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ABSTRACT 

 

 

INVESTIGATION OF  DRUG-RELATED CHANGES ON BONE TISSUES 

OF RAT ANIMAL MODELS IN HEALTHY AND DISEASE STATES 

 

 

Garip, Şebnem 

PhD, Department of Biochemistry 

Supervisor: Prof. Dr. Feride Severcan 

Co-Supervisor: Assist. Prof. Dr. Sreeparna Banerjee 

 

 

September 2012, 204 pages 

 

 

Disease- and drug-related bone disorders are rapidly increasing in the population. 

The drugs which are used for the treatment of neurodegenerative diseases and 

metabolic derangements, may have negative or positive effects on bone tissues.  

 

In the first study, the possible side-effects of Carbamazepine and epileptic seizures 

on bone structure and composition were investigated by FTIR and synchrotron-

FTIR microspectroscopy, AFM and micro- and nano-hardness analysis. The 

effects on the blood parameters, bone turnover and vitamin D metabolism were 

also investigated by ELISA and western blot analysis. The current study provides 

the first report on differentiation of the effects of both epileptic seizures and AED 

therapy on bones. Besides Carbamazepine treatment, seizures also caused a 

decrease in the strength of bone. The biochemical data showed that both the 

epileptic and drug-treated groups decreased vitamin D levels by increasing the 

vitamin D catabolism enzyme; 25-hydroxyvitamin D-24-hydroxylase. 
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In the second study, the possible pleiotropic (positive) effects of cholesterol 

lowering drug; Simvastatin on bones were investigated by ATR-FTIR 

spectroscopy. The current study provides the first report on dose-dependent effects 

of simvastatin on protein structure and lipid conformation of bones. ATR-FTIR 

studies showed that although both high and low dose simvastatin strengthen bones, 

low dose simvastatin treatment is much more effective in increasing bone strength. 

Neural network analysis revealed an increased antiparallel and aggregated beta 

sheet and random coil in the protein secondary structure of high dose group 

implying a protein denaturation. Moreover, high dose may induce lipid 

peroxidation which limit the pleiotropic effects of high dose treatment on bones. 

This study clearly demonstrated that using low dose simvastatin is safer and more 

effective for bone health than high dose simvastatin treatment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Key words: Bone, anti-epileptic drug (AED) Carbamazepine, cholesterol lowering 

drug Simvastatin, CYP enzymes, Fourier transform infrared (FTIR) 

microspectroscopy, Synchrotron-FTIR (SR-FTIR) microspectroscopy, attenuated 

total reflection- FTIR (ATR-FTIR) spectroscopy, atomic force microscopy (AFM), 

biomechanical tests. 
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ÖZ 

 

 

SIÇAN HAYVAN MODELLERİNDE KEMİK DOKUSUNDAKİ İLACA 

BAĞLI DEĞİŞİMLERİN SAĞLIK VE HASTALIK DURUMLARINDA 

ARAŞTIRILMASI 
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Tez Yürütücüsü: Prof. Dr. Feride Severcan 

Ortak Tez Yürütücüsü: Yrd. Doç. Dr. Sreeparna Banerjee 

 

 

Eylül 2012, 204 sayfa 

 

 

Hastalık ve ilaç alakalı kemik bozuklukları toplumda hızla artış göstermektedir. 

Sinir dokusunun bozulumu ile ilgili hastalıkların ve metabolik dengesizliklerin 

tedavisinde kullanılan ilaçlar, kemik dokusu üzerinde negatif etki veya pozitif etki 

gösterebilirler.  

 

İlk çalışmada, Karbamazepin ve epileptik nöbetlerin kemik dokusu üzerindeki 

olası yan etkileri, FTIR, sinkrotron-FTIR mikrospektroskopisi, AFM ve mikro- ve 

nano-sertlik ölçüm analizleri ile incelenmiştir. Mevcut çalışma ile hem epileptik 

nöbetlerin hem de ilaç tedavisinin kemik dokusu üzerindeki etkileri ayırt edilerek, 

ilk kez rapor edilmektedir. Karbamazepin'in yanısıra, epilepsi ve epileptik nöbetler 

de kemik güçlülüğünde azalmaya neden olmaktadır. Biyokimya çalışmalarında, 

hem epileptik hem de ilaç verilmiş sıçanların, vitamin D katabolizmasını sağlayan 
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25-hidroksivitamin D-1α-hidroksilaz enziminde artışa neden olarak, vitamin D 

yetersizliğine neden olduğu görülmüştür.  

 

İkinci çalışmada, sıklıkla kullanılan bir kolesterol düşürücü ilaç olan 

Simvastatin'in olası pleyiotropik (pozitif) etkileri (ATR)-Fourier kızılötesi 

dönüşüm (FTIR) spektroskopisi ile incelendi. Mevcut çalışma Simvastatin'in 

kemik protein yapısı ve lipit konformasyonu üzerindeki doza bağlı etkilerini 

inceleyen ilk çalışmadır. ATR-FTIR çalışması, hem düşük hem de yüksek dozun 

kemik dokularını güçlendirmesine rağmen düşük dozun kemiği güçlendirmede 

daha etkili olduğunu göstermiştir. Yapay sinir ağları analizi, yüksek doz da tibia 

kemik dokusunun protein ikincil yapılarında, antiparalel ve agrega beta plaka 

tabakasında ve düzensiz sargıda bir artma olduğunu ve buna bağlı olarak protein 

yapı bozukluğunu göstermiştir. Ayrıca, yüksek doz Simvastatin tedavisi lipit 

peroksidasyonuna ve lipit membranı düzensizliğine neden olabilmektedir. Lipit 

peroksidasyonu yüksek doz Simvastatin'in kemik dokusu üzerindeki pleyiotropik 

etkilerini kısıtlayabilmektedir. Bu çalışma sonuçları göstermektedir ki, düşük doz 

Simvastatin kullanımı kemik dokusu üzerinde hem daha etkili sonuçlar 

vermektedir, hem de  yüksek doz kullanımına nazaran daha güvenlidir.  

 

 

 

 

Anahtar Kelimeler: Kemik, antiepileptik ilaç Karbamazepin, kolesterol düşürücü 

ilaç Simvastatin, CYP enzimleri, Fourier kızılötesi dönüşüm (FTIR) 

mikrospektroskopisi, sinkotron-FTIR (SR-FTIR) mikrospektroskopisi, 

Hafifletilmiş toplam yansıtma (ATR)-Fourier kızılötesi dönüşüm spektroskopisi, 

atomik güç mikroskobu, biyomekanik testleri.  
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CHAPTER 1 

 

 

  INTRODUCTION 

 

 

In this chapter, firstly a brief information about the structure and composition of 

the bone tissue and the factors that affect bone metabolism and turnover were 

given. The vitamin D metabolism was also summarized. Moreover, 

Carbamazepine and Simvastatin drugs used in this study, were described with their 

disease states; epilepsy and hypercholesterolemia, respectively. Besides the 

importance of the animal studies, the features of the rat groups used in the present 

study were also explained in this chapter. The last section presents the biophysical 

and biomechanical techniques applied in the current study. 

 

1.1 Bone Composition and Structure 

 

Bones are stiff organs as a part of the skeletal system of vertebrates. They are 

multifunctional in that they provide countenance and protect the diverse organs of 

the body, endow the body with the capability of movement, store minerals, and 

function in hematopoiesis. Bones are formed in a diversity of shapes and have a 

complicated external and internal structure. There are 206 separate bones in an 

adult (Gentry and Bramblett, 1988). 

 

The connection between the structure and mechanics of bones are very important 

for medical research, since the bone strength relys on bone mass, composition, 

microatrhitecture and material features. Understanding of the pathophysiology of 
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bone disease and enhance the diagnosis and cure of the bone diseases, 

understanding the structure and composition of bones is necessary.  

 

There are two different regions in the mature bone called the cortical (compact) 

and trabecular (cancellous) bones. Cortical bone which counts ~80% of the total 

bone mass, is found in the shafts of long bone tissues including femur and tibia 

and radius and outer surfaces of the flat bone tissues including skull, mandible and 

scapula.  Its porosity is 5–30% (Hall, 2007). Trabecular bone is found primarily at 

the end of long bone tissues and the inner parts of flat bone tissues. Trabecular 

bone constitutes the remaining 20% of the skeleton and its porosity is 30–90% 

(Hall, 2007). The microscopic difference between cortical and trabecular bone is 

that cortical is composed of haversian sites and osteons, while the latter does not 

(Figure 1.1).  

