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ABSTRACT 

Bone fractures greatly decrease an individual’s quality of life, as well as increase 

an individual’s risk for further complications, including death. Ionizing radiation causes 

bone loss, leaving bones at increased risk of fracture. This exposure, particularly in the 

context of cancer patients receiving radiotherapy, results in damage to normal (non-

tumor) tissue. Inflammation is a common response to radiation-induced tissue damage, 

characterized by increased presence of pro-inflammatory cytokines, such as IL-1β, IL-6, 

and TNFα. However, little is known about the roles of these cytokines in radiation-

induced bone loss. This thesis hypothesized that the up regulation of pro-inflammatory 

cytokines (IL-1β, IL-6, and TNFα) after irradiation would lead to rapid activation of 

osteoclasts and subsequent bone loss. Three approaches were used to investigate the roles 

of these cytokines in radiation-induced bone loss: 1) Rodent models deficient in IL-1β 

receptor, IL-6, TNFα, and TNFα/IL-1β receptor combined; 2) Administration of TNF-

binding protein (Enbrel), IL-1 receptor antagonist (Kineret), or a combination of the two; 

3) Administration of a p38 blocking molecule (AR-447). Irradiation did result in a 

decline of bone volume and overall deterioration of micro-architecture within the first 

few weeks after exposure. Additionally, pro-inflammatory cytokine presence and 

expression were elevated at early time points after exposure. However, using IL-1β, IL-6, 

and TNFα knockout mouse strains or applying agents that block the activity of these 

cytokines did not prevent bone loss after radiation exposure. Providing an inhibitor of 

p38 activity, an important upstream and downstream mediator of pro-inflammatory 
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cytokine production, likewise did not prevent radiation-induced osteoporosis. Therefore, 

within the confines of these animal studies, pro-inflammatory cytokines did not play a 

significant role, if any role at all, in radiation-induced bone loss, suggesting the 

possibility that these cytokines are not responsible for the radiation-induced activation of 

osteoclasts.   
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CHAPTER 1 – INTRODUCTION 

 

Bone fractures greatly decrease an individual’s quality of life, as well as increase 

an individual’s risk for further complications, including death. An estimated 24% of 

patients older than fifty, who suffer a hip fracture, will die within the first year following 

their fracture [1]. Radiation exposure causes bone loss, increasing the risk of fracture [2, 

3]. Exposure to ionizing radiation, particularly in the context of cancer patients receiving 

radiotherapy, results in damage to normal (non-tumor) tissue, including bone. 

Inflammation after irradiation could account for this osteoporosis. Inflammation is a 

common response to radiation-induced tissue damage, characterized by increased 

presence of pro-inflammatory cytokines, such as interleukin (IL)-1, IL-6, and tumor 

necrosis factor (TNF) α [4, 5]. IL-1, IL-6, and TNFα are all active stimulators of bone 

resorption. In order to better develop therapies to decrease the bone loss experienced by 

patients following radiotherapy, the mechanistic roles of these cytokines in the activation 

of osteoclasts needs to be determined.  

The long term goal of this research is to understand the molecular mechanisms 

that cause radiation-induced bone loss, with the goal of blocking these factors in order to 

prevent osteoporosis after exposure to radiation. The objective of this thesis is to 

determine the individual and combined effects of IL-1, IL-6, and TNFα as they relate to 

bone loss after radiation exposure. The hypothesis behind this thesis is that the up 

regulation of pro-inflammatory cytokines (IL-1, IL-6, and TNFα), after irradiation leads 

to the rapid activation of osteoclasts and subsequent bone loss. By determining the roles 



2 
 

of IL-1, IL-6, and TNFα in radiation-induced bone loss, effective therapies involved in 

the blocking of these cytokines could be utilized to prevent bone loss and reduce fracture 

risk in cancer patients receiving treatment with ionizing radiation.  

 Three different approaches will be used to test this hypothesis: 

 

1. The bone loss response after radiation exposure will be examined in mice that 

have been manipulated by knocking out: IL-1β receptor; IL-6; TNFα; or TNFα 

and IL-1β receptor combined. By knocking out these cytokines or receptors 

individually or in combination, it will be possible to determine if each cytokine 

plays a critical role in radiation-induced bone loss. With this information, future 

studies can focus on radiation-induced osteoporosis treatments that target 

individual or multiple cytokines.  

2. The inflammatory response after exposure to radiation will be interrupted by 

treatment with etanercept (Enbrel), anakinra (Kineret), or a combination of these. 

Enbrel is a TNF-binding protein. TNF-binding proteins bind to TNFα and inhibit 

TNFα from binding to its receptor, thereby blocking the action of TNFα in the 

body. Kineret is an IL-1 receptor antagonist (IL-1ra), which binds to IL-1 

receptor, blocking IL-1 from binding and acting within the body. Therapeutically 

blocking these cytokines will help to further assess the extent to which each of 

these cytokines contributes to radiation-induced bone loss.  

3. The increased production of pro-inflammatory cytokines after radiation exposure 

will be inhibited by treatment with the p38 blocking molecule AR-447. AR-447 
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blocks the action of p38 mitogen-activated protein kinase (MAPK), which is 

important in the expression and production of pro-inflammatory cytokines, 

including IL-1, IL-6, and TNFα [6-8]. Therapeutically blocking this signal 

transduction pathway, thereby inhibiting the production of pro-inflammatory 

cytokines, will result in further indications of the roles that each of these 

cytokines contributes to radiation-induced bone loss.     

 

With the use of transgenic mice and various applied pharmacologic therapies, it 

will be possible to directly compare the findings of these three studies, in order to 

determine if there are differences between permanent genetic knockout, temporary 

protein blocking, and reduced transcription of proteins. By interrupting the action of these 

cytokines immediately before radiation exposure, we will be able to better assess 

therapeutic options for decreasing radiation-induced bone loss. It is expected that there 

will be a decrease in radiation-induced bone loss in all studies, due to the inactivity of 

these cytokines. 
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CHAPTER 2 – BACKGROUND 

 

2.1 Radiation Effects On Normal Tissues 

 

 Ionizing radiation, including X-rays, releases energy at the quantum level and can 

cause the ejection of electrons from an atom or molecule [9]. When tissues or cells are 

exposed to ionizing radiation, the energy that is released during exposure is great enough 

to directly break a chemical bond, including the bonds holding DNA together. The 

majority of the biological effects observed after exposure to ionizing radiation are a result 

of direct or indirect damage to DNA [9, 10]. Ionizing radiation is able to damage DNA 

through the production of individual base damage, single/double-strand breaks, and 

DNA-DNA/DNA-protein cross links [11]. 

 After exposure to ionizing radiation, cells usually undergo mitotic cell death or 

apoptosis [12]. Mitotic cell death occurs when damaged DNA has been unrepaired, 

resulting in the death of the cell during mitotic division [11, 12]. If damaged DNA is mis-

repaired, mutations may result, some of which may be lethal to the cell. Lethal mutations 

usually result in apoptosis, which is a genetically regulated process in order to eliminate 

and remove cells that are not needed or are damaged [11]. Besides damaging DNA, 

ionizing radiation can also damage cells through membrane damage (particularly 

mitochondrial membranes), which results in apoptosis [11].  

 Ultimately, changes at the macromolecule level lead to damaged cells and tissues. 

In normal tissues, radiation exposure results in vascular damage, the expression and 
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activation of pro-inflammatory cytokines, as well as the activation of macrophages and 

the infiltration of neutrophils into the irradiated volume. These consequences result in an 

inflammatory response after radiation exposure [12, 13].  

  

2.2 Inflammation: Mediated By Pro-inflammatory Cytokines 

 

 Inflammation is a non-specific response of the immune system to tissue injury. 

The purpose of the inflammatory response includes: preventing the spread of damage to 

nearby tissues; removing cell debris from the injured area; preparing the injured area for 

repair. Inflammation is characterized by four cardinal signs in the affected area: redness, 

heat, swelling, and pain. During an inflammatory response, there is an influx of 

leukocytes, phagocytes, and natural killer cells to the area of damage in order to begin 

removing cell debris and foreign material, as well as preparing the injured area for repair 

[14].  

Inflammation is characterized by the production of pro-inflammatory cytokines, 

including IL-1, IL-6, and TNFα. These pro-inflammatory cytokines are important in 

stimulating inflammatory processes in response to tissue injury [15]. Even though there 

are a number of cytokines involved in regulating inflammation, particular attention will 

be given to IL-1, IL-6, and TNFα, all of which are biologically similar and have 

comparable roles in inflammation [16].  

 Interleukin – 1 is important in the initiation and maintenance of the inflammatory 

response [17]. It is present in two forms, IL-1α and IL-1β, collectively referred to as IL-1 
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[15-17]. Both forms bind to the same receptors, as well as elicit the same biological 

responses [16]. Interleukin – 1 is produced by a number of cell types, which include: 

antigen-presenting cells (e.g. monocytes, macrophages, B lymphocytes, Langerhans cells, 

dendritic cells); fibroblasts; natural killer cells; vascular endothelial and smooth muscle 

cells; neutrophils; among others. While many cell types are capable of producing IL-1, 

monocytes and macrophages produce the highest levels of IL-1 within the body. IL-1 is 

produced when IL-1 producing cells receive some sort of stimulus (i.e. tissue injury). 

However, IL-1 production can also be induced by various cytokines, including TNFα, 

transforming growth factor-β (TGF-β), macrophage colony-stimulating factor (M-CSF), 

as well as IL-1 itself [15, 17, 18].    

Interleukin – 1 is able to exert effects on most tissues within the body, with the 

primary role being to improve wound repair and the remodeling of tissues [15]. While IL-

1 is important in mediating host defense against injury and infection, it is also capable of 

contributing to disease and damage [17]. Interleukin – 1 has the ability to excite cell-

mediated, humoral, and natural immune responses by directly stimulating T-cells, B-

cells, and natural killer cells. However, IL-1 is also able to indirectly induce these 

immune responses by acting on other cells and causing them to produce the appropriate 

cytokines that will stimulate T-cells, B-cells, and natural killer cells [17].  For example, 

IL-1 is able to elicit the function of macrophages. Most importantly, IL-1 is able to 

stimulate macrophages to increase the release of cytokines, including IL-1, IL-6, and 

TNFα, all of which play a role in inflammation [15].   
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Interleukin – 1 affects target cells that contain either type I or type II IL-1 

receptors, both of which bind IL-1 with a high affinity [15]. However, only type I 

receptors mediate the biological activity of IL-1. Type II receptors bind IL-1, but appear 

to elicit no response. Therefore, it is thought that type II receptors are decoy receptors, in 

order to prevent over stimulation by IL-1 [18]. Substances also exist to inhibit the effect 

of IL-1 on target cells, particularly IL-1 receptor antagonists. These compounds bind to 

both type I and type II IL-1 receptors with high affinity, without activating the receptor, 

thereby inhibiting the binding and action of IL-1 [15, 17]. Studies have shown that 

treatment with IL-1 receptor antagonists protects mice from IL-1 induced inflammatory 

responses [17].  

