals are stronger oxidizing compounds 

than their initial organic radicals. The secondary radicals can react with H+ by 

abstracting from other molecules and forms hydroperoxides (ROOH), which is 

involved in lipid peroxidation reactions. Therefore, radiation exposure to cells also 

induces lipid peroxidation reactions that are involved in protein inactivation 

processes. 

Induced Biological Effects 

         Most of the detrimental effects of water radiolysis is due to the physical 

deposition of energy by the respective radiation. Such deposition of energy in the 

cells leads to endogenous bursts of ROS that occurs along the radiation track and in 

the intercellular matrix. The track structure of radiation is dependent on the type of 

radiation and determines the degree of influence that causes biological impact to the 

cells [65]. Exposure to high LET radiations increases the DNA damage by inducing 

locally multiply damaged sites (LMDS) in the DNA [66]. The induction of DNA 

lesions strongly impacts the long-term biological effects. 
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         Studies have been done and observed that high LET radiation such as 137Cs 

gamma rays produces ~60 ROS per nanogram of the tissue within a microsecond of 

exposure and about ~2000 ROS are produced by exposure to 3.2 MeV alpha particle 

with ~19 nM ROS concentration in the nucleus [67]. This ROS concentration in the 

nucleus influences the biochemical reactions and causes oxidative damage. In 

response to such oxidative stress, different signaling cascades, such as DNA repair 

and antioxidation reactions, are triggered. However, the oxidative damage induced 

by the low levels of high LET radiation do not completely mitigate the damage, 

spreading to the bystander cells and persisting in the cell progeny. The presence of 

ROS may have an impact on the genes and proteins that are involved in oxidative 

metabolism. Such influence of genes in the oxidative metabolism is affiliated with 

chronic inflammatory responses. Chronic inflammatory responses involve the 

recruitment of macrophages and neutrophils that produce reactive species such as 

ROS and reactive nitrogen species (RNS). This biochemical change and the 

generation of ROS and RNS results in the mutation and DNA crosslinking and may 

also cause oxidatively induced clustered DNA lesions (OCDLs), leading to double 

strand break of DNA [68]. Therefore, these changes in the cell causing chronic 

inflammation and oxidative stress results in genomic instability of the cells. This 

regulation in the genomic stability may lead to the onset of neurodegeneration, 

cardiovascular diseases, and cancer [69]. 
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Regulation of Gene Expression by Reactive Oxygen Species (ROS) 

         The presence of ROS has influence over the expression of certain genes 

associated with oxidative stress. Some of the genes that are regulated by ROS involve 

Nuclear factor-2 (Nrf-2), Nuclear factor-kB (NF-kB), cytochrome c (cyt c), 

superoxide dismutase-2 (Sod-2), tumor necrosis factor-alpha (TNF-alpha), 

Interleukin-1 beta (IL-1 beta), Interleukin-6 (IL-6), C-reactive protein (CRP) and 

Ras. 

         Nrf2, TNF-alpha and IL-1beta are anti-oxidative response regulating genes. 

They regulate the anti-oxidative responses and stimulate the genes that help to adapt 

to oxidative stress. TNF-alpha is an important biomarker of ROS and induces the 

production of ROS. TNF-alpha and Ang-II are involved in inducing the expression 

of proinflammatory cytokines VCAM-1 and MCP-1 [70]. ROS influences the Nrf2 

by upregulating its gene expression [48]. NF-kB induces the production of 

proinflammatory cytokines and interleukins and the presence of ROS upregulates its 

expression [70]. Cyt c is involved in the activation of the caspase cascade which 

causes cell death. Upregulation of the cyt c gene expression is associated with 

presence of ROS [71], whereas IL-6 and CRP are inflammatory markers. IL-6 is 

produced in response to tissue injury and is associated with chronic inflammation. 

Stimuli such as ionizing radiation, oxidative stress, and antioxidative enzymes 

regulate the expression of IL-6. Expression of inflammatory markers indicates the 

presence of inflammation and is regulated by ROS [48]. Sod-2 is an enzyme that 
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converts superoxide into oxygen and hydrogen peroxide. The reactions that are 

initiated by the Sod-2 enzyme helps in controlling the levels of ROS, thus reducing 

the potential toxicity. Elevated expression of this gene is associated with the ROS 

production [72]. 

         Many of the cardiovascular-related genes are redox sensitive as ROS 

activates various critical signaling pathways. ROS is observed to regulate different 

classes of genes such as adhesion molecules and chemotactic factors, antioxidant 

enzymes, and vasoactive substances. Some of these classes are associated with the 

adaptive response to ROS, including SOD generation. 

 

1.5 Gene Expression Analysis: 

         Gene expression studies are a great source for biomedical research to 

determine and understand the mechanism of development of a certain disease. The 

gene expression analysis involves the detection and quantification of messenger 

RNA (mRNA) of a specific gene. Gene expression analysis enables to compare the 

expression of many genes between different samples. Analyzing and evaluating the 

regulation in gene expression facilitates in determining the cause and effects of 

certain stimulus. These studies help in finding the origin of a disease and better 

understand its characteristic manifestation.  