 

 

 

 

Figure 1.1 Organization in a long bone (A). B, C, and D: cancellous bone; B′, C′, 

and D′: cortical bone (Adopted from Kelly, P.J., 2011 with permission). 
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 1.1.1 Molecular Structure 

 

Bone is consisted of 50-70% mineral, 20-40% organic matrix, 5-10% water, and 

<3% lipids. Mineral part of bone contributes mechanical stiffness and load-bearing 

strength to bone, while the matrix part contributes elasticity and flexibility. The 

bone mineral is mainly hydroxyapatite [Ca10(PO4)6(OH)2], with lower amounts of  

carbonate which substitutes for both phosphate and hydroxyl ions in the crystals 

(Bazin et al., 2009). Bone matrix is mainly consist of collagenous proteins in 

which 85 to 90% of them is type I collagen with small amounts of other type 

collagens including types III, V and FACIT (Fibril-Associated Collagens with 

Interrupted Triple Helices). The triple-helix structure of type I collagen is essential 

for the unity and function of bones. The structure of type I collagen and the cross-

links are discussed in the next subsection of this part.  

 

The remained bone proteins are noncollagenous proteins which have role in 

regulating matrix mineralization and proliferation and activity of bone cells. These 

noncollagenous proteins are proteoglycans, glycoproteins and γ-glutamic acid-

containing proteins (Zu et al., 2007). Although they are not as abundant as the 

collagenous proteins, their importance cannot be under valued in bone physiology. 

 

1.1.1.1 Type I Collagen Structure and Collagen Cross-Linking 

 

The confirmed definition of collagen is: “ structural proteins of the extracellular 

matrix which contain one or more domains harboring the conformation of a 

collagen triple helix ” (Bou-Gharios and de Crombrugghe, 2008). The triple-helix 

structure is consist of 3 polypeptide chains consisting of Gly-X-Y repeats of amino 

acid sequence (van der Rest and Garrone, 1991).  

 



 4 

In fibrils, collagen molecules are parallel to each other. Hydroxyapatite crystals 

are found in these gaps between collagens. A lysine oxidase enzyme deaminates 

some of the lysyl and hydroxylysyl residues which results in an increase in 

aldehyde derivatives in fibrillogenesis. These aldehydes correlate with a lysyl or 

hydroxylysyl residue of neighbor molecules, constructing interchain cross-links. 

They are necessary for the elasticity of the fibrils (van der Rest and Garrone, 

1991). 

 

Among the major cross links, pyrrolic cross links are reducible with NaBH4 and 

named reducible cross links and pyridinium cross links; pyridinoline (PYD) and 

deoxypyridinoline (DPD) are non-reducible and named non-reducible cross links 

(Paschalis et al., 2004). The reducible cross links are known as intermediates since 

they convert to non-reducible cross-links during maturation of the tissue.  

 

 1.1.2.Cellular Structure 

 

There are two types of bone cells. Osteoclasts which resorb (dissolve) the bone. 

Osteoblast family that includes bone forming cells; osteoblasts, osteocytes which 

has role in maintaining bone, and lining cells which cover the surface of the bone. 

 

1.1.2.1 Osteoclasts 

 

Osteoclasts grow up (osteoclastogenesis) from hematopoietic cells of the 

monocyte/macrophage lineage cells. The osteoblasts/stromal cells are essentially 

included in osteoclastogenesis. Cell-to-cell contact of osteoclast progenitors with 

osteoblasts/stromal cells is necessary for stimulating differentiation of osteoclasts 

(Suda et al., 1997b). Macrophage colony stimulating factor (M-CSF) produced by 

osteoblasts/stromal cells is a crucial factor for stimulating the differentiation of  

osteoclasts from monocyte/macrophage lineage cells. Another crucial factor for 
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osteoclast development is receptor activator of nuclear factor κB ligand (RANKL). 

RANKL which is a membrane associated protein, is expressed in 

osteoblasts/stromal cells as a response to several factors; 1α,25-dihydroxyvitamin 

D3 [1α,25(OH)2 D3], parathyroid hormone (PTH), and interleukin 11 (IL-11). In 

the presence of M-CSF, osteoclast precursors which have RANK (receptor 

activator of nuclear factor κB), recognize RANKL and differentiate into 

osteoclasts. RANKL enhances bone resorption activity of mature osteoclasts 

which also have RANK. Osteoprotegerin (OPG) produced by osteoblasts/stromal 

cells, is a lure receptor for RANKL. OPG functions as an inhibitory factor for 

osteoclastogenesis.  

 

1.1.2.2 Osteoblasts 

 

Osteoblasts are derived from mesenchymal stem cells (MSCs). When an osteoblast 

is in its terminal differentiation stage and resides entrapped in its self produced 

bone matrix it is called an osteocyte. Osteocytes are the most abundant cells in 

bone and are believed to maintain the bone by sensing mechanical strains and bone 

damage (Seeman and Delmas, 2006). Another bone cell that is derived from 

osteoblasts is the lining cell; lining cells cover the bone surfaces and thereby 

separate the bone surface from the bone marrow. However, the exact function of 

bone lining cells remains unclear (Parfitt, 2001). 

 

PTH is an important external factor, since it increases bone mineral density and 

improves bone mechanical strength, when administered intermittently (Ejersted et 

al., 1993). As an anabolic effect on bone formation, PTH increases  differentiation 

of skeletal progenitor cells, osteoblast activity, and osteoblast maintenance 

(Schmidt et al., 1995). PTH which binds to the PTH/PTHrP receptor, induces the 

interaction of the receptor with G proteins resulting in the production of cAMP, 

activation of protein kinase A (PKA) (Jouishomme et al., 1994) and protein kinase 
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C (PKC) via phospholipase D (PLD) (Radeff et al., 2004). However, a recent 

study (Tian et al., 2011) reported that PTH effects osteoblasts not only via the 

cAMP/PKA pathway but also via Wnt/β-catenin-dependent pathways.   

 

1.2 Bone Remodeling (Bone Turnover) 

 

The aim of bone turnover is to maintain bone strength by removing damaged bone 

and to regulate calcium homeostasis (Parfitt, 2002; Seeman, 2008). The two main 

steps of remodeling which are osteoclast bone resorption and osteoblast bone 

formation, occur consecutively (Seeman, 2008). The resorption step removes 

damaged bone and is important bone health. It is an also essential process for 

calcium regulation since it releases stored calcium into the blood circulation. The 

formation step restores bone‟s structure by replacing the same volume of removed 

bone with normal bone.  

 

Measurement of the bone turnover markers in the serum, gives information about 

the bone formation and resorption which affect bone mass and bone quality. In the 

in vivo resorption models, measurement of C-telopeptide gives the information 

about the total activity of osteoclastic resorption (Henriksen et al. 2004). 

Measuring C-telopeptide release under antiresorptive treatment including 

bisphosphonates, will reflect the activity of osteoclastic resorption (Schaller et al. 

2004, Karsdal et al. 2005). In vivo measurements of bone formation are mainly 

limited to measuring alkaline phosphatase (ALP) in the serum (Rawadi et al. 

2003). Measurement of osteocalcin is also present in the studies (Torricelli et al. 

2002, Eghbali-Fatourechi et al. 2005). 
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1.3 Vitamin D and Bone Metabolism 

 

Vitamin D has a crucial role for bone health since calcium homeostasis is 

maintained by increased calcium absorptionin intestines by vitamin D. 

Cholecalciferol (D3) which is either found in foods of animal origin, or  produced 

endogenously by sun-light from 7-dehydrocholesterol present in the skin 

epidermis, is the main form of vitamin D. Vitamin D3 is biologically inactive but 

after liver and kidney hydroxylations, it becomes biologically active. 

 

After absorption or production from precursor, the production of 25-

hydroxyvitamin D (25OHD) takes place in the liver by the regulation of the 

enzyme 25-hydroxylase (CYP27B1). The level of 25-hydroxyvitamin D in serum 

is the main parameter for vitamin D status (De Luca 1979). 25OHD is converted to 

1,25-dihydroxyvitamin D (active form of vit. D) by 1-α-hydroxylase (CYP27A1) 

in the kidney (Horst and Reinhardt 1997). 25OHD is also converted to the 

biologically inactive form; 24,25-dihydroxyvitamin D by 24-hydroxylase (CYP24) 

in the kidneys (Figure 1.2).  
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Figure 1.2 Vitamin D metabolism and function. 

 

 

1.3.1 The role of Vitamin D and PTH in Bone Metabolism 

 

1α,25(OH)2D3 which regulates the development and function of osteoblasts, also 

has a role in the alkaline phosphatase expression, collagen, and osteocalcin in 
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osteoblasts (Colvard et al 1989). It also induces bone resorption by activating 

osteoclasts (Merke et al 1986).   