Another cytokine that is important to the work presented in this thesis is TNFα 

[17]. Tumor necrosis factor α targets many of the same cells that IL-1 targets, as well as 

elicits many of the same biological responses as IL-1 [17]. Tumor necrosis factor α exists 

in two forms, in a soluble form and also in a membrane-anchored form [18]. Upon cell 

activation, TNFα is produced by monocytes, macrophages, and T-cells, with the main 

producers being macrophages [17, 18]. However, other cell types are also capable of 

producing TNFα, including: natural killer cells, mast cells, astrocytes, and vascular 

smooth muscle cells [17].  

Tumor necrosis factor α is capable of binding to two different receptors, TNF-

R55 and TNF-R75, with similar affinities [17, 18]. Both receptors are present on most 

cell types, except erythrocytes and unstimulated lymphocytes. Upon binding to the 
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receptor, TNFα and its receptor are internalized into the cell. The degree of the resulting 

response depends on the number of internalized complexes [17].  

Tumor necrosis factor α is able to elicit a number of biological responses. Like 

IL-1, TNFα is able to induce cytokine production by macrophages, as well as by 

endothelial cells and fibroblasts. Some of the cytokines that TNFα is able to induce the 

production of include IL-1, IL-6, and granulocyte macrophage colony-stimulating factor 

(GM-CSF) [17]. In order to inhibit the activity of TNFα, TNF-binding proteins exist. 

These proteins bind to TNFα, thereby inhibiting TNFα from binding to its receptor and 

eliciting a response [17].  

Interleukin – 6 is another cytokine involved in inflammation. Interleukin – 6 is 

produced by a number of cells, including: monocytes; macrophages; fibroblasts; 

endothelial cells; chondrocytes; smooth muscles cells; astrocytes. However, the majority 

of IL-6 within the body is produced by monocytes, macrophages, fibroblasts, as well as 

endothelial cells. These cells produce IL-6 upon stimulation, which is usually achieved 

by IL-1 or TNFα [17, 18].  

Interleukin – 6 elicits its effects on cells that express the IL-6 surface receptors 

[17]. Like IL-1 and TNFα, IL-6 is able to stimulate cells to produce various cytokines 

[17]. Besides stimulating the production of cytokines, IL-6 is also involved in stimulating 

the proliferation and differentiation of numerous hematopoietic stem cells [19]. In order 

to inhibit the responses elicited by IL-6, anti-IL-6 antibodies exist. These antibodies bind 

to and neutralize IL-6, thereby inhibiting IL-6 from binding to its receptor and eliciting a 

response.   
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The importance of IL-1, IL-6, and TNFα in the inflammatory process has been 

demonstrated through genetic knockout studies in the examination of autoimmune 

diseases. In particular, the roles of these cytokines in inflammation have been examined 

in regards to collagen-induced arthritis (CIA). CIA serves as an animal model for 

rheumatoid arthritis (RA), which is an inflammatory joint disease in humans [19].  

TNF receptor knockout mice have been utilized, in which a reduced incidence and 

severity of CIA were observed. However, once CIA was established, the severity of 

disease progression was comparable to that observed in wild type mice. TNF knockout 

mice were also utilized, which resulted in a delay in onset of disease, reduced incidence 

of disease, as well as reduced severity of disease. However, these observations were not 

found to be statistically significant compared to the results of wild type mice. Unlike 

TNFα, studies performed with IL-1α/β double knockouts or IL-6 knockouts left mice 

partially or completely resistant to the development of CIA [19].  

The findings of studies examining the effects of genetically knocking out IL-1, 

IL-6, or TNFα suggest that each of these cytokines play a significant role in rheumatoid 

arthritis, and therefore in inflammation. However, it is important to recognize that a “no 

effect” outcome in genetic knockouts does not mean that the particular cytokine being 

knocked out does not contribute to the disease being examined. It is possible that 

compensatory mechanisms may develop in order to take over the function of the cytokine 

that was initially knocked out [19]. For example, a “no effect” outcome may be observed 

in rheumatoid arthritis with the utilization of TNFα knockouts. However, by knocking 
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out TNFα, other cytokines with similar biological functions (i.e. IL-1) may be up-

regulated in response, thereby making up for the loss of function of TNFα.   

  

2.3 Inflammation and Bone Erosion 

 

Bone is a tissue that is constantly being renewed and undergoing change, where 

old worn out bone is broken down and new bone is laid down in its place. Bone 

remodeling is the process by which bone formation, carried out by osteoblasts, and bone 

resorption, carried out by osteoclasts, occur at equivalent rates [14].  

 

 

 

Figure 2.1 – Bone remodeling process.  

http://www.ns.umich.edu/Releases/2005/Feb05/bone.html 

 

The balanced activity between osteoblasts and osteoclasts can become altered, 

resulting in a number of bone diseases. One important bone disease includes 

osteoporosis. Osteoporosis is defined as atrophy and impaired structural integrity of bone, 
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which results when the rate of bone resorption is greater than bone formation. 

Osteoporosis leaves bones in a weakened state and at greater risk of fracture [20]. 

Various factors are capable of altering the bone remodeling process, including pro-

inflammatory cytokines, such as IL-1, IL-6, and TNFα. Under inflammatory conditions 

unrelated to irradiation, these cytokines have the ability to stimulate osteoclast formation 

and activity, as well as increase osteoclast lifespan [21, 22].  

 

 

Figure 2.2 – Normal vs. osteoporotic bone 

http://www.ourhealthnetwork.com/conditions/Osteoporosis.asp 

 

In order to better understand the roles of these cytokines in bone loss, traditional 

osteoporosis research has focused on utilizing estrogen-deficiency mediated 
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postmenopausal osteoporosis animal models. In these models, animals are 

ovariectomized, resulting in a lack of estrogen. Estrogen is a steroid molecule that is 

involved in reducing the production of pro-inflammatory cytokines, including IL-1, IL-6, 

and TNFα. However, in the absence of estrogen, the production of pro-inflammatory 

cytokines is up-regulated, resulting in an accelerated loss of bone [22].  

A number of studies have been performed, which have utilized this animal model, 

in an attempt to better understand the roles of IL-1, IL-6, and TNFα in estrogen-

deficiency mediated bone loss. It has been demonstrated that ovariectomized mice had 

greater numbers of TNFα producing T cells. These ovariectomized mice experienced an 

elevated loss of bone, as compared to ovariectomized mice deficient in T cells [23]. It 

was also demonstrated that T cells from ovariectomized mice produced greater amounts 

of TNFα than T cells from non-ovariectomized mice [24]. By treating ovariectomized 

mice with TNF binding protein, bone loss was able to be prevented, as compared to non-

ovariectomized mice treated with TNF binding protein [25]. The findings of these studies 

suggest that TNFα greatly contributes to estrogen-deficiency mediated bone loss.  

The role of IL-6 in estrogen deficiency mediated bone loss is not as clear. Bone 

loss was shown not to be prevented in ovariectomized mice treated with anti-IL-6 

antibody, as compared to non-ovariectomized mice treated with anti-IL-6 antibody [25]. 

These findings suggest that the role of IL-6 in estrogen-deficiency mediated bone loss is 

not as great as that of TNFα.  

To further identify the roles of these cytokines in inflammatory mediated bone 

loss, as well as to better model an in vivo environment, combination therapies blocking 
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the effects of these proteins have been employed. A study was performed in which 

increased levels of IL-1 and TNFα, but not IL-6, were observed in ovariectomized mice, 

as compared to non-ovariectomized mice [26]. Bone resorption was also decreased in 

ovariectomized mice treated with IL-1 receptor antagonist or TNF binding protein, but 

not anti-IL-6 antibody, as compared to non-ovariectomized mice treated with IL-1 

receptor antagonist, TNF binding protein, or anti-IL-6 antibody [26]. These findings 

suggest that IL-1 and TNFα play significant roles in estrogen-deficiency mediated bone 

loss, while IL-6 does not play as significant a role, if any. To further confirm these 

findings, another study was performed in which ovariectomized mice treated with IL-1 

receptor antagonist or TNF binding protein experienced a decreased amount of bone loss, 

as compared to ovariectomized mice treated with placebo [27]. It was also reported that 

ovariectomized mice treated with IL-1 receptor antagonist and TNF binding protein 

combined experienced no bone loss at all, as compared to ovariectomized mice treated 

with either IL-1 receptor antagonist or TNF binding protein individually [27].  

The findings of the previous work in this field indicate that IL-1 and TNFα play 

significant roles in estrogen-deficiency mediated bone loss, while IL-6 seems to play a 

less significant role. These studies also identify the significance that estrogen-deficiency 

mediated bone loss can be prevented with treatments involving IL-1 receptor antagonists 

and TNF binding proteins.      
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2.4 Radiation and Bone 

 

 Exposure to ionizing radiation, particularly in the context of cancer patients 

receiving radiation therapy, results in damage to normal (non-tumor) tissue. This normal 

tissue can include bone. It has been observed that patients who receive radiotherapy 

experience bone loss that occurs at a much greater and more severe rate than that of 

normal bone loss, leaving these individuals at an elevated risk of bone fracture [3, 28-31]. 

Baxter et al. [3] demonstrated that the risk of hip fracture increased 66%, 65%, and 216% 

for cervical, rectal, and anal cancer, respectively, for patients who underwent radiation 

therapy.  

 Many patients who experience osteoporosis related fractures also require 

hospitalization, followed by some form of rehabilitation in a long-term care facility [32]. 

After a hip fracture, it is estimated that only 15% of individuals are able to walk unaided. 

It is also estimated that 24% of patients, of age 50 years or older, who suffer from a hip 

fracture will die within the first year following their fracture. Normal osteoporosis related 

fractures greatly decrease an individual’s quality of life, as well as increase an 

individual’s risk for further complications, including death [1].  

 Fractures that occur after radiation exposure are attributed to a reduction in bone 

mineral content and volume after exposure [3, 33]. Fractures of the femoral neck, knee, 

sacrum, sacroiliac joint, clavicle, pubis, humerus, ribs, ilium, acetabulum, and mandible 

after radiation exposure have been well documented [29, 30, 34-39]. Previous work has 

developed a murine model that describes gross changes in bone after radiation exposure. 
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This study utilized therapeutic and space-flight relevant doses of radiation, which 

revealed significant losses of bone in the tibiae, as compared to mice that were not 

exposed to radiation [40]. The findings of this study confirmed that exposure to radiation 

results in a loss of bone. Further studies were performed, in which mice were exposed to 

different whole-body doses (0.5, 1, or 2 Gy) of proton radiation [41]. Significant bone 

loss was observed in the tibiae of mice exposed to a 2 Gy dose of proton radiation, while 

a non-significant trend toward a loss of bone was observed in mice exposed to a 1 Gy 

dose and no bone loss was observed in mice exposed to a 0.5 Gy dose of radiation. These 

findings suggest that radiation-induced bone loss occurs in a dose dependent manner.  

 Historically, it has been accepted that bone loss is due to reduced bone formation. 