         In 1977 Alwine et al., developed the Northern Blot technique. It is an RNA-

based gene expression analysis in which the RNA samples are separated according 
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to size by gel electrophoresis and transferred onto a membrane where they are cross-

linked and hybridized [73]. Though this method enables to quantify and compare 

RNA levels of multiple samples on a single membrane, it is does not match the 

accuracy level of real-time PCR [74]. Some of the other methods used for gene 

expression analysis involve expression microarrays and RNAseq for transcriptome 

analysis [75]. 

         Microarray analysis is used for large scale gene expression studies and has a 

high throughput. It can detect the expression of thousands of genes at the same time. 

It uses microchips that consists of anchored probes (DNA molecules). In this 

analysis, control and experimental samples of mRNA are converted to cDNA and 

labelled with different fluorescent dyes. The samples are mixed and hybridized 

(binding of cDNA to DNA probe) to the microarray slide. The microarray is then 

scanned, and the expression of each gene printed on the slide is measured. However, 

this technique is costly and difficult to identify candidate genes. 

  

1.6 Real-Time Polymerase Chain Reaction (rt-PCR): 

         Real time-PCR is an accurate and sensitive method for quantitative 

measurement of specific gene expression. Quantitative analysis of gene expression 

is important for analyzing gene expression to understand and detect alterations in the 

cellular mechanisms in response to a biological stimulus [76, 77]. The development 

of real-time PCR technique has significantly simplified the quantification of nucleic 
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acid [77, 78]. Real-time PCR is mainly used as an investigative tool to determine 

gene expression and to confirm the results of DNA microarrays [79]. 

         PCR is a method to amplify specific DNA fragments using DNA polymerase 

enzymes. DNA is amplified by synthesizing new DNA strands in the presence of 

primers. PCR primers consists of template DNA (single stranded) that are 

complementary to the specific DNA sequence of interest. The PCR process takes 

place in three steps: denaturation, annealing, and extension. The PCR process begins 

by the denaturation of the double-stranded DNA to generate single-stranded DNA. 

The primers anneal to the denatured single-strand DNA, thereby producing new 

double stranded DNA by polymerase enzymes. The polymerase synthesizes two 

double stranded DNA, one from each single stranded parent DNA. The new double-

stranded DNA fragments can again be denatured to proceed with another cycle of 

annealing and extension, thereby amplifying the DNA fragments. A two-fold 

increase in target DNA fragment is generated after each cycle. Repeated cycles of 

denaturation, annealing, and extension will produce and accumulation of specific 

target fragment of DNA [80, 79]. 

         PCR is characterized into four phases: linear phase, exponential phase, log 

phase, and plateau phase. In real-time PCR, these phases are visualized and 

monitored in real-time as the PCR process is carried out. Real-time PCR uses 

fluorogenic dyes to visualize the PCR phases. The principle behind this is that the 

amplification of DNA is proportional to the generation of fluorescence. The 

fluorescence is quantified, and data is collected using software. At the linear phase, 
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the fluorescence produced is not higher than the background fluorescence, whereas 

in the exponential phase, the fluorescence increases and reaches a threshold. The 

amount of fluorescence is detected in the threshold cycle (Ct) and recorded as Ct. Ct 

values represent the amount of target gene in a sample and are significant in real-

time PCR. A sample consisting high amount of target gene will reach the exponential 

phase more rapidly, and hence, the cycle in which the fluorescence reaches threshold 

will be low, yielding low Ct value [81]. In the log phase, the fluorescence increases 

further with linear efficiency as the reaction takes place in every cycle. In the plateau 

phase, the increase in fluorescence is not detected because the exponential product 

accumulation stops as the reactants become limited [80-82]. 

Real-Time PCR for Gene Expression Analysis 

         In a real-time PCR process, gene expression in various samples can be 

analyzed at the same time. In gene expression analysis, real-time PCR runs for 

reference gene samples and target gene samples are performed. The reference genes, 

also referred as the housekeeping genes (HKG), are expressed in all cell types and 

tissue and are not regulated by experimental conditions. Selection of a stable 

housekeeping gene is critical for accurate interpretation of target gene expression in 

samples. Generally, more than one housekeeping gene is used in gene expression 

analysis for more accurate results. Some of the commonly used housekeeping genes 

are β-actin (ACTB), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 

hypoxanthine phosphoribosyl transferase 1 (HPRT1), β2-microglobulin (B2M), 
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phosphoglycerokinase1 (PGK1), cyclophilin A (CPA), and 18S rRNA [83]. After 

the real-time PCR run, the target gene expression is quantified. Quantification is 

important for detecting gene expression. Some of the quantification methods are 2ΔCt 

and 2-ΔΔCt. The target gene expression is normalized with the housekeeping genes 

and quantified relative to their expression in control samples. Normalization is 

performed to correct errors in real-time PCR originating from different factors. 