 

Besides 1-alpha-dihydroxy vitamin D, PTH increases bone resorption by 

increasing the osteoclast amount and activity (Bingham et al 1969). However only 

osteoblasts have got VDR which replys to 1-alpha-dihydroxy vitamin D, and 

PTH/PTHrP receptors for PTH. Thus, it can be a proof for mediating the 

resorption process through osteoblasts (McSheely and Bibby 1985). As mentioned 

in "Osteoclasts" section (Section 1.1.2.1), it has been reported that PTH and 1-

alpha-dihydroxy vitamin D enhance the RANKL expression in osteoblasts, which 

bolster osteoclast development and bone resorption. 

 

PTH and 1-alpha-dihydroxy vitamin D together retains calcium homeostasis in 

serum. Reduced serum calcium concentration and elevated serum phosphate 

concentration result in elevated levels of PTH (Fine et al 1993), which stimulates 

the production of 1-alpha-dihydroxy vitamin D. Increasing in serum calcium level 

inhibits the production of PTH (Herfarth et al 1992a). In addition, 1-alpha-

dihydroxy vitamin D blocks the PTH gene transcription (Holick 1994). 

 

Some medications including anticonvulsants, decrease serum 25OHD 

concentration. Taking medication may also affect the vit. D metabolism in kidneys 

and liver (Mosekilde et al 1977).  

 

1.4 Epilepsy, Seizures and Anti-epileptic Drugs (AEDs) 

 

Epilepsy (Greek word means "attack") is the most common serious neurological 

disorder of the nervous system, affecting ~1–2% of the population worldwide 

(McHugh et al., 2008). Recurring seizures because of immoderate discharge of 

cerebral neurons are the characteristic of epilepsy. "Seizure occurs when cell may 
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fire as many as 500 times a second, much faster than the normal rate of about 80 

times a second in the brain" (DeLorenzo et al., 2005). This excessive neuronal 

activity can cause strange emotions, sensations, and behavior, or sometimes 

muscle spasms, convulsions, and loss of consciousness (McNamara, 1994; de 

Sousa et al., 2006). The incidence of epilepsy is 6 per 1000 people a year in 

developed countries according to the records of WHO (Hauser et al., 1993; 

McNamara, 1999) while it is 7 per 1000 people a year in Turkey (Aziz et al., 

1997). 

The classification of epileptic seizures based on seizure type, etiology, provoking 

factors and age of onset was proposed by the International League Against 

Epilepsy (ILAE) in 1981. ILAE has been working on a recent classification based 

on seizure type, syndrome, etiology and impairment (Blume et al., 2001). 

Epileptic seizures are categorized mainly into two groups due to the origin of the 

epileptic seizure in the brain is either localized (partial seizures) or distributed 

(generalized seizures). In partial seizures, awareness can be affected (complex 

partial seizure) or not (simple partial seizure). Moreover, a partial seizure may 

spread in the brain which is called secondary generalization (Figure 1.3).  
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Figure 1.3 Types of seizures according to the localization. A) Primary Generalized 

Seizure, B) Partial Seizure, C) Partial Seizure with Secondary Generalization. 

 

 

Generalized seizures are divided into subgroups based on their effects on the 

system. All subgroups include consciousness loss. They are absence (petit mal), 

myoclonic, clonic, tonic, tonic-clonic (grand mal) and atonic seizures (Lothman et 

al., 1991; McNamara, 1999). This classification is important since each seizure 

type responds differently to medication (Engel, 1992; Dam, 1996). Among 

generalized seizures, absence seizures will be discussed in this study. 

 

Absence epileptic seizures are obvious as short episodes such as 1 to 10 seconds of 

staring and unresponsiveness. Mostly there are not other evidents (Shneker and 

Fountain, 2003).  
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In a convulsion, first body muscles contract and then relax rapidly and continuesly, 

inducing an uncontrolled shaking of the body. Although convulsion is often a 

symptom of an epileptic seizure (convulsive seizures), not all epileptic seizures 

lead to convulsions (non-convulsive seizures). Absence seizures are non-

convulsive seizures with minimal or no body movement. There are also mixed 

form of epilepsies which are absence epilepsies with both non-convulsive and 

convulsive seizures. Mixed form epilepsies are frequently resistant to AED 

treatment (refractory) (Midyanovzkaya et al., 2004). This kind of epilepsy is in the 

scope of the current thesis, since genetically induced absence epileptic rats with 

convulsive seizures (mixed form of epilepsy) were used in the first study of the 

thesis. 

 

1.4.1 Treatment of Epilepsy 

 

There is no known cure for epilepsy. The aim of the treatment for epilepsy is to 

prevent epileptic seizures and abstain side effects. 

 

1.4.1.1 Anti-epileptic Drugs (AEDs) 

 

The first treatment is always the seizure therapy with medicines (also called anti-

epileptic drug (AED)). There have been approved drugs for the treatment of 

epilepsy since 19
th

 century. 

 

By using anti-epileptic drugs, many individuals with epilepsy are exposed to the 

side-effects of drug treatment (Matsuda et al., 1989). According to previous 

studies, anti-epileptic drug treatment can induce disorders of bone, mineral and 

vitamin D metabolism (Cohen et al., 1997; Tsukahara et al., 2002; Nowińska et al., 

2012). There are numerous reports of anti-epileptic-associated osteopenia or 

osteoporosis in adults (Weinstein et al., 1984; Valimaki et al., 1994; Okishi et al., 
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1996; Verotti et al., 2000; Feldkamp et al., 2000; Tsukahara et al., 2002; Mintzer 

et al., 2006; Chou et al., 2007; Kim et al., 2007; Menon and Harinarayan, 2010) 

and in children (Barden et al., 1982; Nishiyama et al., 1986; Ala-Houhala et al., 

1986; Timperlake et al., 1988; Takeshita et al., 1989; Chung et al., 1994; Sheth et 

al., 1995; Akin et al., 1998; Kafali et al., 1999; Erbayat et al., 2000; Gniatkowska-

Nowakowska, A., 2010; Shellhaas and Joshi, 2010). However, the exact 

mechanism of bone disorders is still not clarified.  

 

 

Table 1.1 Summary of AED development according to years. 

 

 

Year 

 

Generic Name 

 

Brand Name 

1912 Phenobarbital Phenobarb 

1938 Diphenylhydantoin Phenytoin 

1945 Trimethadione Tridione 

1960s Diazepam Valium 

1974 Carbamazepine Tegretol 

1978 Valproic acid Depakene 

1985+ Vigabatrin 

Lamotrigine 

Topiramate 

Oxcarbazepine 

Levetiracetam 

Sabril 

Lamictal 

Topamax 

Trileptal 

Keppra 

 

 

Antiepileptic drugs are classified as either enzyme inducing or non–enzyme 

inducing. Although, CYP450 enzyme inducing anti epileptic drugs 

(carbamazepine, phenobarbital, and phenytoin) are mostly correlated with vitamin 

D and bone disorders (Hoikka et al., 1981; Valimaki et al., 1994; Verotti et al., 

2000; 2002), it was reported that a cytochrome P450 enzyme inhibitor; valproate 
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may also induce disorders in bone metabolism (Sheth et al., 1995; Sato et al., 

2001; Guo et al., 2001; Pack et al., 2005). 

 

1.4.1.1.1 Mechanism of Bone Loss with AED Use 

 

Although a number of factors are reported to induce adverse effects on bone, the 

exact mechanisms for AED-related bone disorders have not been clarified, yet 

(Table 1.2).  

 

 

Table 1.2 Proposed factors related to AED-induced bone disorders (Valsamis et 

al., 2006). 

 

 

Abbreviations: PXR: Pregnane X receptor, DPH: phentyoin, PTH: parathyroid hormone 

 

 

Vitamin D levels have been shown to be decreased due to enzyme-inducing AED 

treatment such as Phenytoin and Carbamazepine. Low vitamin D levels may result 
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in bone loss by inducing low calcium levels (hypocalcemia), low phosphate levels 

(hypophosphatemia) and secondary hyperparathyroidism (Valsamis et al., 2006).  

 

It was hypothesized that vitamin D deficiency related to AED-use is regulated via 

the pregnane X receptor (PXR) (Pascussi et al., 2005) (Figure 1.4). DNA binding 

domain of the vit. D receptor has the sixty percent homology with the domain of 

pregnane X receptor which is also secreated in intestine, kidneys and liver. 