Multiple studies have indicated that, after irradiation, there is a reduction in the overall 

number of osteoblasts, a decrease in osteoblast proliferation, as well as a loss of 

osteoblast function [33, 34, 37, 42]. These findings have lead to the general accepted 

paradigm, in which a decline in the number and activity of bone forming osteoblasts 

relative to bone resorbing osteoclasts following radiation exposure results in an overall 

loss of bone [42]. Recently, studies have been performed in which mice were exposed to 

1 – 2 Gy whole-body X-ray or γ-ray doses of radiation [43, 44]. An increase in osteoclast 

number was observed by one week after radiation exposure, with corresponding loss of 

trabecular bone [43, 44]. However, blocking osteoclast activity with the use of an anti-

resorptive agent (Bisphosphonate) prevented these changes without suppressing 

osteoblast activity [45]. These findings suggest that the activation of osteoclasts occurs 

early after radiation exposure, ultimately leading to a loss in bone.  



16 
 

2.5 Potential Cause  

 

 The cause of radiation-induced bone loss and fractures is unknown, though a 

causal role could likely be associated with inflammation that occurs after exposure to 

radiation. Pro-inflammatory cytokines, including IL-1, IL-6, and TNFα, contribute to 

bone loss. It has also been shown that radiation exposure is associated with both an 

increase in pro-inflammatory cytokine production, as well as an increase in bone loss 

within the irradiated volume. However, the two have never been linked within this 

(radiation) context. Therefore, it is believed that radiation exposure results in an 

inflammatory response, leading to the production of pro-inflammatory cytokines, 

including IL-1, IL-6, and TNFα. These cytokines then stimulate osteoclast formation and 

activity, resulting in an overall loss of bone.  
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CHAPTER 3 – IL-1, IL-6, AND TNFα GENETIC DEFICIENCIES IN THE 

EXAMINATION OF THE ROLES OF THESE CYTOKINES IN  

RADIATION-INDUCED BONE LOSS  

 

Bone fractures can have a profound impact on an individual’s quality of life. An 

estimated 24% of patients of age 50 years or older who suffer from a hip fracture will die 

within the first year following their fracture [1]. Exposure to ionizing radiation, 

particularly in the context of cancer patients receiving radiotherapy, results in damage to 

normal (non-tumor) tissue, including bone: bone loss can occur at locations that absorb 

dose, which increases the risk of downstream fracture [2, 3]. It has been demonstrated 

that the risk of hip fracture increased 66%, 65%, and 216% for cervical, rectal, and anal 

cancer, respectively, for patients who underwent radiation therapy [3].  

 Inflammation is a common response to radiation-induced tissue damage, in order 

to remove cell debris and prepare the injured area for repair [14]. Inflammation is 

characterized by leukocyte infiltration and increased presence of pro-inflammatory 

cytokines, such as IL-1, IL-6, and TNFα [4, 5]. Little is known about the roles of IL-1, 

IL-6, and TNFα in radiation-induced bone loss, all of which are active stimulators of 

bone resorption. In order to better develop therapies to decrease the bone loss 

experienced by patients following radiotherapy, the mechanistic roles of these cytokines 

in the activation of osteoclasts needs to be determined. 

The purpose of this study was to determine if pro-inflammatory cytokines are able 

to influence bone loss after radiation exposure. The approach taken in this study involved 
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the utilization of knockout mice, deficient in IL-1β receptor, IL-6, TNFα, or TNFα and 

IL-1β receptor combined. By knocking out these cytokines, either individually or 

combined, it will be possible to determine if each cytokine plays a critical role in 

radiation-induced bone loss. With this information, future studies can focus on treatments 

targeting individual or multiple cytokines.  

 

3.1 Methods 

 

3.1.1 Animal Models and Care 

  

A total of 98 female mice were ordered from the Jackson Laboratory (Bar Harbor, 

ME); twelve B6.129S7-Il1r1tm1Imx/J (IL-1β receptor knock out), twelve B6.129S2-

Il6tm1Kopf/J (IL-6 knock out), eleven B6.129S-Tnftm1Gkl/J (TNF knock out), fourteen 

B6.129S-Tnfrsf1atm1ImxIl1r1tm1Imx/J (TNF and IL-1β receptor knock out), and forty-nine 

B57BL/6J (wild-type). After arrival, all mice were housed three per cage and were 

isolated for at least a one week period. After the isolation period, mice were grouped 

according to mass. Due to difficulties receiving various strains of mice of a particular age 

at a particular point in time, four separate experiments were performed (Table 3.1). Each 

experiment consisted of a Group (wild type vs. knockout), as well as a treatment (non-

irradiated vs. irradiated).  
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Table 3.1 – Experimental groupings 
 

Strain Non-Irradiated Irradiated 
Experiment 1     
IL-1β receptor knock out n = 6 n = 6 
Wild type n = 6 n = 6 
Experiment 2     
IL-6 knock out n = 6 n = 6 
Wild type n = 6 n = 6 
Experiment 3     
TNFα knock out n = 11 (left) n = 11 (right) 
Wild type n = 11 (left) n = 11 (right) 
Experiment 4     
TNFα/IL-1β receptor knock out n = 14 (left) n = 14 (right) 
Wild type n = 14 (left) n = 14 (right) 

 
  

All mice were provided with food and water ad libitum and housed within a 

temperature (18 - 26°C) and light (12 hour light/dark cycle) controlled environment. All 

subsequent procedures were approved by the Institutional Animal Care and Use 

Committee of Clemson University.  

 

3.1.2 Whole-Body Radiation Exposure: Experiment 1 and Experiment 2  

 

 Mice that were part of experiment 1 (10 weeks of age) and experiment 2 (8 weeks 

of age), were anesthetized with isoflurane prior to radiation exposure. Once anesthetized, 

mice in irradiated groups were placed 4.4 cm below the shield of X-ray source and were 

exposed to a 2 Gy whole-body dose at a rate of 1.36 Gy/min. Mice in non-irradiated 

groups remained under anesthesia for an equivalent period of time as the irradiated 
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groups. After radiation exposure, anesthesia was removed and all mice were allowed to 

regain consciousness.   

 

3.1.3 Single-Limb Radiation Exposure: Experiment 3 and Experiment 4 

   

 At 10 weeks of age, all mice were anesthetized with isoflurane prior to radiation 

exposure. Once anesthetized, mice in irradiated groups were placed under lead shielding, 

leaving only the right tibia and distal femur unshielded. The unshielded limb was placed 

4.4 cm below the shield of X-ray source and exposed to a 2 Gy dose at a rate of 1.36 

Gy/min. Mice in non-irradiated groups remained under anesthesia for an equivalent 

period of time as the irradiated groups. After radiation exposure, anesthesia was removed 

and all mice were allowed to regain consciousness.  

 

3.1.4 Euthanasia of Animals and Tissue Collection 

 

 Twelve days after radiation exposure, all mice were anesthetized with isoflurane. 

Blood was collected by cardiac puncture and exsanguination. After blood collection, 

cervical dislocation was performed to ensure death of all animals. After euthanasia, the 

right and left hind limbs (tibia and femur) of each mouse were collected. All non-osseous 

tissue was removed from the tibiae and femora at the time of collection. The tibiae and 

femora were placed in a 10% formalin solution for a 48 hour period. After 48 hours, the 
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tibiae and femora were removed from the 10% formalin solution and placed and stored in 

a 70% ethanol solution.  

 

3.1.5 Micro-computed tomography  

 

 The tibiae of all mice were analyzed using micro-computed tomography 

(MicroCT) (µCT 20; Scanco Medical AG, Bassersdorf, Switzerland) at a threshold of 

225. A section of each tibia, immediately distal to the epiphyseal plate and measuring 1 

mm in length, was scanned with a 10 µm voxel size. Three dimensional images of each 

tibia were then reconstructed from all of the scans and were used to evaluate trabecular 

bone parameters. Trabecular bone volume fraction (BV/TV), connectivity density 

(ConnD.), structural model index (SMI), trabecular number (Tb. N), trabecular thickness 

(Tb. Th), trabecular separation (Tb. Sp), and volumetric bone mineral density (vBMD) 

were then analyzed for each sample using Scanco analysis software. 

 

3.1.6 Statistical Analyses 

 

 All data are presented as mean ± standard error. Significance was determined 

using SigmaStat version 3.5 (Systat Software Inc., Richmond, CA) with a p-value ≤ 0.05. 

A two-way analysis of variance was performed with a Holm-Sidak test on all collected 

data. The threshold for significance for all tests was set at a 5% probability of committing 

a type I error (p = 0.05).  
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3.2 Results 

 

3.2.1 Wild Type Comparison to IL-1β Receptor Knockout 

 

 Trabecular bone parameters of wild type and IL-1β receptor knockout non-

irradiated and irradiated groups were collected using MicroCT (Table 3.2).  

 

Table 3.2 – Trabecular bone parameters of non-irradiated (NR) and irradiated (IRR) wild type (WT) vs. IL-

1β receptor knockout (IL-1βr KO) mice tibia 

 

BV/TV (%) 
ConnD. 
(1/mm3) SMI 

Tb. N 
(1/mm) 

Tb. Th 
(µm) 

Tb. Sp 
(µm) 

vBMD (mg 
HA/cm3) 

WT               

NR 7.29 ± 0.57 115 ± 48 2.62 ± 0.22 3.97 ± 0.36 35.0 ± 0.4 254 ± 11 72.6 ± 14.2 

IRR 5.55 ± 0.39* 50.6 ± 19.7* 2.90 ± 0.13* 3.48 ± 0.51* 36.5 ± 0.3 293 ± 17* 57.2 ± 12.9* 

  

IL-1βr KO               

NR 8.08 ± 0.54 97.1 ± 22.8 2.60 ± 0.14 4.07 ± 0.46 37.5 ± 0.8# 247 ± 12 77.9 ± 13.7 

IRR 5.38 ± 0.41* 51.3 ± 20.6* 2.96 ± 0.13* 3.14 ± 0.44* 38.1 ± 0.9 327 ± 22* 43.2 ± 17.2* 

 
Note: All values are mean ± standard error. BV/TV, trabecular bone volume; ConnD., connectivity density 

of trabeculae; SMI, structural model index; Tb. N, trabecular number; Tb. Th, trabecular thickness; Tb. Sp, 

trabecular separation; vBMD, volumetric bone mineral density. #, significant difference (p ≤ 0.05) between 

groups (wild type vs. knockout). *, significant difference (p ≤ 0.05) between treatment (non-irradiated vs. 

irradiated).  

 

 The animal groups utilized were comparable in terms of micro-architecture. Most 

bone parameters for each group, regardless of treatment (e.g. for non-irradiated wild type 

vs. non-irradiated knockout), were similar (p ≥ 0.05), with the exception of Tb. Th: non-
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irradiated knockout was greater than non-irradiated wild type (p ≤ 0.01). However, 

radiation treatment resulted in a decline of bone volume and deterioration of micro-

architecture (Figures 3.1 and 3.2).    

BV/TV was lower in irradiated groups, as compared to non-irradiated groups. 

Within irradiated groups, declines of 24% and 33% were observed for wild type and 

knockout individuals, respectively, as compared to non-irradiated groups. Like BV/TV, 

ConnD. was also greater in non-irradiated groups, as compared to irradiated groups. 

Declines of 56% and 47% were observed in wild type and knockout irradiated groups, 

respectively, as compared to non-irradiated groups.   