         In a study done by Malik et al., [84] real-time PCR was used to measure the 

gene expression of chemokine in irradiated liver tissue. Rats were exposed to single-

dose gamma irradiation (25 Gy) focusing on liver. This group analyzed the gene 

expression of chemokines and cytokines in irradiated parenchymal and 

nonparenchymal liver cells as these genes are associated with recruiting 

inflammatory cells. Upregulation of chemokines and cytokines was observed in the 

irradiated liver tissue, indicating the presence of inflammation and tissue injury. This 

study was done to analyze the effects of radiation on liver, as liver is sensitive to 

radiation and radiation therapy does not contribute in treating liver cancer or liver 

metastasis due to this limitation [84]. 
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Research Outline: 

 Ionizing radiation has an impact on living tissue and alters the gene 

expression. In this study, we will analyze the impact of ionizing radiation in heart 

tissue by evaluating alterations in gene expression of the genes associated with 

oxidative stress and inflammation. Chapter 2 describes the methods and materials 

used in this research. Chapter 3 describes the results obtained and provides 

discussion for the results. Chapter 4 concludes this research and specifies future 

research in this area. 
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Chapter 2 

Materials and Methods 

2.1 Materials: 

       All barrier tips (1000 µL, 200 µL, 20 µL) were purchased from MIDSCI 

(Valley Park, MO). DNase/RNAse free water, TRIzol reagent, DNA-free DNA 

Removal Kit, TaqMan Gene Expression Assay (FAM) Housekeeping genes- ACTB, 

HPRT and target genes- SOD2, IL-6 were purchased from Thermo Fisher Scientific 

(Waltham, MA). iScript Reverse Transcription Supermix and 96 well PCR plates 

were purchased from Bio-Rad (Hercules, CA). Eppendorf were purchased from 

VWR (Radnor, PA). 

 

2.2 Animal Tissue Collection and RNA Isolation: 

       Animal tissue samples were supplied by Duke University where the heart 

tissue samples were obtained from irradiated 900 c57bl6 breed mice. The animals 

were irradiated with iron, oxygen and gamma radiation and kept alive for 9 months. 

The animals were euthanized, and isolated heart tissues were snap frozen in liquid 

nitrogen. Tissues were stored at -80 °C until use. In this research, samples from three 

different dose and radiation level were used. 

Total RNA was isolated from 16 tissue samples using the TRIzol method. 

Tissue samples were crushed using tissue grinder and homogenized in TRIzol 
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reagent (cat no. 15596026, Thermo Fisher Scientific, Waltham, MA). TRIzol reagent 

is a solution of phenol and guanidine isothiocyanate. The TRIzol reagent facilitates 

in maintaining the integrity of RNA during homogenization of the tissue by 

disrupting and dissolving the cells and their components, as the RNA is highly 

sensitive and can actively degenerate. After homogenization of the tissue with 

TRIzol reagent, chloroform is added. Chloroform facilitates in separating the 

solution into an aqueous phase and an organic phase. Following the addition of 

chloroform, the mixture is separated into the lower red phenol-chloroform phase, an 

interphase, and a colorless upper aqueous phase that consists of RNA. The upper 

aqueous phase consists of the RNA, while the lower red phenol-chloroform phase is 

an organic phase and consists of DNA and proteins. The RNA from the aqueous 

solution is precipitated with isopropyl alcohol, and the RNA is obtained in a gel-like 

pellet form. The RNA is washed with 75% ethanol, air dried and dissolved in RNase-

free water. The isolated RNA samples are stored at -80 °C until further use. The 

quantity and purity of RNA is determined by spectrophotometric analysis by 

measuring the ratio of absorbance at 260 nm and 280 nm. 

Protocol for RNA Isolation for Tissues by TRIzol Reagent 

1) Homogenize tissue samples in 1 ml of TRIzol Reagent per 50-100 mg of 

tissue sample. 



 

27 
 

2) Centrifuge at 12000 x g for 10 min at 2-8 °C to remove insoluble material 

from the homogenate. (OPTIONAL) Transfer the cleared homogenate 

solution to a fresh tube. 

3) Incubate at 15-30 °C for 5 min. 

4) Add 0.2 ml of chloroform per 1 ml of TRIzol Reagent. 

5) Cap the sample tubes securely and shake the tubes vigorously by hand for 15 

sec. 

6) Incubate at 15-30 °C for 2-3 min. 

7) Centrifuge the samples at 12000 x g for 15 min at 2-8 °C. (Following 

centrifugation, the mixture is separated into the lower red phenol-chloroform 

phase, an interphase, and a colorless upper aqueous phase that consists of 

RNA) 

8) Transfer 500 µL of aqueous phase to a fresh tube, and add 0.5 ml of isopropyl 

alcohol per 1 ml of TRIzol Reagent initially used. 

9) Incubate at 15-30 °C for 10 min. 

10) Centrifuge at 12000 x g for 10 min at 2-8 °C. The gel-like pellet obtained is 

the RNA precipitate. Remove the supernatant and wash the RNA pellet with 

1 ml of 75% ethanol for 1 ml of TRIzol Reagent. Mix the sample by 

vortexing. 

11) Centrifuge at 7500 x g for 5 min at 2-8 °C. 