Pregnane X receptor was reported to induce the expression of CYP450 enzymes 

which have roles in the metabolism of drugs. Moreover, pregnane X receptor can 

be induced by various drugs such as phenytoin, and carbamazepine (Valsamis et 

al., 2006). It was shown that PXR activators can stimulate the expression of VDR 

target gene; CYP24. As mentioned before, CYP24 is an CYP450 enzyme which 

converts the 25-hydroxy vitamin D and 1-alpha-dihydroxy vitamin D to inactive 

vitamin D form resulting in a vit. D deficiency, hypocalcemia and secondary 

hyperparathyroidism. It may also result in increasing bone turnover and loss of 

bone. However, these factors are not enough to explain the reduced vit. D levels in 

VPA therapy since this drug is an inhibitor of CYP450 enzymes, and not a 

pregnane X receptor activator (Valsamis et al., 2006).  

 

Through the homology between VDR and PXR, PXR activation by AEDs may 

also affect osteoblast function and growth and maturation of osteoclasts resulting 

in adverse bone effects (Valsamis et al., 2006). 
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Figure 1.4 Representation of PXR-induced vitamin D catabolism. 

Diverse AEDs and other pharmaceutical agents activate PXR which 

results in the induction of CYP 24 enzyme which metabolises the 

active vitamin D to inactive form (Adopted from Valsamis et al., 2006 

with permission). 

 

 

1.4.1.1.2 Carbamazepine 

 

Carbamazepine which has been one of the most widely used and effective 

antiepileptic drugs for epilepsy treatment since 30 years (Landmark et al., 2007), 

can be used alone or with other seizure medicines to control complex partial 

seizures and generalized seizures. Besides epilepsy, it is also used for the treatment 

of neuropsychiatric disorders (Edgar et al., 2007), neuropathy (Colvin et al., 2008) 

and depression (Soares et al., 2007) in recent years. 
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Carbamazepine inhibits the seizures by blocking the presynaptic Na
+
 channels 

(Sitges et al., 2007). Voltage-gated Na+ channels are crucial for action potentials, 

and the mutains in these sodium channels are the reason for generalised epilepsies 

(Armijo et al., 2005). Na+ channels have three states which are resting, active and 

inactive states. In resting state, sodium channels enable the sodium transport into 

cells. In active state, sodium channels enable the excess transport of sodium into 

cells during an action potential. In inactive state, sodium channels do not enable 

the transport of any ion into cells. After the action potential is terminated, channels 

favor the inactive state for a limited time which is called refractory period (Ochoa 

et al., 2012). Carbamazepine prevents the continuous firing of the axons by 

stabilizing the inactive form of channels (Granger et al., 1995). 

 

Carbamazepine undergoes enzyme biotransformation through epoxidation with the 

formation of its nearly 30 metabolites as detected in human or rat urine 

(Lertratanangkoon and Horning, 1982; Schnabel et al., 1996). One main metabolic 

pathway is oxidation to carbamazepine-10,11-epoxide (carbamazepine epoxide) 

which is the drug‟s active anticonvulsive metabolite for epilepsy treatment. Other 

major pathways are the oxidations to 2-hydroxycarbamazepine and 3-

hydroxycarbamazepine which may play as precursors to the formation of protein-

reactive metabolites. It was suggested that these metabolites may be responsible 

for the drug‟s adverse effects such as anticonvulsant hypersensitivity syndrome 

(Lu et al., 2008). 

 

 1.4.1.1.3 Carbamazepine and Bone Disorders 

 

In literature, there are controversial results about the effects of Carbamazepine on 

bone tissues of epilepsy patients. Some of the clinical studies (Verrotti et al.,2000; 

2002; Andress et al., 2002; Farhat et al., 2002; Vestergaard et al., 2004; Crawford 

et al., 2005; Song et al., 2005; Kumandas et al., 2006; Mintzer et al., 2006; Chou et 
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al., 2007; Kim et al., 2007; Mintzer, S., 2010; Beerhorst et al., 2011; Nowińska et 

al., 2012) reported that Carbamazepine therapy decrease the bone mineral density 

(BMD) and causes the disorders in bone metabolism. However, some other 

clinical studies (Hoikka et al., 1984; Ala-houhala et al., 1986; Sheth et al., 1995; 

Akın et al., 1998; Kafali et al., 1999; Erbayat et al., 2000; Ecevit et al., 2004; 

Tekgul et al., 2006; Gissel et al., 2007; Suzuki et al., 2007; Pack AM, 2008; Misra 

et al., 2010; Pack et al., 2011) showed no significant differences in the BMD of 

epileptic patients treated with Carbamazepine. All these studies reported the 

effects of the drug only in epileptic patients. There is no study which investigates 

the effect of Carbamazepine on bone tissues of healthy animal models or patients 

without interfering with any disease. Moreover, in the studies mentioned above, 

epileptic patients had epileptic seizures besides the anti-epileptic drug treatment, 

thus it was not clarified that the effects on bone metabolism in epileptic patients 

are due to anti-epileptic drug treatment or also from epileptic seizures. Only the 

effect of epilepsy and epileptic seizures on bone tissues haven't been studied yet. 

Thus, up to now the effects of epileptic seizures and the effects of Carbamazepine 

on bone tissues, can not be differentiated from each other.  

 

The certain mechanisms for possible side-effects of CBZ on bone tissues have not 

been clarified yet. The possible mechanisms by which Carbamazepine determines 

alterations of bone metabolism may be multiple: (1) increased catabolism or 

decresed anabolism of active vitamin D by inhibiting or stimulating CYP enzymes, 

(2) effect on vitamin D metabolism without alteration on CYP ezymes, and (3) a 

direct effect on bone turnover dependent or independent of vitamin D and/or PTH 

(Feldkamp et al., 2000; von Borstel et al., 2007). For this reason, we aimed to 

clarify and differentiate the effects of Carbamazepine and epileptic seizures on 

bone tissues and clarify the action mechanism of anti-epileptic drug and seizures 

on vitamin D and bone metabolism. 
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1.5 Hypercholesterolemia and Statins 

 

The high levels of cholesterol in blood is called hypercholesterolemia  (Biggerstaff 

and Wooten, 2004). Cholesterol is a sterol which is found in the structure of 

membranes and also is the precursor of vitamin D.  

 

Cholesterol is transported in the blood within lipoproteins, since it is insoluble in 

water. Lipoproteins are grouped based on the density of lipids in their structure 

which are namely; very low density (VLDL), intermediate density (IDL), low 

density (VDL) and high density (HDL) lipoproteins (Kontush and Chapman, 

2006). All lipoproteins carry cholesterol, but very high concentration of LDL 

cholesterol is related with an increased risk of atherosclerosis and coronary heart 

diseases (Hooper et al., 2012).  

 

1.5.1 Treatment of Hypercholesterolemia 

 

In adults to decrease total blood cholesterol and LDL, reducing dietary fat is 

commonly adviced (Sweetman S.C., 2009). However diet is not often sufficient to 

lower LDL in people with very high cholesterol and cholesterol-lowering drugs 

are usually required (Reamy and Stephens, 2007). 

 

1.5.1.1 Statins (HMG-CoA Reductase Inhibitors) 

 

Statins which are called HMG-CoA reductase inhibitors due to their inhibiting 

ability of HMG-CoA reductase enzyme, are taken for decreasing 

cholesterol concentration. In liver, this enzyme plays an essential role in the 

production of cholesterol. In recent years, statin drugs are also taken in patients 

with a high risk of cardiovascular diseases (Kontush and Chapman, 2006).  
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Atorvastatin (brand name; Lipitor) was chosen as the best selling pharmaceutical 

in US history with 12.4 billion, according to Pfizer records in 2008. Since 2010, 

several statins have been marketed including atorvastatin, fluvastatin, lovastatin, 

pitavastatin, pravastatin, rosuvastatin and simvastatin.  

 

Statins work by competitive inhibiting of HMG-CoA reductase which has a role in 

rate limiting step in the mevalonate pathway. Since statins have a quite similar 

homology with HMG-CoA in molecular structure, they steal the place of HMG-

CoA in the enzyme and decrease the rate of the pathway in which mevalonate, 

cholesterol and a number of other compounds are produced (Bonetti et al., 2003). 

 

1.5.1.1.1 Mevalonate Pathway and Statins 

 

Cholesterol is supplied into cells via the mevalonate pathway in endoplasmic 

reticulum by the synthesis from acetyl coenzyme A (CoA) with the rate limiting 

step of HMG-CoA reductase (Tsuchiya et al., 2010) (Figure 1.5).  

 

Through the main pathway, FPP seperates into 2 ways in which GTP coupling G 

proteins including Ras are farnesylated and small G proteins including Rac, Rab, 

and Rho are geranylgeranylated (Takai et al., 2001; Kowluru A., 2003) (Figure 

1.17).  