No significant interactions (Group X Radiation treatment) occurred for any 

variables (p ≥ 0.05).      
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Figure 3.1 - MicroCT images of (A) wild type non-irradiated, (B) wild type irradiated, (C) IL-1β receptor 

knockout non-irradiated, and (D) IL-1β receptor knockout irradiated mice tibia.    
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Figure 3.2 – Trabecular bone volume (BV/TV) of non-irradiated and irradiated wild type (WT) vs. IL-1β 

receptor knockout (IL1r KO) mice.  

N = 6 for all groups. All values are mean ± standard error. Significant differences between the treatments, 

non-irradiated vs. irradiated, were observed for the wild type and IL-1β receptor knockout groups (*, 

p<0.001). No significant differences were observed between Groups, wild type vs. IL-1β receptor 

knockout, or between the treatments combined with the Groups.  
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3.2.2 Wild Type Comparison to IL-6 Knockout 

 

Table 3.3 – Trabecular bone parameters of non-irradiated (NR) and irradiated (IRR) wild type (WT) vs. IL-

6 knockout (IL6 KO) mice tibia 

 

BV/TV (%) 
ConnD. 
(1/mm3) SMI 

Tb. N 
(1/mm) 

Tb. Th 
(µm) 

Tb. Sp 
(µm) 

vBMD (mg 
HA/cm3) 

WT               

NR 6.56 ± 0.37 92.0 ± 19.5 2.71 ± 0.17 4.47 ± 0.27 30.9 ± 1.0 225 ± 6 90.4 ± 10.1 

IRR 4.75 ± 0.42* 52.4 ± 19.7* 2.99 ± 0.11* 3.43 ± 0.42* 32.4 ± 1.1 298 ± 14* 61.5 ± 14.1* 

  

IL-6 KO               

NR 6.84 ± 0.36 111 ± 29 2.54 ± 0.08# 4.26 ± 0.48 31.8 ± 0.8 238 ± 12 88.1 ± 11.2 

IRR 4.70 ± 0.15* 44.4 ± 13.5* 2.89 ± 0.05* 3.55 ± 0.27* 31.3 ± 0.4 287 ± 9* 55.9 ± 5.3* 

 
Note: All values are mean ± standard error. BV/TV, trabecular bone volume; ConnD., connectivity density 

of trabeculae; SMI, structural model index; Tb. N, trabecular number; Tb. Th, trabecular thickness; Tb. Sp, 

trabecular separation; vBMD, volumetric bone mineral density. #, significant difference (p ≤ 0.05) between 

groups (wild type vs. knockout). *, significant difference (p ≤ 0.05) between treatment (non-irradiated vs. 

irradiated).  

 

 The animal groups utilized were comparable in terms of micro-architecture. All 

bone parameters for each group, regardless of treatment (e.g. for non-irradiated wild type 

vs. non-irradiated knockout), were similar (p ≥ 0.05), with the exception of SMI: non-

irradiated knockout was less than non-irradiated wild type (p ≤ 0.01; Table 3.3). 

However, radiation treatment resulted in a decline of bone volume and deterioration of 

micro-architecture (Figures 3.3 and 3.4).   
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 BV/TV was lower in irradiated groups, as compared to non-irradiated groups 

(Table 3.3). Within irradiated groups, declines of 28% and 31% were observed for wild 

type and knockout groups, respectively, as compared to non-irradiated groups. Like 

BV/TV, ConnD. was lower in irradiated groups, as compared to non-irradiated groups. 

Declines of 43% and 60% were observed for wild type and knockout irradiated groups, 

respectively, as compared to non-irradiated groups.   

 No significant interactions (Groups X Radiation treatment) occurred for any 

variables (p ≥ 0.05).    
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Figure 3.3 – MicroCT images of (A) wild type non-irradiated, (B) wild type irradiated, (C) IL-6 knockout 

non-irradiated, and (D) IL-6 knockout irradiated mice tibia.  
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Figure 3.4 – Trabecular bone volume (BV/TV) of non-irradiated and irradiated wild type (WT) vs. IL-6 

knockout (IL6 KO) mice.  

N=6 for all groups. All values are mean ± standard error. Significant differences between treatments, non-

irradiated vs. irradiated, were observed for the wild type and IL-6 knockout groups (*, p<0.001). No 

significant differences were observed between Groups, wild type vs. IL-6 knockout, or between the 

treatments combined with the Groups.  
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3.2.3 Wild Type Comparison to TNFα Knockout 

 

Table 3.4 – Trabecular bone parameters of non-irradiated (NR) and irradiated (IRR) wild type 

(WT) vs. TNFα knockout (TNFα KO) mice tibia 

BV/TV (%) 
ConnD. 
(1/mm3) SMI 

Tb. N 
(1/mm) 

Tb. Th 
(µm) Tb. Sp (µm) 

vBMD (mg 
HA/cm3) 

WT               

NR 5.49 ± 0.32 43.2 ± 5.78 2.82 ± 0.08 3.51 ± 0.06 38 ± 0.0 0.29 ± 0.01 70.6 ± 3.99 

IRR 4.42 ± 0.26* 25.9 ± 2.93* 3.07 ± 0.07* 3.07 ± 0.08* 39 ± 0.0 0.33 ± 0.01* 54.8 ± 3.17* 

TNFα KO               

NR 3.44 ± 0.18 15.7 ± 1.38 3.04 ± 0.07 2.58 ± 0.09 39 ± 0.0 0.39 ± 0.02 41.3 ± 3.46 

IRR 2.59 ± 0.1*# 7.3 ± 1.13*# 3.23 ± 0.06*# 2.35 ± 0.06*# 40 ± 0.0 0.43 ± 0.01*# 26.1 ± 2.27*# 

 

Note: All values are mean ± standard error. BV/TV, trabecular bone volume; ConnD., connectivity density 

of trabeculae; SMI, structural model index; Tb. N, trabecular number; Tb. Th, trabecular thickness; Tb. Sp, 

trabecular separation; vBMD, volumetric bone mineral density. #, significant difference (p ≤ 0.05) between 

groups (wild type vs. knockout). *, significant difference (p ≤ 0.05) between treatment (non-irradiated and 

irradiated). 

 

A significant group effect was observed for most bone parameters (p ≤ 0.01; 

Table 3.4), with the exception of Tb. Th (p ≥ 0.05), where knockout mice, regardless of 

radiation treatment, experienced significantly lower bone parameters as compared to wild 

type. However, knockout groups appeared to have started with a lower overall bone mass, 

as compared to wild type groups. Therefore, the significant decrease in bone parameters 

between knockout non-irradiated and irradiated individuals is comparable to the decrease 

in bone parameters between wild type non-irradiated and irradiated individuals.  
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Radiation treatment also resulted in a decline of bone volume and deterioration of 

micro-architecture (Figures 3.5 and 3.6). BV/TV was lower in irradiated groups, as 

compared to non-irradiated groups. Within irradiated groups, declines of 19% and 25% 

were observed for wild type and knockout groups, respectively, as compared to non-

irradiated groups. Like BV/TV, ConnD. was also lower in irradiated groups, as compared 

to non-irradiated groups (Table 3.4). Declines of 40% and 54% were observed for wild 

type and knockout irradiated groups, respectively, as compared to non-irradiated groups.   

No significant interactions (Groups X Radiation treatment) occurred for any 

variables (p ≥ 0.05).    
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Figure 3.5 – MicroCT images of (A) wild type non-irradiated, (B) wild type irradiated, (C) TNFα 

knockout non-irradiated, and (D) TNFα knockout irradiated mice tibia. 
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Figure 3.6 – Trabecular bone volume (BV/TV) of non-irradiated and irradiated wild type (WT) vs. TNFα 

knockout (TNF KO) mice.  

N=11 for all groups. All values are mean ± standard error. Significant differences between the treatments, 

non-irradiated vs. irradiated, were observed for the wild type and TNF knockout groups (*, p<0.001).   
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3.2.4 Wild Type Comparison to TNFα/IL-1β Receptor Knockout 

 

Table 3.5 – Trabecular bone parameters of non-irradiated (NR) and irradiated (IRR) wild type 

(WT) vs. TNFα and IL-1β receptor knockout (TNFα/IL-1βr KO) mice tibia 

BV/TV (%) 
ConnD. 
(1/mm3) SMI 

Tb. N 
(1/mm) 

Tb. Th 
(µm) Tb. Sp (µm) 

vBMD (mg 
HA/cm3) 

WT               

NR 6.34 ± 0.64 34.9 ± 5.93 3.0 ± 0.09 3.42 ± 0.14 43 ± 0.0 0.3 ± 0.02 78.7 ± 8.45 

IRR 5.33 ± 0.5* 29.2 ± 5.27 3.16 ± 0.09* 3.19 ± 0.14* 43 ± 0.0 0.33 ± 0.02 68.2 ± 7.27* 
TNFα/IL1βr 
KO               

NR 6.68 ± 0.4 52.8 ± 7.36 2.93 ± 0.09 3.82 ± 0.08 40 ± 0.0 0.26 ± 0.01 90.7 ± 5.05 

IRR 5.17 ± 0.31* 34.8 ± 6.1 3.23 ± 0.11* 3.55 ± 0.07*# 40 ± 0.0# 0.28 ± 0.01# 73.6 ± 3.34* 

 

N=6 for all groups. All values are mean ± standard error. BV/TV, trabecular bone volume; ConnD., 

connectivity density of trabeculae; SMI, structural model index; Tb. N, trabecular number; Tb. Th, 

trabecular thickness; Tb. Sp, trabecular separation; vBMD, volumetric bone mineral density. #, significant 

difference (p ≤ 0.05) between Groups (wild type vs. knockout). *, significant difference (p ≤ 0.05) between 

treatment (non-irradiated vs. irradiated). 

 

 The animal groups utilized were comparable in terms of micro-architecture (Table 

3.5). Most bone parameters for each group, regardless of treatment (e.g. for non-

irradiated wild type vs. non-irradiated knockout), were similar (p ≥ 0.05), with the 

exception of Tb. N, Tb. Th, and Tb. Sp: Tb. Sp and Tb. Th non-irradiated wild type was 

greater than non-irradiated knockout, while Tb. N non-irradiated wild type was less than 

non-irradiated knockout (p ≤ 0.01). However, radiation treatment resulted in a decline of 

bone volume and deterioration of micro-architecture (Figures 3.7 and 3.8). Most 

parameters within each group showed a significant response to irradiation, with the 
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exception of ConnD., Tb. Sp, and Tb. Th, which generally indicated loss of bone after 

exposure.  

 BV/TV was lower in knockout irradiated individuals, as compared to knockout 

non-irradiated individuals. Irradiation resulted in a decline of 23% for knockout irradiated 

individuals, as compared to knockout non-irradiated individuals. Unlike BV/TV, ConnD. 

was not lower in knockout irradiated individuals, as compared to knockout non-irradiated 

individuals.  

 No significant interactions (Group X Radiation treatment) occurred for any 

variables (p ≥ 0.05).    
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Figure 3.7 – MicroCT images of (A) wild type non-irradiated, (B) wild type irradiated, (C) TNFα/IL-1β 

receptor knockout non-irradiated, and (D) TNFα/IL-1β receptor knockout irradiated mice tibia.  
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Figure 3.8 – Trabecular bone volume (BV/TV) of non-irradiated and non-irradiated wild type (WT) vs. 

TNFα and IL-1β receptor knockout (KO) mice. N=14 for all groups. All values are mean ± standard error.    