12) Air dry the RNA pellet and dissolve RNA in 60 µL RNase-free water and 

incubate at 55-60 °C for 10 min. Store at -80 °C until further use. 
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2.3 DNA Free DNase Treatment: 

         The DNA free DNase treatment was done prior to reverse transcription to 

remove contaminating DNA from the RNA samples using the DNA free DNA 

removal kit (cat no. AM1906, Thermo Fisher, Waltham, MA). The kit consists of 

10X DNase I Buffer, rDNase I solution, and DNase inactivation reagent. The DNA-

free DNase treatment decontaminates the RNA by digesting the contaminating DNA 

that may be present in the RNA and may detect in the PCR. The DNase can easily 

be removed by DNase inactivation reagent, and decontaminated RNA is obtained. 

The supernatant containing RNA is collected and stored at -80 °C until further use. 

All the reactions are performed on ice. 

Protocol for DNA Free DNase Treatment 

Reaction setup- Perform the complete reaction on ice. 

Procedure 

1) Add 0.1 volume of 10X DNase I Buffer. (e.g.: For 20 µl of the total reaction 

mixture add 2 µl of 10X DNase I Buffer.) 

2) Add 1 µl rDNase I. 

3) Add 17 µl of RNA sample 

4) Incubate at 37 °C for 30 min. (Mix occasionally during incubation) 

5) Add 0.1 volume of resuspended DNase Inactivation Reagent and mix well. 

(e.g.: For 20 µl of the total reaction mixture add 2 µl of DNase Inactivation 

Reagent.) 



 

29 
 

6) Incubate at room temperature for 2 min. (mix occasionally) 

7) Centrifuge at 10000 x g for 1.5 min. Transfer the supernatant (RNA) to a 

fresh tube and store at -80 °C until further use. 

 

Table 1: Preparation of reaction tube for DNA Free DNase Treatment. 

10X DNase I Buffer 2 µl 

rDNase 1 µl 

RNA Sample 17 µl 

Total 20 µl 

 

2.4 Reverse Transcription: 

         In this process the single stranded RNA is reverse transcribed to 

complementary DNA (cDNA) by using reverse transcriptase enzyme. Reverse 

transcriptase is a polymerase that converts the RNA into cDNA. Reverse 

transcription was performed using iScript Reverse Transcription Supermix (cat no. 

170-8841, Bio-Rad, Hercules, CA). RNA samples from each tissue were adjusted to 

equal concentrations of 200 ng/µL by calculating the dilution factor and diluting the 

samples with water. A reaction tube is prepared with iScript Reverse Transcription 

Supermix, water and RNA. Consecutively, the no RT control is prepared with no RT 

Supermix for all samples in the same way as the reverse transcription reaction to 
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allow similar carryover of cDNA synthesis components in qPCR for accurately 

detecting genomic DNA amplicons. The tubes with RT reaction and no RT control 

reaction are incubated in a thermocycler. The cDNA was obtained and stored at 4 

°C. 

Protocol for Reverse Transcription 

Reaction setup- 

 Reactions should be performed on ice using appropriate vessel. 

1) Dilute the RNA samples to obtain same concentration. (e.g.: sample 

concentration = 437.07 ng/µL. The dilution factor to get 170.8 ng/µL = 

437.07/170.8 = 2.558.) 

- Calculate the volume of water to add to 10 µl of RNA sample. (e.g.: 

sample dilution factor=2.558. Volume of water required to add to 10 

µL of RNA to get 170.8 ng/µL concentration = 10*2.558-10 = 15.589 

µL.) 

2) Calculate the volume of RNA to be added to the reaction tube to get 1 ug of 

RNA. (e.g.:1 µg = 1000 ng. Volume of RNA consisting of 1 µg of RNA = 

1000/170.8 = 5.85 µL (approx. 6 µL)) 

3) Prepare a master mix reaction tube of total volume 20 µL consisting of RT 

super mix, water and RNA such that it consists of 4 µL RT super mix and 10 

µL of water for 6 µL of RNA sample. (e.g.: Calculate the volume of master 

mix containing RT super mix and water required for 9 reaction (for 9 RNA 



 

31 
 

samples) plus 1 extra for loss during pipetting. For 10 reaction the RT super 

mix required= 4 µL*10 = 40 µL and water required = 10*10 = 100.) 

4) Add 15 µL of solution form the master mix reaction tube into a new tubes 

and add 6 µL of RNA samples in the respective tubes such that the total 

reaction consists of 15 µl RT master mix reaction mix (4 µl RT Supermix + 

11 µL water) and 6 µL RNA sample. 

5)  Prepare a no RT control for all samples with the same amount of total RNA 

and a no RT control as the reverse transcription reaction to allow similar 

carryover of cDNA synthesis components in qPCR for accurate detection of 

genomic DNA amplicons. (Aliquot 6 µL of RNA sample and prepare and 

aliquot no RT control master mix the same way as in step 3 and 4 instead of 

using RT super mix use no RT control, and prepare the reaction tube for each 

RNA sample). 

6)  Incubate the tubes with the RT reaction and no RT control reaction in a 

thermocycler at the following time and temp: 

5 min at 25 °C 

20 min at 46 °C 

1min at 95 °C 
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Table 2: RT reaction tube preparation. 