 

The overall benefits of statins seem to be more than alterations in only lipid levels 

(Sorrentino and Landmesser, 2005). Recent studies show that there are cholesterol 

independent or “pleiotropic” effects of statin drugs on the immune system, central 

nervous system, and bone (Garip et al., 2010a; 2010b; Li et al., 2011). Most of 

these effects are regulated by the isoprenoid inhibition. Especially, inhibiting the 

isoprenylation of small GTP-binding proteins play an essential role in the positive 
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effects of statin drugs (Stüve et al., 2003; Chen et al., 2010). Herein, among the 

pleiotropic effects of statins, we focus on their effects on bone tissues.  

 

 

 

 

 

Figure 1.5 Mevalonate pathway.  

 

 

1.5.1.1.2 Pleiotropic Effects of Statins on Bone 

 

It was firstly reported in a study in late 1999 that statin drugs might directly affect 

bones (Mundy et al., 1999). In this study, it was shown that two compounds, 
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lovastatin and simvastatin, stimulate the promoter of a bone morphogenetic 

protein-2 (BMP-2) in an osteoblast cell line. Since those findings and 

epidemiological studies have produced mixed results about the effects of statins on 

bone mineral density and fracture risk in humans. Some of them reported an 

increased BMD related with statin therapy (Chan et al., 2001; Maeda et al., 2001; 

Stein et al., 2001; Garrett and Mundy, 2002; Bauer et al., 2004; Luppattelli et al., 

2004; Rosenson et al., 2005; Wong et al., 2005; Lee et al., 2008; Fukui et al., 

2012), others reported no effect (Maritz et al., 2001; Van staa et al., 2001; Hsia et 

al., 2002; Yao et al., 2006; Anbinder et al., 2007; Rejnmark et al., 2010).  

 

The possibility that pleitropic effects on bone are through reduced cholesterol 

concentration appears unlikely, since the studies with nonstatin cholesterol-

lowering drugs showed no effect on bone. Statins may affect bone directly via 

osteoblastic cells (Chen et al., 2010; Wadagaki et al., 2011; Liu et al., 2012). 

Besides the stimulation of bone formation, statin drugs might also inhibit bone 

resorption as bisphosphonates by reducing the prenylation of GTP binding 

proteins, which blocks osteoclast activity (Fisher et al., 1999) and inhibits 

osteoblast apoptosis (Plotkin et al.,1999). "Further work is need to demonstrate if 

manipulating the cholesterol and mevalonate synthetic pathways can be used to 

increase bone formation and reduce the risk of fracture" (Edwards and Spector, 

2002). 

 

Up to now, mostly simvastatin, but also lovastatin and pravastatin have been 

reported as stimulating the bone formation (Mundy et al., 1999). Moreover, both 

simvastatin (Maeda et al., 2001) and pravastatin (Ohnaka et al., 2001) induced 

respectively, BMP-2 expression and osteocalcin to increase osteoblast 

differentiation in humans. Pravastatin, differently from other statins, is largely 

absorbed to liver by active transport (Hatanaka T., 2000) which results in a 

limitation of its availability on another site. This might explain some of the mixed 
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results due to ineffectiveness on bone, reported in the studies with paravastatin. All 

the other epidemiological studies were carried out with a less amount of patients 

taking pravastatin. 

 

Since just less than the 5% oral dose of a statin drug arrives the circulation, among 

the statins, simvastatin was shown to have highest doses in circulation after 

metabolized (Bellosta et al., 2000).  

 

1.5.1.1.3 Simvastatin 

 

Simvastatin (trade name; Zocor) is a synthetic derivative of a fermentation product 

of Aspergillus terreus. With its high performance in lowering cholesterol 

concentration, its tolerability and success in reducing the cardiovascular risk, 

simvastatin is one of the most commonly used statins (Collins et al., 2003; 

Szendroedi et al., 2009). 

 

1.5.1.1.4 Simvastatin and Bone 

 

Similar to anti-resorptive agents including bisphosphonates, simvastatin inhibits 

osteoclast generation by inhibiting the prenylation of certain GTP binding proteins 

(Rho, Rac, Rab etc.) (Cruz and Gruber, 2002; Jadhav and Jain, 2006). However, 

the relationship between the use of simvastatin and improvement of bone quality 

reported in the literature is still controversial. Some clinical and animal studies 

have reported positive effects of orally applied low dose (10-25 mg/kg/day) 

(Mundy et al., 1999; Chan et al., 2001; Maeda et al., 2001; Garrett and Mundy, 

2002; Bauer et al., 2004; Garip et al., 2010a; 2010b; Li et al., 2011; Du et al., 

2012) and high dose (40-80 mg/kg/day) (Mundy et al., 1999; Stein et al., 2001; 

Bauer et al., 2004; Luppattelli et al., 2004; Rosenson et al., 2005; Garip et al., 

2010a; 2010b) simvastatin on bone tissue by increasing bone formation through 
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induction of BMP-2. In addition, some earlier animal studies supported that 

simvastatin (0,1-5 mg/kg/day) has positive effects on bone defect healing when 

applied locally to the site of injury (Mundy et al., 1999; Wong and Rabie, 2005; 

Lee et al., 2008; Fukui et al., 2012).
 
In a recent dose-dependent study (Ma et al., 

2008), it was reported that high and low dose simvastatin treatment is effective to 

repair of bone defects when applied locally but ineffective to promote bone 

formation when applied orally. In another study (Anbinder et al., 2006), it was 

showed that low dose simvastatin treatment has no effect on tibial defects when 

applied both locally and orally. There are also clinical and animal studies that 

supported low dose (Maritz et al., 2001; Van staa
 
et al., 2001; Hsia

 
et al., 2002; 

Yao et al., 2006; Anbinder et al., 2007) and high dose (Hsia
 
et al., 2002)

 

simvastatin therapy has no effect on bone tissues. 

 

The exact mechanism for pleitropic effects of simvastatin on bone, has not been 

clarified yet. In a recent study, it was hypothesized that "simvastatin may support 

BMP-induced osteoblast differentiation through antagonizing TNF-α-to-

Ras/Rho/MAPK pathway and amplifying BMP-Smad signaling" (Yamashita et al., 

2008). In this study, cDNAarray analyses of BMP/TGF-β-signaling molecules 

showed stimulated expression of Smad-1,2,3 proteins in simvastatin-treated 

C2C12 cells. Thus, simvastatin-related increased in Smad expression may have a 

role in amplifying BMP-induced Smad-1,5,8 activation in the differentiation of 

osteoblasts (Figure 1.6). Yamashita et al. (2008) reported that in osteoblast 

differentiation simvastatin inhibits the phosphorylation of SAPK/JNK and ERK1/2 

pathways by preventing the Ras/Rho proteins. Prenylation is the essential process 

for the anchoring of Ras/Rho G-proteins to cell membrane. Statin drugs decrease 

membrane levels besides the Ras/Rho protein activation through inhibiting 

isoprenylation (Auer et al., 2002). It was suggested that this process is the cause of 

simvastatin effect for antagonizing TNF-α-to-MAPK pathway in cells (Yamashita 

et al., 2008) (Figure 1.6).  



 25 

 

 

Figure 1.6 A proposed mechanism of simvastatin in osteoblastic differentiation. 

(Adopted from Yamashita et al., 2008 with permission). 

 

 

1.6 The Importance of Animal Studies in Bone Research 

 

The mechanisms in charge of drug-induced bone diseases are numerous and can 

not be clarified, yet. Animal studies enable us to get rid of the all diverses due to 

life style, individual diseases. and conformity (Nissen-Meyer L.S.H., 2008). 

Whereas measurement of BMD is commonly used in the diagnosis of bone 

diseases, there are other factors which increase the fracture risk, independently 

from BMD (Pack and Morrell, 2004; Raisz L.G., 2005). Bone turnover which is 

measured via biochemical markers of bone formation and resorption, reflects the 

alterations in the rate of bone remodelling. Structural and material features 

including microarchitecture, geometry and mineral and matrix composition 

(Turner, C.H., 2002) which are determined by imaging and biomechanical 

techniques, also reflect bone strength. However, these bone quality evaluation 

techniques cannot be used in human studies in vivo. Thus, the fracture risk and 

bone mineral density measurement are the primary clinical endpoint. In contrast, 
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in animal studies both the imaging and biomechanical strength tests (bending and 

hardness tests) can be applied to get information about bone quality. 