 

3.3 Discussion 

 

 The presence of pro-inflammatory cytokines is elevated within tissue after 

exposure to radiation. As these substances have the capacity to induce bone loss by 

activating osteoclasts, we investigated whether inhibiting the production of these agents 

using genetic knockout mice could reduce bone loss after irradiation. However, this did 

not appear to be true: we did not observe preservation of bone after radiation exposure in 

knockout mice.   

By genetically knocking out IL-1β, IL-6, and TNFα, either individually or 

combined, it was expected that radiation-induced bone loss would be prevented, leaving 

irradiated samples with a bone volume comparable to non-irradiated samples. However, 

all of the cytokine deficiencies examined failed to inhibit bone loss in irradiated samples, 
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as compared to non-irradiated samples. In each of the four experiments performed, 

trabecular bone parameters of knockout non-irradiated and irradiated samples were 

comparable to the trabecular bone parameters of wild type non-irradiated and irradiated 

samples, respectively.  

  

3.4 Limitations and Recommendations 

 

 This study involved genetically knocking out various pro-inflammatory cytokines, 

including IL-1β receptor, IL-6, and TNFα, either individually or combined. While the 

findings of this study suggest that, within this animal model, IL-1, IL-6, and TNFα do not 

play a significant role in radiation-induced bone loss, the contribution of these cytokines 

to radiation-induced bone loss cannot be discounted entirely. It is possible that by 

genetically knocking out these cytokines before birth, other compensatory mechanisms 

were able to develop in order to account for the loss of function of the particular cytokine 

that is absent. For example, knocking out TNFα may have caused a compensatory up-

regulation of IL-1. This compensatory up-regulation may have allowed for IL-1 to make 

up for the loss of function due to the absence of TNFα, since these cytokines share 

similar biological properties.   

 In order to better understand the roles played by each of these cytokines in 

radiation-induced bone loss, studies involving therapeutically blocking each of these 

cytokines must be performed. By therapeutically blocking these cytokines, compensatory 

mechanisms will not be able to be developed quickly enough to account for the loss of 
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function of the particular cytokine being blocked. Therefore, a better understanding of the 

roles played by each of these cytokines in radiation-induced bone loss will be able to be 

determined.  
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CHAPTER 4 – THERAPEUTIC BLOCKAGE OF IL-1 AND TNFα IN THE 

EXAMINATION OF THE ROLES OF THESE CYTOKINES IN  

RADIATION-INDUCED BONE LOSS 

 

Exposure to ionizing radiation, particularly in the context of cancer patients 

receiving radiotherapy, results in damage to normal (non-tumor) tissue, including bone: 

bone loss can occur at locations that absorb dose, which increases the risk of downstream 

fracture [2, 3]. Inflammation is a common response to radiation-induced tissue damage, 

characterized by increased presence of pro-inflammatory cytokines, such as IL-1, IL-6, 

and TNFα, all of which are active stimulators of bone resorption [4, 5].   

In order to begin investigating the roles of IL-1, IL-6, and TNFα in radiation-

induced bone loss, studies were performed which utilized knockout mice deficient in IL-

1β receptor, IL-6, TNFα, or TNFα and IL-1β receptor combined (Chapter 3). The 

findings of these studies suggested that, within the particular animal model utilized, IL-1, 

IL-6, and TNFα do not play a significant role in radiation-induced bone loss. However, 

the roles of these cytokines in radiation-induced bone loss cannot be completely 

discounted, due to the possibility of the development of compensatory mechanisms in the 

knockouts utilized. For example, it is possible that by knocking out TNFα, an up-

regulation of IL-1 will occur to make up for the loss of function of TNFα.  

In order to better understand the roles of IL-1, IL-6, and TNFα in radiation-

induced bone loss, while reducing the possibility of the development of compensatory 

mechanisms, therapeutic blockage of these cytokines was performed. A TNF-binding 
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protein, Enbrel (Etanercept), and an IL-1 receptor antagonist, Kineret (Anakinra), were 

administered, either individually or in combination, to better determine the roles played 

by these cytokines in radiation-induced bone loss.  

 

4.1 Methods 

 

4.1.1 Animal Models and Care 

 

 Eighty eight 12-week old C57BL/6 female mice were ordered from Taconic 

(Germantown, NY). Upon arrival, all mice were housed three per cage and were isolated 

for at least a one week period. After the isolation period, mice were grouped according to 

mass (Table 4.1). Group refers to the various drug treatments individuals received. 

Treatment refers to exposure to radiation.    

 

Table 4.1 – Experimental groupings  
 

Group Non-Irradiated Irradiated 
Placebo (PBS)  11 11 

Enbrel 11 11 
Kineret 11 11 

Enbrel + Kineret  11 11 
 

 
All mice were provided with food and water ad libitum and housed within a 

temperature (18 - 26°C) and light (12 hour light/dark cycle) controlled environment. All 
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subsequent procedures were approved by the Institutional Animal Care and Use 

Committee of Clemson University.  

 

4.1.2 Drug Administration 

 

At 16-weeks of age, all mice received daily intraperitoneal injections for a 14-day 

period. The dose of each treatment administered was equivalent to the once weekly or 

once monthly doses administered to humans; 5 mg/kg phosphate buffered saline, 1 mg/kg 

Enbrel, 10 mg/kg Kineret, or 1 mg/kg Enbrel + 10 mg/kg Kineret.  

 

4.1.3 Radiation Exposure  

 

On the third day of injection, all mice were anesthetized with isoflurane prior to 

radiation exposure. Once anesthetized, mice in irradiated groups were placed 4.4 cm 

below the shield of X-ray source and were exposed to a 2 Gy whole-body dose at a rate 

of 1.36 Gy/min. Mice in non-irradiated groups remained under anesthesia for an 

equivalent period of time as the irradiated groups. After radiation exposure, anesthesia 

was removed and all mice were allowed to regain consciousness.  
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4.1.4 Euthanasia of Animals and Tissue Collection 

 

 Twenty four hours after radiation exposure, three mice from each group were 

euthanized, while all remaining mice were euthanized thirteen days after radiation 

exposure. In order to euthanize, all mice were anesthetized with isoflurane and blood was 

collected by cardiac puncture and exsanguination. After blood collection, cervical 

dislocation was performed to ensure death of all animals. After euthanasia, the right and 

left hind limbs (tibia and femur) of each mouse was collected. All non-osseous tissue was 

removed from the tibiae and femora at the time of collection. The tibiae and femora were 

placed in a 10% formalin solution for a 48 hour period. After 48 hours, the tibiae and 

femora were removed from the 10% formalin solution and placed and stored in a 70% 

ethanol solution.  

 

4.1.5 Micro-computed tomography  

 

 The tibiae of mice euthanized thirteen days after radiation exposure were 

analyzed using micro-computed tomography (MicroCT) (µCT 20; Scanco Medical AG, 

Bassersdorf, Switzerland) at a threshold of 215. A section of each tibia, immediately 

distal to the epiphyseal plate and measuring 1 mm in length, was scanned with a 10 µm 

voxel size. Three dimensional images of each tibia were then reconstructed from all of 

the scans and were used to evaluate trabecular bone parameters. Trabecular bone volume 

fraction (BV/TV), connectivity density (ConnD.), structural model index (SMI), 
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trabecular number (Tb. N), trabecular thickness (Tb. Th), trabecular separation (Tb. Sp), 

and volumetric bone mineral density (vBMD) were then analyzed for each sample using 

Scanco analysis software.  

 

4.1.6 Immunohistochemistry  

 

 The tibiae of mice euthanized twenty four hours after radiation exposure were 

decalcified in a weak formic acid solution (Immunocal™) overnight. The tibiae were then 

processed and embedded in paraffin, and cut into sagittal sections with a thickness of 

5µm. Slides were deparaffinized and incubated with an anti-TNF-α, anti-IL-1β, or anti-

IL-6 specific polyclonal antibody (AbCam, SantaCruz, and AbCam respectively), and 

Vectastain Elite ABC kit and Vector VIP kit (Vector Laboratories, Inc.) were used to 

visualize primary antibody binding.  

 

4.1.7 Statistical Analyses 

 

All data are presented as mean ± standard error. Significance was determined 

using SigmaStat version 3.5 (Systat Software Inc., Richmond, CA) with a p-value ≤ 0.05. 

A two-way analysis of variance was performed with a Holm-Sidak test on all collected 

data. The threshold for significance for all tests was set at a 5% probability of committing 

a type I error (p = 0.05). 
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4.2 Results 

 

4.2.1 Comparison of Non-irradiated and Irradiated Placebo and Drug Treated Trabecular 

Bone Parameters    

 

Trabecular bone parameters of placebo and drug treated non-irradiated and 

irradiated groups were collected using MicroCT (Table 4.2). 
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Table 4.2 – Trabecular bone parameters of non-irradiated (NR) and irradiated (IRR) mice tibia, 

with groups receiving various treatments; phosphate buffered saline (PBS), Enbrel (E), Kineret (K), Enbrel 

+ Kineret (E+K) 

 

BV/TV (%) 
ConnD. 
(1/mm3) SMI Tb. N (1/mm) Tb. Th (µm) Tb. Sp (µm) 

vBMD (mg 
HA/cm3) 

PBS 

NR 5.69 ± 0.75 25.9 ± 5.78 2.70 ± 0.11 3.0 ± 0.12 45.7 ± 1.41 337 ± 15.1 66.2 ± 8.27 

IRR 4.31 ± 0.28* 16.2 ± 2.52* 2.86 ± 0.11 2.82 ± 0.09* 44.6 ± 1.28 358 ± 12.1* 49.1 ± 3.27* 

E 

NR 5.61 ± 0.5 23.1 ± 2.72 2.90 ± 0.07 3.03 ± 0.11 46.9 ± 2.18 333 ± 12.4 65.2 ± 5.67 

IRR 3.48 ± 0.24* 13.1 ± 2.03* 3.07 ± 0.11 2.53 ± 0.08* 43.2 ± 1.06 402 ± 13.6* 39.4 ± 3.19* 

K 

NR 5.68 ± 0.23 27.6 ± 2.52 2.80 ± 0.08 2.92 ± 0.08 47.1 ± 1.14 347 ± 9.50 60.8 ± 3.76 

IRR 4.13 ± 0.22* 20.4 ± 1.80* 2.87 ± 0.08 2.65 ± 0.07* 42.9 ± 1.17 381 ± 9.35* 42.4 ± 3.95* 

E+K 

NR 5.56 ± 0.36 27.1 ± 3.19 2.79 ± 0.07 3.14 ± 0.11 44.8 ± 1.70 322 ± 13.2 60.1 ± 5.51 

IRR 4.32 ± 0.26* 14.2 ± 2.71* 2.88 ± 0.09 2.50 ± 0.12* 47.6 ± 1.23 416 ± 17.8* 45.7 ± 2.86* 

 
 
Note: All values are mean ± standard error. BV/TV, trabecular bone volume; ConnD., connectivity density 

of trabeculae; SMI, structural model index; Tb. N, trabecular number; Tb. Th, trabecular thickness; Tb. Sp, 

trabecular separation; vBMD, volumetric bone mineral density. #, significant difference (p ≤ 0.05) between 

groups (placebo vs. Enbrel, placebo vs. Kineret, placebo vs. Enbrel + Kineret). *, significant difference (p ≤ 

0.05) between treatment (non-irradiated and irradiated).  