Reaction mix:  For 1 reaction 

RT Supermix 4 µL 

Water 10 µL 

RNA sample (1 µg) 6 µL 

 

Table 3: No RT control reaction tube preparation. 

Reaction mix:  For 1 reaction 

No RT Supermix 4 µL 

Water 10 µL 

RNA sample (1 µg) 6 µL 

 

2.5 Real-Time PCR Run: 

         Hydrolysis probe (TaqMan) based RT-qPCR detection method was used in 

this research project, and normalization using reference genes was performed to 

correct the differences between compared samples. Primers and probes for real-time 

PCR were designed and purchased. In this study, Actb, GAPDH, and Hprt were 

selected as the reference genes, and Interleukin 6 (IL-6) and superoxide dismutase 2 
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(Sod2) were selected as target genes. Real-time PCR run was performed using 

TaqMan Gene Expression assays (cat no. 4369016, Thermo Fisher, Waltham, MA) 

for housekeeping genes and target genes. The run was performed in duplicate. Prior 

to the preparation of reaction tube, cDNA was diluted in the ratio of 1:10. Reaction 

tubes consisting of TaqMan Gene Expression Master mix, primer and cDNA 

(diluted) was prepared for all the samples and duplicates. The above prepared 

reaction mixture was aliquoted on the 96-well PCR plate (cat no. HSP9601, Bio-Rad, 

Hercules, CA) in each well assigned for the respective genes and real-time PCR run 

was performed.  Real-time PCR was performed on a Bio-Rad MyIQ Real-Time PCR 

System (Bio-Rad). Thermal cycling conditions are specified in Table 7 and the real-

time PCR run was initiated. Target gene expression was quantified using 2 - (▲▲Ct) 

method by normalizing the expression of target gene with house-keeping genes 

(Actb, GAPDH, and Hprt) and relative to their expression on control non-irradiated 

samples. 

 

Table 4: Primers used in Real-Time PCR. 

Gene Catalog no./Assay ID 

Actb 4453320 Assay ID: Mm01205647_g1 

GAPDH 4453320 Assay ID: Mm99999915_g1 
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Hprt 4453320 Assay ID: Mm00446968_m1 

IL-6 4453320 Assay ID: Mm00446190_m1 

Sod2 4453320 Assay ID: Mm01313000_m1 

 

Protocol for q-PCR run 

Reaction setup- All the reactions must be performed on ice. 

1) Prepare TaqMan Gene Expression Master mix with primers (Actb, GAPDH, 

Hprt, IL-6, and Sod2). 

2) The TaqMan Gene Expression Master mix reaction mixture is prepared such 

that it consists TaqMan Gene Expression Master mix, primer and Diluted 

cDNA. 

3) Dilute the cDNA in 1:10 ratio and use 2 uL per PCR reaction (Table 5). 

4) Prepare a cDNA reaction tube by adding 2 uL of the diluted cDNA and 2.5 

µL of water for each cDNA sample (e.g.: for 1 cDNA sample and 5 primers 

with duplicates prepare a cDNA reaction mix for 10 samples and 1 “-” RT 

control plus 1 extra for pipetting loss). 

5) TaqMan Gene Expression Master mix preparation: Prepare a reaction tube 

consisting of TaqMan mix and primer for total reactions (e.g.: 9 samples x 2 

replicates x 5 primers = 90 total reactions plus 1 water control plus 1 “-” RT 

control plus 2 extra for pipetting loss = 94 reactions). Calculate the TaqMan 
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mix and primer for 94 reactions such that each reaction should consists 0.5 

uL primer and 5 µL TaqMan mix (Table 6). 

6) Aliquot 5.5 µL of the TaqMan Gene Expression master mix and 4.5 µL of 

cDNA mix in each well assigned for the respective primer and samples (Table 

6). 

7) Cover the PCR well plate with a clear seal and run the q-PCR for 41 cycles 

at following thermal cycling conditions in Table 7. 

 

Table 5: cDNA dilution per reaction. 

cDNA 2 µl 

water 2.5 µl 

 

Table 6: Preparation of reaction mix for each PCR well. 

TaqMan Gene Expression Master Mix 5 µl 

Primer 0.5 µl 

cDNA 4.5 µl 
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Table 7: Thermal cycling conditions. 

UDG Incubation Polymerase 

activation 

PCR (40 cycles) 

Hold 

50 °C 

Hold 

95 °C 

Denature         Anneal/extend 

95 °C                   60 °C 

  

2 minutes 10 minutes 15 seconds          60 second 

 

2.6 2 - (▲▲Ct) Analysis:   

Target gene expression was quantified using the 2 - (▲▲Ct) method by 

normalizing the expression of target gene with housekeeping genes (Actb and Hprt) 

and relative to their expression on control non-irradiated samples. To calculate the 

levels of expression of target genes for all the samples, the Ct values of the target 

genes were normalized with the reference genes. The Ct values obtained for the 

reference gene for each sample was averaged to give a grand average. The Ct values 

of the target genes and their replicate were averaged for each sample. The difference 

of the grand average value with the Ct value (average value) of target gene was 

calculated for each sample to give ▲Ct. Then the average ▲Ct value of the control 

samples was calculated as average ▲Ct (control). The difference of ▲Ct value of 

the experimental sample with average ▲Ct (control) was calculated for each sample 

including the control samples to obtain ▲▲Ct and then 2 - (▲▲Ct) was calculate for 
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each sample. The standard deviation and average of 2 - (▲▲Ct) values for the control 

samples and the irradiated samples was calculated as control average and 

experimental average, respectively. Bar graphs were plotted using these values. 