 

Accumulating evidence that drug treatment may not only affect bone mass, but 

may also affect bone quality and strength (Pack, A., 2008) underline the need for 

animal model studies to estimate the positive and negative effects and mechanisms 

of action for drugs in bone tissue. Bone quality investigation in human is 

troubling, however studies with animals supply a system in which the effects of 

drugs on bone structutal features can be studies without interfering with any 

disease state or lifestyle (Nissen-Meyer L.S.H., 2008). 

 

1.6.1 Animal Models Used in The Present Study 

 

In the first study of the thesis, we used a genetically induced epileptic model; 

Wistar Albino Glaxo from Rijswijk (WAG/Rij rats) which closely resemble the 

model of genetically induced absence epilepsy in humans (Luijtelaar and 

Sitnikova, 2006) among the other models. The main advantage of studying with 

genetically induced epileptic model, is the elimination of the effects of epileptic 

agents like PTZ. WAG/Rij strain is an inbred strain with homozygous individuals. 

The seizure reply between human and rat is in close accordance according to the 

parmacological studies with effective antiepileptic drugs. The subgroup of 

WAG/Rij rats, is genetically sloped to non-convulsive seizures with audiogenic 

convulsive seizures and it is called mixed epileptic form (Midzyanovskaya et al., 

2004). Mixed epileptic forms in patients are often resistant to drug therapy 

(refractory). Thus, animal systems for convulsive and nonconvulsive epileptic 

seizures are necessary for experimental research (Midzyanovskaya et al., 2004). 

The comparison of this epileptic group with a control group, gives the advantage 

of getting information about the effects of epileptic seizures alone. As a control 

group, Wistar healthy rats can be used since there are no baseline differences 
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between these two groups except an unknown inherited mutation which induces 

absence epilepsy with audogenic susceptibility (Naquet and Meldrum, 1972; 

Coenen et al., 1992). In the current study, 6-month rats were used since the 

absence epilepsy is mostly seen in early adults. These rats have still growth plates 

besides the complete mineralization of primary spongiosa. 

 

In the both first and second studies of the thesis, drugs were also administered to 

healthy Wistar rats. Thus, only the effects of the drugs were clarified without 

interfering with any disease state. 

 

1.7 Biophysical and Biomechanical Techniques Used in The Current Study 

 

Early diagnosis of bone diseases is crucial for the protection from disorders in 

tissues. BMD has been widely used as an agent marker of bone strength. Besides 

the BMD values, for the strength and quality of the bone tissue, structural and 

mechanical features of bone, are also important (Raisz et al., 2005). Thus, studies 

with meausing BMD by Dual Energy X-ray Absorptiometry (DXA), cannot give 

much information about bone quality (Paschalis et al., 1997; Verotti et al., 2010). 

One of the most important features of bone that defines its mechanical strength is 

its material features (Bouxsein M.L, 2004). Material features including mineral 

content, matrix composition, and crystal sizes can be defined by vibrational 

infrared spectroscopy and microspectroscopy. Vibrational spectroscopy and 

microspectroscopy points out composition, physical and chemical structure of 

important bone components. Since most of the bone diseases will result in 

abnormalities in composition, vibrational techniques may have an essential role as 

either in diagnosis or in monitoring the development of therapy (Carden and 

Morris, 2000). To understand the relationship between the structure and the 

mechanical characteristics of a bone at a micro- and nanostructural scale, is also 

another important parameter for the early diagnosis of bone disorders (Paschalis et 
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al., 2011). Moreover, along with the clinical methods and imaging techniques, 

biochemical tests including measurement of bone turnover markers, play a crucial 

role in the evaluation and diagnosis of metabolic bone disorders (Seibel M.J., 

2005). 

 

Consequently, a combination of biophysical, biomechanical and biochemical 

studies is needed for understanding an overall pathology and early diagnosis of 

disorders in bone research.  

 

1.7.1 Spectroscopic and Microspectroscopic Techniques 

 

1.7.1.1 Basis of Spectroscopy 

 

Electromagnetic radiation is categorized due to the frequency of its wave. The 

electromagnetic spectrum, is composed of radio waves, microwaves, infrared 

radiation, visible light, ultraviolet radiation, X-rays and gamma rays which are in 

respective of increased frequency and decreased wavelength (Figure 1.7).  

 

The behavior of electromagnetic radiation alters qualitatively like its frequency 

when it interacts with a matter. Spectroscopy which is the study of the interaction 

between a matter and an electromagnetic radiation, gives a data called spectrum.
 

"
A spectrum is a plot of the intensity of energy detected versus the wavelength or 

frequency of the energy" (Freifelder et al., 1982). Spectra can be used for both 

qualitative and quantitative analysis.  
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Figure 1.7 The electromagnetic spectrum. 

 

 

Radiation is redirected between the energy levels of the atoms or molecules when 

an EM radiation and matter interact. In this phenomenon, an excitation of a 

molecule to higher energy levels takes place (Freifelder et al., 1982). An energy 

level diagram shows the energy levels as shown in Figure 1.8. 
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Figure 1.8 Diagram of an energy level representing the ground and first excited 

states of energy levels (Adopted from Freifelder et al., 1982 with permission). 

 

 

The frequency dependence of absorption arises since energy is absorbed by 

transitions stimulated in different energy states of a molecule in a sample. The 

transitions occur only if there is a strong interaction between the incident radiation 

and the molecule. Absorption is most probable when the energy level separation 

matches the energy of the incident radiation as indicated below,  

ΔE=hν 

where ΔE is the separation between the energy states of interest, ν is the frequency 

of the applied radiation and h is Planck‟s constant (h = 6.6x10
-34

 joule second). 

c = λ ν 

where c is the speed of light (3.0x10
8
 ms

-1
) and λ is the wavelength of light. 

Aboved equations might be used to determine a spectroscopic unit namely 

wavenumber that is denoted by ν. Wavenumber is defined as the reciprocal of the 

wavelength as follows;   

 



 31 

   ν = wavenumber = (1/ λ)  has a unit of cm
-1

 

 Thus,  E = h ν = h c ν, 

It is shown with these equations that both wavenumber and frequency are directly 

proportional to energy. 

 

1.7.1.2 Infrared Spectroscopy 

 

Infrared energy reveals vibration modes in a molecule at the atomic level through 

changing the dipole moment. Infrared vibrational spectroscopy investigates photon 

absorption and transmission depend on frequencies and intensities in the IR energy 

range.
 
In a molecule, each chemical bond vibrates at a frequency that is only 

belonged to that bond. Atoms of a molecule (e.g. CH2) might have several modes 

of vibration due to the stretching and bending vibrations of the groups. If a 

vibration causes a change in the dipole moment of a molecule, then it will absorb a 

photon with the same frequency. There are three regions namely the near-, mid- 

and far- infrared, in the IR region of the EM spectrum (Smith, 1999).  

 

 Region       Wavenumber range (cm
-1

)        Wavelength (μm) 

 Near                             14000-4000                           0.8–2.5  

 Middle                   4000-400                              2.5–25 

 Far           400-4                                 25–1000 

 

The IR spectra of complex molecules are also complex since they have numerous 

bonds. Thus, they have much more bands in their infrared spectra. A complex 

molecule might have six different vibration modes including symmetric and 

asymmetric stretch., scissoring, rocking, wagging and twisting, as represented in 

Figure 1.9. 
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Fourier transform infrared (FTIR) spectroscopy is an infrared vibrational 

spectroscopy technique. 

 

 

              

Figure 1.9 The vibrational modes associated to a molecular dipole moment change 

detectable in an IR absorption spectrum (Adopted from Marcelli et al., 2012 with 

permission). 

 

 

1.7.1.3 Fourier Transform Infrared (FTIR) Spectroscopy 

 

FTIR spectrometer is based on an important parameter called Michelson 

Interferometer. The interferometer has a beamsplitter that accepts the incoming IR 

beam, then divides it to 2 different beams. One of the beams goes to afixed flat 

mirror while the other one goes to a moving flat mirror. The 2 beams meet back 

and recombined at the beamsplitter. The final signal which is the result of the two 

beams which come from different paths, is called an "interferogram" (Gerwert and 

Kötting, 2010). Data points that compose the signal in an interferogram, has 
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information about each infrared frequency from the origin. In other words, when 

an interferogram is measured, all the frequencies are simultaneously measured, 

too. Thus, using the interferometer causes fast measurements. Fourier transform 

which is a mathematical function, enables to convert an interferogram into an 

intensity-versus-frequency spectrum. This conversion is performed by a computer 

and a plot of intensity against frequency (cm
-1

) is presented for further analysis 

(Figure 1.10). 

 

 

 

 

Figure 1.10 Typical setup of a Fourier transform infrared (FTIR) spectrometer 

(Reproduced from Gerwert and Kötting, 2010 with permission). 