 

 The animal groups utilized were comparable in terms of micro-architecture. All 

bone parameters for each group, regardless of treatment (e.g. for non-irradiated placebo 

vs. non-irradiated Enbrel), were similar (p ≥ 0.05). However, radiation treatment resulted 

in a decline of bone volume and deterioration of micro-architecture (Figures 4.1 and 4.2). 

Most parameters within each group showed a significant response to irradiation (p ≤ 
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0.01), with the exception of Tb. Th and SMI, which generally indicated loss of bone after 

exposure.  

 BV/TV was lower in irradiated groups, as compared to non-irradiated groups. 

Within irradiated groups, declines of 24%, 38%, 27%, and 22% were observed in 

placebo, Enbrel, Kineret, and Enbrel + Kineret groups, respectively, as compared to non-

irradiated groups. Like BV/TV, ConnD. was also greater in non-irradiated groups, as 

compared to irradiated groups. Declines of 37%, 43%, 26%, and 48% were observed in 

placebo, Enbrel, Kineret, and Enbrel + Kineret irradiated groups, respectively, as 

compared to non-irradiated groups.  

 No significant interactions (Group X Radiation treatment) occurred for any 

variables (p ≥ 0.05), with the exception of Tb. Sp.  
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Figure 4.1 – MicroCT images of (A) PBS non-irradiated, (B) PBS irradiated, (C) Enbrel non-irradiated, 

(D) Enbrel irradiated, (E) Kineret non-irradiated, (F) Kineret irradiated, (G) Enbrel + Kineret non-

irradiated, and (H) Enbrel + Kineret irradiated.   

 

 
 

Figure 4.2 – Trabecular bone volume (BV/TV) of non-irradiated and irradiated mice tibia, with groups 

receiving various treatments; phosphate buffered saline (PBS), Enbrel (E), Kineret (K), or Enbrel + Kineret 

(E+K). N=8 for all groups. All values are mean ± standard error.  
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4.2.2 Comparison of Non-irradiated and Irradiated Placebo and Drug Treated TNFα 

Presence  

 

 Immunohistochemistry was performed to detect the presence of TNFα in tibiae 

sections of all groups twenty-four hours post-irradiation (Figure 4.3).   

 

 
 

Figure 4.3 – Immunohistochemistry staining in detection of presence of TNFα. TNFα presence indicated 

by purple coloring.  

 

 TNFα was detected in non-irradiated and irradiated samples in all groups. 

However, an increased amount of TNFα was detected in irradiated samples, as compared 

to non-irradiated samples, for all groups. Increased TNFα levels were also observed in 
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Enbrel treated mice and Kineret treated mice, as compared to placebo and Enbrel + 

Kineret treated mice.   

 

4.2.3 Comparison of Non-irradiated and Irradiated Placebo and Drug Treated IL-1β 

Presence 

 

 Immunohistochemistry was performed to detect the presence of IL-1β in tibiae 

sections of all groups twenty-four hours post-irradiation (Figure 4.4).  

 
 

Figure 4.4 – Immunohistochemistry staining in detection of presence of IL-1β. IL-1β presence is indicated 

by purple coloring. 

 

 IL-1β was detected in non-irradiated and irradiated samples in all groups. 

However, similar to what was observed for TNFα, irradiated samples contained increased 
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amounts of IL-1β, as compared to non-irradiated samples, for all groups. The amount of 

IL-1β detected in Enbrel and Enbrel + Kineret irradiated samples were comparable to the 

amount of IL-1β detected in placebo treated irradiated samples. However, it was 

observed that Kineret treated irradiated samples contained a decreased amount of IL-1β, 

as compared to placebo treated irradiated samples. There were also elevated levels of IL-

1β in non-irradiated Enbrel, Kineret, and Enbrel + Kineret treated groups, as compared to 

non-irradiated placebo treated samples.  

 

4.2.4 Comparison of Non-irradiated and Irradiated Placebo and Drug Treated IL-6 

Presence   

 

 Immunohistochemistry was performed to detect the presence of IL-6 in tibiae 

sections of all groups twenty-four hours post-irradiation (Figure 4.5).  

 

 

 



52 
 

 
 

Figure 4.5 – Immunohistochemistry staining in detection of presence of IL-6. IL-6 presence is indicated by 

purple coloring. 

 

 Increased levels of IL-6 were observed in irradiated placebo, Enbrel, and Enbrel + 

Kineret treated groups, as compared to the respective non-irradiated groups. The levels of 

IL-6 detected in irradiated Kineret treated samples was comparable to IL-6 levels 

detected in non-irradiated Kineret treated samples.   

 

4.3 Discussion 

 

 The conclusions drawn from the findings of this study are consistent with those of 

the previous study performed (Chapter 3). The data collected from this study further 

support the suggestion that, within the particular animal model utilized, pro-inflammatory 
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cytokines, including IL-1 and TNFα, do not play a significant role in radiation-induced 

bone loss. By therapeutically blocking these cytokines, it was expected that any 

compensatory mechanisms that may have developed when genetically knocking out these 

cytokines would be avoided, thereby preventing radiation-induced bone loss. However, 

therapeutically blocking these cytokines, either individually or combined, did not prevent 

radiation-induced bone loss, with declines in bone volume fractions comparable to those 

observed in Chapter 3.  

 Immunohistochemistry was also performed to detect the presence of IL-1, IL-6, 

and TNFα in all groups. Increased levels of IL-1, IL-6, and TNFα were expected to be 

observed in irradiated placebo treated groups, as compared to non-irradiated placebo 

treated groups. It was also thought that treatment with TNF-binding protein and/or IL-1 

receptor antagonist would result in an increase in the production of the cytokine being 

therapeutically targeted; an increase in TNFα and/or IL-1 production would result in 

order to compensate for the functional block of these cytokines, thereby resulting in 

increased production of TNFα and/or IL-1 within irradiated groups, as compared to non-

irradiated groups. Qualitatively, it appeared that, in some instances, treatment with TNF-

binding protein, IL-1 receptor antagonist, or a combination of the two did result in 

increased production of TNFα and IL-1.      

 Previous studies have been performed which have examined the contributions of 

pro-inflammatory cytokines in estrogen-deficiency mediated bone loss. It has been 

demonstrated that ovariectomized mice had greater numbers of TNFα producing T-cells, 

as well as T-cells that produced greater amounts of TNFα, each of which resulted in an 
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elevated loss of bone as compared to controls [23, 24]. These studies suggested that 

TNFα played a significant role in estrogen-deficiency mediated bone loss. In further 

support of these findings, another study demonstrated that treatment with TNF-binding 

protein prevented bone loss in ovariectomized mice, as compared to non-ovariectomized 

mice [25]. Studies were also performed with IL-1 receptor antagonist, which produced 

similar findings to those of the studies utilizing TNF-binding protein. It was 

demonstrated that treatment with IL-1 receptor antagonist prevented bone loss in 

ovariectomized mice as compared to non-ovariectomized mice [26]. These findings 

suggested that, like TNFα, IL-1 played a significant role in estrogen-deficiency mediated 

bone loss. While multiple studies have provided evidence that TNFα and IL-1 play 

significant roles in estrogen-deficiency mediated bone loss, evidence has also been 

presented suggesting that IL-6 does not play as significant a role, if any, in estrogen-

deficiency mediated bone loss. Studies demonstrated that treatment with anti-IL-6 

antibody was not able to prevent bone loss in ovariectomized mice, as compared to non-

ovariectomized mice [25, 26].  

 Multiple studies provide information supporting the significance of the roles that 

TNFα, IL-1, and IL-6 play in estrogen-deficiency mediated bone loss. Due to the fact that 

exposure to radiation results in an inflammatory response, it was hypothesized that IL-1, 

IL-6, and TNFα would play similar roles in radiation-induced bone loss as they do in 

estrogen-deficiency mediated bone loss [4, 5]. However, from the findings presented in 

this study, the roles of these cytokines are not identical to the roles played in estrogen-

deficiency mediated bone loss.  
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4.4 Limitations and Recommendations 

 

 This study involved therapeutically blocking various pro-inflammatory cytokines, 

including IL-1 and TNFα, either individually or combined. In addition to the conclusions 

drawn from the experiments performed in Chapter 3, the findings of this study further 

support the suggestion that, within the particular animal model utilized, IL-1 and TNFα 

do not play a significant role in radiation-induced bone loss. However, it is possible that 

therapeutically blocking a particular cytokine resulted in the up-regulation of the 

transcription of a cytokine that could account for the loss of function of the cytokine 

being blocked.    

 In order to better determine whether IL-1, IL-6, and TNFα play any significant 

role in radiation-induced bone loss, a study involving therapeutically blocking the 

transcription of these cytokines must be performed. By therapeutically blocking the 

transcription of these cytokines, compensatory mechanisms will not be able to develop 

quick enough to account for the loss of function of the cytokines being blocked and the 

up-regulation of transcription of another pro-inflammatory cytokine cannot occur to 

account for the loss of function of the cytokines being blocked. Therefore, a better 

understanding of whether these pro-inflammatory cytokines, including IL-1, IL-6, and 

TNFα, play any significant role in radiation-induced bone loss will be able to be better 

determined.  
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CHAPTER 5 – THERAPEUTIC BLOCKAGE OF P38 MAPK TRANSCRIPTION 

FACTOR IN THE EXAMINATION OF THE ROLES OF IL-1, IL-6, AND  

TNFα IN RADIATION-INDUCED BONE LOSS 

 

Exposure to ionizing radiation results in bone loss, which increases the risk of 

downstream fracture [2, 3]. Inflammation is a common response to radiation-induced 

tissue damage, characterized by increased presence of pro-inflammatory cytokines, 

including IL-1, IL-6, and TNFα [4, 5]. This thesis tested the possibility that bone loss is 

mediated by radiation-induced inflammation. However, previous studies performed, that 

have attempted to reduce the effects of inflammation after radiation exposure, have not 

prevented bone loss.   

 Previous studies have demonstrated that mice deficient in IL-1β receptor, IL-6, 

TNFα, or TNFα and IL-1β receptor combined experienced comparable bone loss after 

radiation exposure, as compared to wild type mice (Chapter 3). In addition, it has also 

been demonstrated that treatment with TNF-binding protein and/or IL-1 receptor 

antagonist did not prevent radiation-induced bone loss, as compared to placebo treated 

individuals (Chapter 4). The findings of these studies suggested that, within the particular 

animal model utilized, IL-1, IL-6, and TNFα do not play a significant role in radiation-

induced bone loss. However, it is possible that therapeutically blocking a particular 

cytokine may have resulted in the up-regulation of the transcription of the same cytokine, 

or another cytokine, that could account for the loss of function of the cytokine being 

blocked.    
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 In order to better determine whether IL-1, IL-6, and TNFα play any significant 

role in radiation-induced bone loss within the particular animal model utilized, a study 

involving therapeutically blocking the transcription of these cytokines was performed. A 

p38 blocking molecule, AR-447, was utilized, which blocks the action of p38 mitogen-

activated protein kinase (MAPK), which is important in the expression and production of 

IL-1, IL-6, and TNFα [6-8].   