 

2.7 Statistical Analysis   

 The 2 - (▲▲Ct) values for the control and experimental samples were 

statistically analyzed using one-way analysis of variance (ANOVA). The statistical 

analysis was done to determine the statistical significance between the control and 

the experimental samples. The JMP software was used to perform one-way ANOVA.  
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Chapter 3 

Results and Discussion: 

3.1 RNA Quantity and Quality assessment: 

   RNA isolation was performed for 3 control tissue samples and 13 irradiated 

tissue samples. Among these 5 samples of 50 cGy oxygen irradiation, 4 samples of 

50 cGy iron irradiation and 4 samples of 200 cGy gamma irradiation were used. The 

RNA concentration and purity were confirmed by spectrophotometric analysis. It 

was observed that the ratio of absorbance at 260 nm and 280 nm was between 1.8 

and 2.0 for all the samples which is indicative of highly purified RNA. The 

concentration and purity of the RNA was measured using the NanoDrop 

spectrophotometer. Table 8 specifies the RNA concentrations and OD260/280 for 

control samples. Table 9, 10 and 11 specifies the RNA concentrations and OD260/280 

for 50 cGy Oxygen, 50 cGy Fe and 200 cGy Gamma irradiated samples, respectively. 

 

Table 8: RNA concentration and OD at 260/280 for control samples. 

Sample Concentration, ng/µL OD 260/280 

#1 437.07 1.96 

#2 170.8 1.92 

#3 490.9 1.96 
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Table 9: RNA concentration and OD at 260/280 for 50 cGy oxygen (O) irradiated 

samples. 

Sample Concentration, ng/µL OD 260/280 

#1 504.6 1.96 

#2 408.2 1.94 

#3 333.3 1.95 

#4 449.3 1.96 

#5 482.8 1.95 

  

Table 10: RNA concentration and OD at 260/280 for 50 cGy iron (Fe) irradiated 

samples. 

 

Sample Concentration, ng/µL OD 260/280 

#1 789.7 1.97 

#2 871.9 1.97 

#3 436.9 1.94 

#4 919.6 1.98 
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Table 11: RNA concentration and OD at 260/280 for 200 cGy gamma irradiated 

samples. 

 

Sample Concentration, ng/µL OD at 260/280 

#1 483.3 1.97 

#2 688 1.97 

#3 880.5 1.98 

#4 704.9 1.98 

 

3.2 Reference Gene Selection: 

 The Ct values obtained from the real time-PCR were analyzed by the 2 - (▲▲Ct) 

method, and regulation in the gene expression of IL-6 and Sod2 was observed. 

 Initially three housekeeping genes, Actb, GAPDH, and Hprt were used in this 

research, and the real-time PCR was performed. It was observed that the expression 

of Actb and GAPDH were not consistent in control and irradiated samples as shown 

in Table 12, suggesting that these may be regulated by the treatment conditions. On 

the other hand, Hprt expression was much more consistent than the other two 

housekeeping genes in control and irradiated samples. Considering these results, 

Hprt was used as a reference gene for normalization of all the data.  
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Table 12: Ct values of housekeeping genes for control and 50 cGy Oxygen irradiated 

samples.  

Sample Actb. Actb. GAPDH GAPDH Hprt Hprt 

Control-1 25.47 25.08 21.73 21.77 25.34 25.23 

Control-2 25.84 25.88 23.75 23.36 25.76 25.77 

Control-3 25.04 23.60 21.55 21.33 24.50 24.24 

Irradiated-1 24.44 23.47 21.42 21.44 25.11 24.62 

Irradiated-2 23.30 23.77 21.04 20.96 24.18 24.34 

Irradiated-3 24.93 24.12 21.62 21.33 25.15 24.87 

Irradiated-4 25.17 23.13 21.41 21.40 24.42 23.72 

Irradiated-5 24.33 22.27 21.12 21.09 24.02 23.77 

 

 

3.3 Gene Expression Analysis in Irradiated Samples: 

 The data obtained for the irradiated samples was normalized with the 

housekeeping gene (Hprt), and the Ct values obtained from the real time-PCR were 

analyzed by the 2 - (▲▲Ct) method, and regulation in the gene expression of IL-6 and 

Sod2 was observed in the irradiated samples.  

50 cGy Oxygen Irradiated Heart Tissue 

 It was observed that, in 50 cGy oxygen irradiated tissue samples, the 

expression of IL-6 was upregulated in two samples, while it was slightly 
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downregulated in three samples (Figure 1). The down-regulation of IL-6 in these 

samples (sample 1, 3, and 5) was insignificant, while the upregulation of IL-6 in two 

samples (sample 2 and 4) was significant. The expression of Sod2 was slightly 

upregulated in all the samples (Figure 2). However, the regulation of IL-6 and Sod2 

in these samples are not statistically significant. The regulation in gene expression of 

IL-6 and Sod2 in 50 cGy Oxygen irradiated samples are inconsistent (Figure 1 and 

2). These results suggest that ionizing radiation differentially impacts each 

experimental sample by modulating gene expression. These results are inconclusive 

and requires further study on these samples. 