 

 

Some of the major advantages of FTIR spectroscopy include: 
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 Speed: FTIR measurements are made in seconds instead of minutes 

because of the simultaneous measurements of the all requencies (known as 

"Felgett Advantage") (Diem, 1999). 

 Sensitivity: FTIR has an improved sensitivity since the higher sensitivity of 

the detectors and the higher optical throughput (known as "Jacquinot 

Advantage") that results in lower noise levels (Stuart, 1997). The higher 

sensitivity allows getting infrared spectra in a high quality from as low as 

few micrograms sample amounts (Dighton et al., 2001). Moreover, 

samples can be investigated in diverse physical states; solids, liquids and 

gases.  

 Non-disturbing: It is a non-disturbing technique which provides structural 

and functional information about the sample (Dogan et al., 2007). 

 Mechanical simplicity: Mechanical breakdown is a very small posibility 

since the only moving part of the instrument is the moving mirror. 

 Internally calibrated: FTIR spectrometer is self-calibrating and uses a 

HeNe laser which is called as "Connes Advantage".  

 

These advantages, along with several others, make FTIR measurements extremely 

accurate and reproducible. FTIR spectroscopy is a precious technique with higher 

sensitivity in determining the alterations of functional groups belonged to the 

various components of tissues including lipids, nucleic acids, carbohydrates and 

proteins (Dogan et al., 2007). From the shifts in band frequencies, intensities and 

bandwidths, precious structural and compositional informations that might have 

diagnostic value, can be obtained (Ci et al. 1999; Toyran et al., 2004; 2007; 

Bozkurt et al., 2010; Garip et al., 2010a; Severcan et al., 2010; Cakmak et al., 

2011).  
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In recent years, FTIR spectroscopy has become a hopeful tool in biomedicine for 

diagnosis and discrimination of characteristic molecular changes between normal 

and disease states, including bone diseases (Paschalis et al., 1997; Boyar et al., 

2004; Misof et al., 2005; Boskey et al., 2009a; 2009b; Garip et al., 2010a; 2010b).  

This technique is also used in our laboratory for the investigation of the effects of 

diseases and drugs on different tissues, the cytotoxic effects of radiation on rat 

liver microsomal membranes (Cakmak et al., 2011) and foods (Dogan et al., 

2007), effects of diabetes on different tissues (Bozkurt et al., 2010; Severcan et al., 

2010), for the characterization of microorganisms (Garip et al., 2007; Garip et al., 

2009) and plants (Gorgulu et.al., 2007), also for the discrimination of cancer cells 

(Ozek et al., 2010) and for the determination of stem cell differentiation (Aksoy 

et.al., 2012). 

 

1.7.1.4 Attenuated Total Reflectance Fourier Transform Infrared (ATR-

FTIR) Spectroscopy  

 

An ATR is depend on the alterations in an internally reflected IR beam caused by 

a contact with a sample. The internal reflectance forms an evanescent wave 

extending over the surface of the crystal into a contacted sample. The evanescent 

wave exceeds just a few microns (0.5 μ - 5 μ) over both surface of the crystal and 

into a sample. When the sample absorbs energy in the target spectrum region, the 

evanescent wave will be attenuated. The attenuated energy then goes to the 

detector in the infrared spectrometer (Figure 1.11). An IR spectrum is formed after 

that. The most important requirements for the technique are; the sample has to be 

in contact directly with the crystal and the refractive index of the crystal has to be 

higher than the refractive index of the sample. If the latter requirement is not met, 

the light would be transmitted instead of reflected in the crystal. Among many 

kinds of materials used for ATR crystal including diamond, amorphous material 
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transmitting infrared (AMTIR), germanium and silicon, zinc selenide (ZnSe) is the 

most common one (Perkin Elmer Life Sciences, 2005; Kazarian et al., 2006). 

 

 

 

Figure 1.11 Schematic representation of ATR attachment top plate (Reproduced 

from Ellis and Goodacre, 2001 with permission). 

 

 

In traditionally IR spectrometers, the infrared radiation is transmitted across the 

sample which is in solid, liquid or gas form. The thickness is very important for 

the spectral features of a sample in liquid or solid form. Thus, a pathlength should 

be constant during quantitative analyses. ATR technique provides a constant 

pathlength for the samples since the wave can protrude a limited distance over the 

surface of the crystal into the sample (Cocciardi et al., 2005). Another advantage 

of the technique is the easier sample preparation for both solid and liquid samples 

when compared to the sample preparation for transmission mode. Moreover, 

sample preparation might be messy and take too much time and is difficult to get 

the true sample/matrix ratios and homogenous samples in traditional IR 

spectrometers with transmission mode. The ATR technique addresses these issues. 
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1.7.1.5 Fourier Transform Infrared Microspectroscopy  

 

The infrared spectrometer coupled to an optical microscope (Figure 1.26) enables 

studying biological samples and getting molecular information with a high spatial 

resolution (Levin and Bhargawa, 2005). It allows investigating the molecular 

chemistry of biological materials by enabling the  connection to morphology. 

FTIR imaging techniques are non-invasive technique differently from fluorescence 

imaging spectroscopy because staining is not required to produce the image 

contrast (Hof et al., 2005). Using infrared microspectroscopy enables to monitor 

the intrinsic spectroscopic properties of the sample itself. 

 

The spectral data is collected by scanning the sample spot-by-spot through the 

surface and getting an IR spectrum from each spot. The size of the spot or pixel is 

determined by the size of the microscope aperture which might be between 10 μm 

x 10 μm to 200 μm x 200 μm. The mapping enables recording the high quality IR 

spectra with the information about the chemical distribution of each molecule in a 

sample. Every spot which is recorded sequentially, is collected together to form a 

larger image. The recorded information by IR microscopy is commonly 

represented by false-colour images, that look like the images of histological-

stained samples (Marcelli et al., 2012). 

 

1.7.1.6 Synchrotron Fourier Transform Infrared (SR-FTIR) 

Microspectroscopy  

 

"Synchrotron radiation produced by relativistic electrons in high-energy 

accelerators, extends from x-rays down through the infrared spectral range, and 

serves as a source for a number of biologically relevant measurement techniques" 

(Miller et al.,2001). Synchrotron radiation-based FTIR microspectroscopy which 

uses the synchrotron radiation as a light source, generates spectroscopic 
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information with a higher spatial resolution and a higher signal to noise ratio from 

a given sample. FTIR microscopes with a conventional infrared source meet a S/N 

limitation in 20 to 30 μm area in diameters. This limits the analysis of biological 

samples only to the tissue level. These FTIR microscopes can not probe cells 

which are 5 to 30 μm in diameter. The synchrotron source enables probing very 

small regions with its higher brightness and acceptable S/N (Reffner et al., 1995). 

Thus, synchrotron radiation-based FT-IR microscopy is a novel microscopic 

technique in the field of cellular biology. Applications are served for comparison 

of different types of cancer cells and cancerous tissues as well as for the study of 

drug-induced biochemical alterations in tissues. 

 

The first IR microspectroscopy coupled with synchrotron beamline was built at 

Brookhaven National Laboratory (New York, USA) in 1993. Figure 1.12 shows 

the synchrotron diagram at the NSLS of Brookhaven National Laboratory.  

 

"A synchrotron infrared source is 100–1000 times brighter than a conventional 

thermal (e.g., globar) source" (Cakmak et al., 2012). Synchrotron infrared light 

which enables to focus on a small spot, allows studying samples which are smaller 

and in more diluted concentrations. With its 1000-fold increased brightness, data 

collection takes ~30 times less duration than the globar source (Miller and Dumas, 

2006). SR-FTIR microspectroscopy with more brightness and 1000 times greater 

signal-to-noise ratio than the thermal source, allows us to investigate the 

alterations in the microstructures with a high spatial resolution (Holman et al., 

2003). It also allows to monitor the biochemical alterations in samples succesfully 

in a non-invasive and non-destructive manner without any dyes, fluorescent labels, 

or stains.  
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Figure 1.12 "Diagram of National Synchrotron Light Source (A: electron source, 

B: linear accelerator, C: booster accelerator ring, VUV: Vacuum ultraviolet storage 

ring with associated beamlines). Electrons are accelerated from with a linear 

accelerator and produce an energy of 75 million electron milivolts (meV), and 

enter a booster ring, and are accelerated more and enter vacuum ultraviolet (VUV) 

storage ring" (Cakmak G., 2010). 