 

5.1 Methods 

 

5.1.1 Animal Models and Care 

 

 Fifty 12-week old C57BL/6 female mice were ordered from Taconic 

(Germantown, NY). Upon arrival, all mice were housed three per cage and were isolated 

for at least a one week period. After the isolation period, mice were grouped according to 

mass (Table 5.1). Group refers to the drug treatments the individuals received. Treatment 

refers to exposure to radiation.   

 

Table 5.1 – Experimental groupings 

 
Group Non-Irradiated Irradiated 
Placebo  12 13 
AR-447 12 13 
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 All mice were provided with food and water ad libitum and housed within a 

temperature (18 - 26°C) and light (12 hour light/dark cycle) controlled environment. All 

subsequent procedures were approved by the Institutional Animal Care and Use 

Committee of Clemson University.  

 

5.1.2 Drug Administration  

 

 Prior to administration, AR-447 was prepared in 1% CMC/0.5% Tween at 3 

mg/mL. The mixture was then sonicated until a homogenous suspension was achieved.     

At 19-weeks of age, all mice received daily oral gavage for a 14-day period. All 

mice were anesthetized with isoflurane prior to oral gavage. The dose of treatment 

administered was 30 mg/kg twice per day, administered at 12 hour increments. After 

treatment administration, all mice were allowed to regain consciousness.  

 

5.1.3 Radiation Exposure  

 

 On the third day of drug administration, all mice were anesthetized with 

isoflurane prior to radiation exposure. Once anesthetized, mice in irradiated groups were 

placed 4.4 cm below the shield of X-ray source and were exposed to a 2 Gy whole-body 

dose at a rate of 1.36 Gy/min. Mice in non-irradiated groups remained under anesthesia 

for an equivalent period of time as the irradiated groups. After radiation exposure, 

anesthesia was removed and all mice were allowed to regain consciousness.  
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5.1.4 Euthanasia of Animals and Tissue Collection  

 

 Twenty-four hours after radiation exposure, four mice from non-irradiated groups 

and five mice from irradiated groups were euthanized, while all remaining mice were 

euthanized thirteen days after radiation exposure. All mice were euthanized within a CO2 

chamber. Cervical dislocation was performed after euthanasia to ensure death of all 

animals. Of the eighteen mice euthanized twenty four hours post-irradiation, bone 

marrow was harvested from two mice from each group, while the right and left hind 

limbs (tibia and femur) were collected from the remaining ten mice. Of the thirty two 

mice euthanized thirteen days after radiation exposure, the right and left hind limbs (tibia 

and femur) were collected. All non-osseous tissue was removed from the tibiae and 

femora at the time of collection. All collected tibiae and femora were placed in a 10% 

formalin solution for a 48 hour period. After 48 hours, the tibiae and femora were 

removed from the 10% formalin solution and placed and stored in a 70% ethanol 

solution.  

 

5.1.5 Micro-computed tomography  

 

 The tibiae of mice euthanized thirteen days after radiation exposure were 

analyzed using micro-computed tomography (MicroCT) (µCT 20; Scanco Medical AG, 

Bassersdorf, Switzerland) at a threshold of 240. A section of each tibia, immediately 

distal to the epiphyseal plate and measuring 1 mm in length, was scanned with a 10 µm 
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voxel size. Three dimensional images of each tibia were then reconstructed from all of 

the scans and were used to evaluate trabecular bone parameters. Trabecular bone volume 

fraction (BV/TV), connectivity density (ConnD.), structural model index (SMI), 

trabecular number (Tb. N), trabecular thickness (Tb. Th), trabecular separation (Tb. Sp), 

and volumetric bone mineral density (vBMD) were then analyzed for each sample using 

Scanco analysis software.  

 

5.1.6 Immunohistochemistry  

 

 The tibiae of mice euthanized twenty four hours after radiation exposure were 

decalcified in a weak formic acid solution (Immunocal™) overnight. The tibiae were then 

processed and embedded in paraffin, and cut into sagittal sections with a thickness of 5 

µm. Slides were deparaffinized and incubated with an anti-TNF-α, anti-IL-1β, or anti-IL-

6 specific polyclonal antibody (AbCam, SantaCruz, and AbCam respectively), and 

Vectastain Elite ABC kit and Vector VIP kit (Vector Laboratories, Inc.) were used to 

visualize primary antibody binding.  

 

5.1.7 RNA Isolation and Real-Time Polymerase Chain Reaction 

 

 Mouse whole bone marrow was frozen in RNAlater™ after isolation. The cells 

were processed for mRNA isolation using the Qiagen RNeasy® mini-column protocol 
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with on-column DNase digestion. Purity and RNA concentration was determined using a 

spectrophotometer (Eppendorf BioPhotometer).  

 Real-time polymerase chain reaction (RT-PCR) was performed using the 

QuantiTech SYBR Green kit (Qiagen). Individual RT-PCR reactions were established 

with 10 ng target gene mRNA, 0.5 µM (IL-1β or GAPDH) or 0.35 µM (IL-6 and TNFα) 

primers for each target, 2.5 mM MgCl2, and all other components for the reactions using 

the kit’s manufacturer’s recommendations. Amplification and detection of target genes 

was performed using an Eppendorf Mastercycler® realplex4. The following cycling 

profile was used for all reactions (T. Scott, MD Owens/Molecular Immunology 45 (2008) 

1001-1008): one cycle of 50°C for 30 minutes (reverse transcriptase), 95°C for 15 

minutes (DNA polymerase), then 40 cycles of: 94°C for 15 seconds (denaturation), 57°C 

for 20 seconds (annealing), and 72°C for 20 seconds (extension). The following melting 

curve was added to the cycling profile: 95°C for 15 seconds, 57°C for 15 seconds, and 

95°C for 15 seconds. The cycle threshold (Ct) values were determined from fluorescence 

data and relative fold expression. These values were based upon the Ct values of our 

housekeeping gene, GAPDH (glyceraldehyde-3-phosphate dehydrogenase), and were 

calculated according to Scott & Owens (2008).  
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mRNA           Primer Sequence (5’-3’)   Accession number 

               GAPDH               F:TCAACAGCAACTCCCACTCTTCCA      NM_008084 

             R:ACCACCCTGTTGCTGTACCGTATT 

IL-1β               F:AAGGGCTGCTTCCAAACCTTTGAC                     NM_008361 

             R:ATACTGCCTGCCTGAAGCTCTTGT 

IL-6               F:ATCCAGTTGCCTTCTTGGGACTGA      NM_031168 

             R:TAAGCCTCCGACTTGTGAAGTGGT 

TNF-α               F:AGCCGTGACTGTAATTGCCCTACA      NM_Y00467 

             R:TTTAGGCCTCCGCAAAGAGATGGA 

 

Figure 5.1 – Real-time polymerase chain reaction primer sequences 

 

5.1.8 Statistical Analyses 

 

All data are presented as mean ± standard error. Significance was determined 

using SigmaStat version 3.5 (Systat Software Inc., Richmond, CA) with a p-value ≤ 0.05. 

A normality test, equal variance test, and two-way analysis of variance was performed on 

all collected data. The threshold for significance for all tests was set at a 5% probability 

of committing a type I error (p = 0.05). 
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5.2 Results 

 

5.2.1 Comparison of Non-irradiated and Irradiated Placebo and Drug Treated Trabecular 

Bone Parameters  

 

 Trabecular bone parameters of placebo and drug treated non-irradiated and 

irradiated groups were collected using MicroCT (Table 5.2).  

 

Table 5.2 – Trabecular bone parameters of non-irradiated (NR) and irradiated (IRR) mice tibia, with 

groups receiving either placebo or AR-447 treatment 

 

BV/TV (%) 
ConnD. 
(1/mm3) SMI 

Tb. N 
(1/mm) Tb. Th (µm) Tb. Sp (µm) 

vBMD (mg 
HA/cm3) 

PBS               

NR 4.15 ± 0.36 22.3 ± 4.43 2.72 ± 0.11 2.9 ± 0.13 38.4 ± 1.09 352 ± 19.5 63.2 ± 5.07 

IRR 3.15 ± 0.2* 15 ± 1.51* 2.95 ± 0.12* 2.64 ± 0.14* 37.4 ± 0.98 396 ± 21.7* 50.1 ± 4.46* 

AR-447               

NR 4.25 ± 0.19 21 ± 2.61 2.73 ± 0.08 2.94 ± 0.10 38.1 ± 1.26 346 ± 13.2 66.3 ± 2.62 

IRR 2.93 ± 0.15* 14.9 ± 2.92* 2.92 ± 0.05* 2.72 ± 0.03* 35.1 ± 1.02 370 ± 4.45* 51.6 ± 2.44* 

 
Note: All values are mean ± standard error. BV/TV, trabecular bone volume; ConnD., connectivity density 

of trabeculae; SMI, structural model index; Tb. N, trabecular number; Tb. Th, trabecular thickness; Tb. Sp, 

trabecular separation; vBMD, volumetric bone mineral density. #, significant difference (p ≤ 0.05) between 

groups (placebo vs. AR-447). *, significant difference (p ≤ 0.05) between treatment (non-irradiated vs. 

irradiated).  

 

 The animal groups utilized were comparable in terms of micro-architecture. All 

bone parameters for each group, regardless of treatment (e.g. for non-irradiated placebo 
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vs. non-irradiated AR-447), were similar (p ≥ 0.05). However, radiation treatment 

resulted in a decline of bone volume and deterioration of micro-architecture (Figures 5.2 

and 5.3). Most parameters within each group showed a significant response to irradiation 

(p ≤ 0.05), with the exception of Tb. Th, which generally indicated loss of bone after 

exposure.  

 BV/TV was lower in irradiated groups, as compared to non-irradiated groups. 

Within irradiated groups, declines of 24% and 31% were observed in placebo and AR-

447 groups, respectively, as compared to non-irradiated groups. Like BV/TV, ConnD. 

was also greater in non-irradiated groups, as compared to irradiated groups. Declines of 

33% and 29% were observed in placebo and AR-447 irradiated groups, respectively, as 

compared to non-irradiated groups.  

 No significant interactions (Group X Radiation treatment) occurred for any 

variables (p ≥ 0.05).   
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Figure 5.2 – MicroCT images of (A) placebo non-irradiated, (B) placebo irradiated, (C) AR-447 non-

irradiated, and (D) AR-447 irradiated mice tibia.   
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Figure 5.3 – Trabecular bone volume (BV/TV) of non-irradiated and irradiated mice tibia, with groups 

receiving placebo or AR-447 treatment. N=8 for all groups. All values are ± standard error.  

 
5.2.2 Comparison of Non-irradiated and Irradiated Placebo and Drug Treated TNFα 

Presence and Expression  

 

 Real-time polymerase chain reaction was performed to detect quantitative 

changes in TNFα gene expression in placebo and AR-447 treated non-irradiated and 

irradiated individuals (Figure 5.4).   
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Figure 5.4 – TNFα mRNA expression   

 

 TNFα expression at the transcriptional level appeared to increase in placebo 

irradiated individuals, as compared to placebo non-irradiated individuals. However, the 

expression of TNFα appeared to decrease in AR-447 irradiated individuals as compared 

to AR-447 non-irradiated individuals. Due to small sample sizes (N=2), it was not 

possible to determine whether these changes in TNFα expression were considered 

significant or not.  