 

 

Figure 1: Gene expression of IL-6 in control and 50 cGy oxygen irradiated heart 

tissue samples. 



 

43 
 

 

Figure 2: Gene expression of Sod2 in control and 50 cGy oxygen irradiated heart 

tissue samples. 
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50 cGy Fe Irradiated Heart Tissue 

In 50 cGy Fe irradiated samples, it was observed that the expression of IL-6 

gene is down-regulated in all samples (Figure 3), whereas the expression of Sod2 is 

upregulated in all the samples (Figure 4). The results indicate that ionizing radiation 

had an impact on the heart tissue and influenced the gene expression similarly in all 

samples. The down-regulation of IL-6 in these samples is not statistically significant, 

but the up-regulation of Sod2 is statistically significant.  

 

 

 

Figure 3: Gene expression of IL-6 in control and 50 cGy Fe irradiated heart tissue 

samples.  
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Figure 4: Gene expression of Sod2 in control and 50 cGy Fe irradiated heart tissue 

samples. 

 

 

 

 

 

 

 

 

 



 

46 
 

200 cGy Gamma Irradiated Heart Tissue 

In 200 cGy Gamma irradiated samples, it is observed that the expression of 

IL-6 gene is up-regulated in three samples (Figure 5), except one (sample 4), and the 

expression of Sod2 gene is upregulated in all the samples (Figure 6). The up-

regulation of IL-6 gene is not statistically significant, whereas the up-regulation of 

Sod2 gene is statistically significant. The results indicate that ionizing radiation has 

an impact on the heart tissue and influenced the gene expression similarly in all 

samples.  

 

 

 

Figure 5: Gene expression of IL-6 in control and 200 cGy Gamma irradiated heart 

tissue samples. (Note: sample #4 data for IL-6 is not shown due to error in the data.) 
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Figure 6: Gene expression of Sod2 in control and 200 cGy Gamma irradiated heart 

tissue samples. 
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Discussion: 

 Up-regulation of Sod2 gene indicates oxidative stress in the cells. Sod2 gene 

is produced in response to oxidative stress in the cells as a protective mechanism to 

reduce the levels of ROS. Sod2 is an antioxidant enzyme that scavenge the oxygen 

radicals that induces oxidative stress in the tissue. Exposure to ionizing radiation 

induces oxidative stress in the cells by producing ROS (reactive oxygen species). 

The production of ROS induces inflammation in cells. The cells have their own 

defense mechanism of enzymatic and non-enzymatic antioxidants to control the 

damage and protect the cells from the effects induced by ROS. The Sod2 enzyme is 

produced as a response to ROS and reacts with the oxygen radicals to reduce the 

level of ROS and its negative effects. The damage to the cells by oxidative stress is 

compensated by the production of Sod2. Ionizing radiation and proinflammatory 

cytokines, such as IL-6, IL-1 β, IL-4, can regulate Sod2 gene expression [85].   

By contrast, the IL-6 gene is an inflammatory marker and is expressed when 

there is inflammation. IL-6 has several biological functions including cardiovascular 

protection and neural function. This gene has major importance in the development 

and regulation of the innate and adaptive immune system. IL-6 gene initiates the 

inflammatory response of the cells. The inflammation induced by the oxidative stress 

that caused due to the production of ROS triggers the IL-6 gene and upregulates the 

gene in the cells. This inflammatory marker acts as a stimulus for Sod2 gene, and the 

cells initiated a defense mechanism in response to the stimulus [86]. IL-6 is a 



 

49 
 

mediator that signals the occurrence of injury in the tissues. The production of IL-6 

induces a protective mechanism in the cell to protect the tissue from the damage.  

 

 

 

Figure 7: Comparative Gene Expression of IL-6 gene between different irradiation 

samples. 
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Figure 8: Comparative Gene Expression of Sod2 gene between different irradiation 

samples. 

 

 In this research it was observed that the regulation of gene expression was 

not consistent in all samples that were exposed to 50 cGy oxygen radiation. The gene 

expression of IL-6 was up-regulated in two samples and down-regulated in three, 

whereas the gene expression of Sod2 was slightly up-regulated in all samples. The 

results obtained for 50 cGy oxygen irradiated samples was not statistically significant 

as shown in Figure 7 and Figure 8. But slight up-regulation of Sod2 gene was 

consistent in all samples which suggests that some amount of oxidative stress was 
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produced in these tissues. However, the regulation in gene expression of IL-6 was 

not consistent in all samples. These results suggest that 50 cGy oxygen irradiation 

had differential impact on each sample. Therefore, further studies need to be done to 

understand the regulation of gene expression in these samples. 