 To further demonstrate the presence of TNFα, immunohistochemistry was 

performed (Figure 5.5).  
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Figure 5.5 – Immunohistochemistry staining in detection of presence of TNFα. TNFα presence indicated 

by purple coloring.  

 

 As was seen with the change in TNFα mRNA expression, an increase in TNFα 

presence was observed in placebo irradiated individuals, as compared to placebo non-

irradiated individuals. It was also observed that AR-447 irradiated individuals 

experienced a decreased presence of TNFα, as compared to AR-447 non-irradiated 

individuals. 
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5.2.3 Comparison of Non-irradiated and Irradiated Placebo and Drug Treated IL-1β 

Presence and Expression  

 

Real-time polymerase chain reaction was performed to detect quantitative 

changes in IL-1β gene expression in placebo and AR-447 treated non-irradiated and 

irradiated individuals (Figure 5.6).   

 

 
 

Figure 5.6 – IL-1β mRNA expression 

 

 A non-significant increase in IL-1β expression occurred in placebo irradiated 

individuals, as compared to placebo non-irradiated individuals. However, there appeared 

to be no changes in IL-1β expression in AR-447 irradiated individuals, as compared to 

AR-447 non-irradiated individuals.  
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 To further demonstrate the presence of IL-1β, immunohistochemistry was 

performed (Figure 5.7).  

 
 

Figure 5.7 – Immunohistochemistry staining in detection of presence of IL-1β. IL-1β presence indicated by 

purple coloring. 

 

 An increase in IL-1β presence was observed in placebo irradiated individuals, as 

compared to placebo non-irradiated individuals. In addition, there was also an increase in 

IL-1β presence observed in AR-447 non-irradiated individuals, as compared to placebo 

non-irradiated individuals. However, IL-1β presence appeared to decrease in AR-447 

irradiated individuals, as compared to AR-447 non-irradiated or placebo irradiated 

individuals.  
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5.2.4 Comparison of Non-irradiated and Irradiated Placebo and Drug Treated IL-6 

Presence and Expression 

 

Real-time polymerase chain reaction was performed to detect quantitative 

changes in IL-6 gene expression in placebo and AR-447 treated non-irradiated and 

irradiated individuals (Figure 5.8).   

  

 
 

Figure 5.8 – IL-6 mRNA expression  
 

 
A significant increase in IL-6 expression occurred in placebo irradiated 

individuals, as compared to placebo non-irradiated individuals. However, there was a 

non-significant decrease in IL-6 expression in AR-447 irradiated individuals, as 

compared to AR-447 non-irradiated individuals.  

To further demonstrate the presence of IL-6, immunohistochemistry was 

performed (Figure 5.9).  
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Figure 5.9 – Immunohistochemistry staining in detection of presence of IL-6. IL-6 presence indicated by 

purple coloring. 

 

 An increase in IL-6 presence was observed in placebo irradiated individuals, as 

compared to placebo non-irradiated individuals. In addition, the presence of IL-6 

observed in AR-447 non-irradiated individuals was comparable to that observed in 

placebo non-irradiated individuals. The presence of IL-6 appeared to remain unchanged 

in AR-447 irradiated individuals, as compared to AR-447 non-irradiated individuals.  
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5.3 Discussion 

 

 The conclusions drawn from the findings of this study are consistent with those of 

the previous studies performed (Chapters 3 and 4). The data collected from this study 

further supports the suggestion that, within the particular animal model utilized, pro-

inflammatory cytokines, including IL-1, IL-6, and TNFα, do not play a significant role in 

radiation-induced bone loss. By therapeutically blocking the transcription of these 

cytokines, it was expected that the up-regulation of any cytokines in response to the 

functional block of another cytokine would be inhibited, thereby preventing radiation-

induced bone loss. However, therapeutically blocking the transcription of these cytokines 

did not prevent radiation-induced bone loss, with declines in bone volume fractions 

comparable to those observed in Chapters 3 and 4.  

 Real-time polymerase chain reaction was performed to detect the levels of mRNA 

expression of IL-1, IL-6, and TNFα in all groups. Increased expression levels of IL-1, IL-

6, and TNFα were expected to be observed in placebo irradiated samples, as compared to 

placebo non-irradiated samples. It was also expected that AR-447 treatment would 

decrease the expression of IL-1, IL-6, and TNFα in non-irradiated and irradiated groups, 

as compared to the respective placebo treated groups. Treatment with AR-447 did reduce 

the expression of IL-1, IL-6, and TNFα in irradiated groups, as compared to non-

irradiated groups.  

 In addition to real-time polymerase chain reaction, immunohistochemistry was 

also performed in order to detect the presence of IL-1, IL-6, and TNFα in all groups. It 
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was expected that the presence of all cytokines would correlate to the levels of mRNA 

expression of the respective cytokines. The presence of IL-1, IL-6, and TNFα appeared to 

increase in placebo irradiated individuals, as compared to placebo non-irradiated 

individuals, while AR-447 irradiated individuals experienced a decreased presence of all 

cytokines, as compared to AR-447 non-irradiated individuals.  

 The p38 MAPK signal transduction pathway is important in the expression of pro-

inflammatory cytokines, including IL-1, IL-6, and TNFα [6-8]. Studies have 

demonstrated the significant role that p38 MAPK plays in inflammation, by utilizing 

blockers of p38 MAPK to reduce inflammation and inhibit rheumatoid arthritis in rodents 

[46]. In addition, p38 MAPK has been shown to play a role in osteoclast differentiation, 

suggesting that this signal transduction pathway could be a potential target for therapies 

focused on preventing bone loss [8, 47].  

While the mechanism of action of the p38 blocking molecule AR-447 is 

proprietary information, the compound did appear to down regulate the action of p38 

MAPK, as demonstrated by the decreased presence and expression of IL-1, IL-6, and 

TNFα. However, even though the action of p38 MAPK, radiation-induced bone loss was 

not successfully prevented, further supporting the findings of the previous chapters; 

within the particular animal model utilized, IL-1, IL-6, and TNFα do not play a 

significant role in radiation-induced bone loss.  
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CHAPTER 6 – SUMMARY & CONCLUSION 

 

 Bone fractures greatly decrease an individual’s quality of life, as well as increase 

an individual’s risk for further complications, including death. Radiation exposure causes 

bone loss, increasing the risk of fracture [2, 3]. Exposure to ionizing radiation, 

particularly in the context of cancer patients receiving radiotherapy, results in damage to 

normal (non-tumor) tissue, including bone. Radiation-induced tissue damage results in an 

inflammatory response, which is characterized by the increased presence of pro-

inflammatory cytokines, including IL-1, IL-6, and TNFα, all of which are active 

stimulators of bone resorption [4, 5]. In order to better develop therapies to decrease the 

bone loss experienced by patients following radiotherapy, the mechanistic roles of these 

cytokines in the activation of osteoclasts needed to be determined.  

 The objective of this thesis was to determine the individual and combined effects 

of IL-1, IL-6, and TNFα as they relate to bone loss after radiation exposure. It was 

hypothesized that the up regulation of pro-inflammatory cytokines (IL-1, IL-6, and 

TNFα), after irradiation leads to the rapid activation of osteoclasts and subsequent bone 

loss.  

 This thesis provided confirmation that acute exposure to ionizing radiation results 

in a decline of bone volume and deterioration of micro-architecture. However, no causal 

mechanism of radiation-induced bone loss was established from this thesis, specifically 

concerning the blocking of inflammatory mediators to inhibit bone loss. The main 

observations from this thesis include: 
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 As determined by RT-PCR and immunohistochemistry, an increase in pro-

inflammatory cytokine (IL-1, IL-6, and TNFα) presence and expression occurred 

as early as 24 hours after irradiation, as compared to non-irradiated samples.    

 Use of an IL-1β receptor deficient (B6.129S7-Il1r1tm1Imx/J) rodent model did not 

prevent radiation-induced bone loss, as compared to wild type (B57BL/6J). 

 Use of an IL-6 deficient (B6.129S2-Il6tm1Kopf/J) rodent model did not prevent 

radiation-induced bone loss, as compared to wild type (B57BL/6J).  

 Use of a TNFα deficient (B6.129S-Tnftm1Gkl/J) rodent model did not prevent 

radiation-induced bone loss, as compared to wild type (B57BL/6J).  

 Use of a TNFα/IL-1β receptor deficient (B6.129S-Tnfrsf1atm1ImxIl1r1tm1Imx/J) 

rodent model did not prevent radiation-induced bone loss, as compared to wild 

type (B57BL/6J).   

 Administration of TNF-binding protein (Enbrel), IL-1 receptor antagonist 

(Kineret), or a combination of the two did not inhibit radiation-induced bone loss, 

as compared to treatment with placebo.  

 Administration of Enbrel, Kineret, or a combination of the two did not prevent an 

increased presence of IL-1, IL-6, and TNFα, as compared to treatment with 

placebo.   

 Administration of a p38 blocking molecule (AR-447) did not prevent radiation-

induced bone loss, as compared to treatment with placebo.   
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 Administration of AR-447 reduced IL-1, IL-6, and TNFα mRNA expression, as 

well as IL-1, IL-6, and TNFα presence after radiation exposure, as compared to 

treatment with placebo.   

 

The findings of the studies performed in this thesis suggest that, within the particular 

animal model utilized, the pro-inflammatory cytokines IL-1, IL-6, and TNFα do not play 

a significant role in radiation-induced bone loss. Increased presence and expression of IL-

1, IL-6, and TNFα was observed after irradiation. Therefore, it was expected that, if these 

cytokines activate osteoclasts, inhibiting the action of these cytokines would prevent 

radiation-induced bone loss. However, by genetically or therapeutically blocking these 

cytokines, radiation-induced bone loss was not prevented, suggesting the possibility that 

these cytokines are not responsible for the radiation-induced activation of osteoclasts, as 

was originally hypothesized in this thesis.  

 

Future Studies 

 

 Exposure to ionizing radiation results in the formation of reactive oxygen species 

(ROS) from water within tissues or cells [48]. ROS are also produced during the 

respiratory burst of macrophages, as macrophages respond to cell and tissue injury from 

radiation exposure. ROS, including superoxide anion radical, hydrogen peroxide, and 

hydroxyl radical, are able to damage DNA, resulting in cell and tissue damage [5]. ROS 

have also been shown to stimulate inflammatory conditions by activating nuclear factor 
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κB (NF-κB), increasing expression of receptor activator of NF-κB ligand (RANKL), as 

well as increasing expression of pro-inflammatory cytokines, including IL-1, IL-6, and 

TNFα [49-51]. ROS have the ability to: directly activate osteoclasts; stimulate 

differentiation of osteoclasts and osteoclast resorption; activate NF-κB pathway, which 

leads to the activation of osteoclasts [49, 52].  

This information suggests that ROS may play a role in radiation-induced bone 

loss, through the activation of osteoclasts. In order to better understand the mechanisms 

involved in radiation-induced bone loss, it would be beneficial to investigate the roles of 

ROS, particularly through inhibiting their formation with an anti-oxidant compound.    
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