 In this research, it was also observed that the regulation of gene expression 

was consistent in all samples that were exposed to 50 cGy Fe radiation. The gene 

expression of IL-6 was down-regulated in all samples, whereas the gene expression 

of Sod2 was upregulated in all samples. The down-regulation of IL-6 was not 

statistically significant as shown in Figure 7, but the up-regulation of Sod2 was 

statistically significant as shown in Figure 8. Following interpretations can be made 

by these results: 

 The up-regulation of Sod2 gene indicates the presence of oxidative stress in 

the cells. Sod2 gene is produced in response to oxidative stress in the cells as 

a protective mechanism to reduce the levels of ROS. The IL-6 gene is an 

inflammatory marker and is up-regulated when there is inflammation. The 

results for these samples indicate that there was down-regulation of IL-6 and 

statistically significant up-regulation of Sod2. It suggests that oxidative stress 

and ROS production was induced in tissues, which explains the up-regulation 

of Sod2. Oxidative stress induces inflammation in the tissues, but in these 

tissues the production of Sod2 have reduced the effects of oxidative stress by 

reducing the inflammation which subsides the expression of IL-6 in these 
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tissue samples. Therefore, it can be assumed that Sod2 has compensated the 

damage caused due to increased oxidative stress by controlling and reducing 

the levels of ROS, due to which the inflammation has been reduced in the 

tissues bringing back the tissues to its normal condition.  

 These results suggest that exposure to 50 cGy Fe radiation does not induce 

long-term effects as the autoregulatory repair mechanism activates and 

subsides the effects. 

 In samples that were exposed to 200 cGy Gamma radiation, it was observed 

that the regulation of gene expression of IL-6 was consistent and up-regulated in all 

samples except sample #4. This can be due to some experimental error. However, 

the regulation of gene expression of Sod2 was consistent and up-regulated in all 

samples. The up-regulation of IL-6 gene was not statistically significant (Figure 7), 

but the up-regulation of Sod2 gene was statistically significant as shown in Figure 8. 

Following interpretations can be made by these results:  

 The up-regulation of Sod2 indicates the presence of oxidative stress in the 

tissues. As the IL-6 was also slightly up-regulated but not statistically 

significant, this indicates that some amount of inflammation has been induced 

in these tissues, and it may increase with time, developing long-term effects 

in these tissues. 

 The oxidative stress and inflammation were induced at the time of exposure 

and with time the antioxidative enzymes have subsided some amount of 



 

53 
 

inflammation and will continue to reduce the inflammation bringing back the 

cell to its normal conditions.  

  These results suggest that chronic or delayed effects might have been 

induced in the cells after exposure to 200 cGy gamma ionizing radiation. 

Observing the results obtained for 200 cGy gamma irradiation, it can be 

speculated that long-term effects might have been induced in the tissues. But this 

cannot be concluded and requires a similar study at a different time point to 

analyze and compare the regulation in gene expression by 200 cGy gamma 

radiation.  
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Chapter 4 

Conclusions and Future Work: 

 

         In conclusion, ionizing radiation alters the gene expression that may result in 

severe damage to the cells causing cellular mutations and cell destruction. This study 

demonstrated that exposure to ionizing radiation induces oxidative stress and 

inflammation in the heart tissue. The presence of oxidative stress regulates the 

expression of various genes including antioxidative enzymes and inflammatory 

markers. Oxidative stress is one of the primary responses of exposure to ionizing 

radiation. In this study we assessed the level of oxidative stress by evaluating the 

expression of Sod2 gene, an antioxidative enzyme that is produced in response to 

oxidative stress, and the presence of inflammation was analyzed by evaluating the 

expression of IL-6 gene, an inflammatory marker, in irradiated mice heart tissue 

samples. A parametric study of different irradiation doses (50 to 200 cGy) and 

different sources of radiation (Oxygen, Iron, and Gamma) was performed to analyze 

the effect of ionizing radiation on gene expression. This study indicates that 50 cGy 

Fe ionizing radiation is too low to induce long-term effects in the tissues. While 

exposure to 200 cGy Gamma might have induced delayed or chronic effects in the 

tissue that may develop into cardiovascular diseases with time. The results obtained 

for 50 cGy oxygen irradiation are inconclusive as the radiation impacts each sample 

discretely. 
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Further study needs to be done with similar samples and radiation at different 

time points to more accurately understand the behavior of these tissues and conclude 

the findings of this research. 

Future studies will focus on the expression of other oxidative stress markers, 

antioxidative enzymes, and inflammatory markers to better understand the impact of 

ionizing radiation on gene expression. Oxidative response regulating genes such as 

Nrf2, TNF-alpha and IL-1 beta gene expression can be evaluated as these genes are 

produced in response to oxidative stress to make the cells adapt the changes in 

oxidative stress levels. Complementary studies need to be done to support the results 

of IL-6 in this research. 

This research was unable to explain the gene regulation in 50 cGy oxygen 

irradiated samples, as the results for this radiation are inconclusive. Further studies 

will be done on individual samples to understand the differential behavior of these 

tissue samples. 

Real time-PCR is an accurate and sensitive method for quantitative 

measurement of specific gene expression. However, other tests need to be performed 

to evaluate the presence of ROS and inflammation to confirm the findings from this 

study and better understand the nature of the injury by different radiation and doses.  
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