 

 

1.7.1.6.1 Advantages of Synchrotron Fourier Transform Infrared (SR-FTIR) 

Microspectroscopy  

 

An advantage of SR-FTIRM for bone research is enabling the collection of data in 

between 4000-400 cm
-1

 infrared range while the global FTIRM can only collect 

data between 4000-700 cm
-1

. The mercury-cadmiumtelluride detectors in 

commercial infrared microscopes cannot monitor the 700-400 cm-1 frequency 
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region which is below the cutoff of these detectors (Miller et al., 2001). Mineral 

properties including crystallinity, can also be obtained from the ν4 PO4
3-

 band 

(500-650 cm
-1

) other than ν1, ν3 PO4
3-

 band (1200-900 cm
-1

). Studying with the 

former phosphate band gives more accurate data since this band is affected from 

other absorptions less than the latter phosphate band. Thus, it can be fit to fewer 

components (Rey et al., 1990) than the ν1 , ν3 contour, and simplify curve-fitting 

analysis.   

 

1.7.1.7 FTIR Spectroscopy and Microspectroscopy in Bone Research 

 

"The ability to diagnose the early onset of disease, rapidly and non-invasively has 

multiple benefits. These include the early intervention of therapeutic strategies 

leading to a reduction in morbidity and mortality, and the releasing of economic 

resources within overburdened health care systems" (Ellis and Goodacre, 2006). 

Vibrational spectroscopy has been widely prefered with the advantages above to 

get information about molecular structure of mineralized tissues including bone 

(Paschalis et al., 1997; Boyar et al., 2004; Misof et al., 2005; Severcan et al., 2008; 

Boskey et al., 2009a; 2009b; Garip et al., 2010a; 2010b). Since the different 

anatomical bone regions such as cortical and trabecular, react to both diseases and 

drugs differently, bone chemistry studies are complex (Jerome et al., 1994; 

Carlson et al., 1997). To determine these site-specific variations, microscopic 

examination of bone tissue is crucial (Huang et al., 2003). "With the use of 

multichannel array detectors, FTIR microspectroscopy enables investigators to 

examine spectra at discrete points within tissue sections in short periods of time" 

(Lewis et al., 1995; Marcott et al., 1998). To diagnose pathological regions in 

bones, this "point-by-point mapping" has also been applied (Boskey and Camacho, 

2007). The spatial resolution in FTIR imaging is ~10 μm while it is much 

improved (1-2 μm) with using syncrotron light source (Boskey and Camacho, 

2007).   
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With the advantages mentioned above, FTIR and ATR-FTIR spectroscopy and 

microspectroscopy techniques have been applied to determine changes in bone 

development and to detect disease and drug-induced modifications in bone 

biopsies from patients and animals with bone disorders and drug-treated vs non-

treated bones (Huang et al., 2003; Faibish et al., 2005; Boskey and Camacho, 

2007; Youn and Milner, 2008; Boskey et al., 2009a; Dooley et al., 2009; Rieppo et 

al., 2009; Garip et al., 2010a; Garip et al., 2010b). For more detailed information, 

applications of vibrational spectroscopic and microspectroscopic techniques to 

describe bone diseases and treatment has been reviewed elsewhere (Boskey and 

Camacho, 2005; Garip and Boskey, 2012). 

 

1.7.2 Atomic Force Microscopy (AFM) 

 

The atomic force microscope (AFM) measures the forces between a tip and a 

sample. The tip which is fixed to a cantilever, is adjusted close to sample surface. 

"Attractive or repulsive forces resulting from interactions between the tip and the 

surface will cause a positive or negative bending of the cantilever. The bending is 

detected by means of a laser beam, which is reflected from the back side of the 

cantilever" (Blanchard, C.H., 1996). Figure 1.13 shows the basic concepts of 

AFM.  
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Figure 1.13 Schematic representation of AFM Principle. 

 

 

There are mainly three modes of AFM:  

 

In contact mode, the tip has physical contact continously with the surface of the 

sample. The deflection of the cantilever ∆x is proportional to the force acting on 

the tip, via Hook‟s law, F=-k.∆x, where k is the spring constant of the cantilever. 

In contact mode, either the constant height between the tip and the surface or a 

constant force conditions can be used. In the constant height, the tip is fixed to a 

target height while in the constant force, the deflection of the cantilever is fixed 

and the motion of the piazo scanner in z-direction is monitored. The possible 

damage of the surface is a disadvantage while the fast scan and high resolution are 

the advantages of this mode.  
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In non-contact mode, scanning is done with the forces between the tip and the 

sample without interfering the shape of the sample. This eliminates the 

disadvantage of contact mode, however recording needs to be carried out very 

slowly when there are significant features on the surface. Moreover, it is just 

useful for only extremely hydrophobic samples. 

 

In tapping mode, the tip is tapped rapidly against the surface as it scans over the 

area to be imaged. Elimination of the shearing forces and the less damage to the 

sample surface are the most important advantages of the tapping mode. Due to 

these advantages, tapping mode is the most useful mode for biological samples 

including bone (Vilalta-Clemente et al., 2008).  

 

1.7.2.1 Atomic Force Microscopy (AFM) in Bone Research 

 

Atomic force microscopy (AFM) is an important technique to monitor the bone 

ultrastructure in a condition which is very close to bone physiological state 

(Thurner et al., 2007). AFM has similar spatial resolution with TEM with the 

advantage of elimination of the excessive sample dehydration and preparation. 

"Detailed knowledge about bone ultrastructure below macro level and its relation 

to bone material properties is essential for the complementary diagnostic tools and 

therapies for bone diseases" (Thurner et al., 2007). 

 

Bone surfaces can be examined by AFM with the possible quantification of 

hydroxyapatite crystal sizes or collagen fibril diameters (Hassenkam et al., 2004; 

Avci et al., 2005). Moreover, AFM imaging allows to study bone structure in 3D 

in the presence of drug treatments. Thus it enables to determine mechanisms 

resulted in drug-related disorders and loss of bone at the nano scale. "In the future 

AFM will surely become one of the most important tools in the medical research 
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for imaging, mechanical probing and manipulation of bone and other tissue 

constructs at the nano scale in a real-time fashion" (Thurner et al., 2007). 

 

1.7.3 Biomechanical Indentation Tests 

 

Hardness measurement is applied by an indentation machine in which a selected 

mass is loaded to the sample for a limited time  (dwell time), and then removed 

automatically. The dimensions of the indentation are measured to get hardness 

values. The tests can be categorized based on the geometry and/or the size of the 

indenter employed. There are Brinell, Rockwell, Vickers, and Knoop indenters 

with different geometries. Based on the size of the indenter; macroindentation, 

microhardness and nanoindentation are defined. All of these tests can be used for 

biomechanical studies of bone (Kavukcuoglu et al., 2009; Isaksson et al., 2010). 

Each of these methods assesses bone structures at different scales. Since it is not 

possible to extrapolate the mechanical properties of the bone from a single 

indentation test, it is ideal to perform different tests at various levels of the bone 

structure. The size of an osteon is about 200 to 300 μm, and each lamella in bone 

is 3 to 7 μm wide. Microhardness indentations range from 20 to 150 μm in length, 

while in nanoindentations it can be as low as 1 μm. 

 

Indentation methods at different scales are often used and effective tools in 

materials research (Lum and Duncan-Hewitt, 1996; Amitay-Sadovsky and 

Wagner, 1998). Hardness, elastic modulus, and fracture toughness of samples can 

also be calculated (Meredith et al., 1996; Xu et al., 1998). Hardness and elastic 

modulus of bones are in correlation with the microarthitecture and composition of 

the tissues (Currey and Brear, 1990). Significant correlations between hardness, 

and degree of mineralization of bone (DMB) and Young‟s modulus in human bone 

are reported in previous studies (Follet et al., 2004; Boivin et al., 2008). Thus, a 
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relationship between hardness, stiffness and strength was clearly supported in bone 

samples. 

 

1.8 Aim of the Study  

 

A number of drugs may have metabolic effects on the skeletal system, and may 

result in either bone loss or increased bone strength. Among these drugs, anti-

epileptic drug; Carbamazepine and a cholesterol lowering drug; Simvastatin were 

used to determine their possible effects on bone tissues in the current thesis. The 

main aim of the present thesis study is to investigate the effects of antiepileptic 

drug; Carbamazepine on bone tissues of healthy and epileptic rats.  To compare 

the drug-bone interations we have chosen another well-known cholesterol 

reducing drug, Simvastatin and studies its the dose-dependent effects on healthy 

bone tissues. These studies will provide new strategies to prevent the side-effects 

of drugs on bone metabolism and to support new treatments against bone 

disorders.  

 

Study 1; Epilepsy is a common serious neurological disorder of the nervous 

system. Carbamazepine is one of the most widely used and effective antiepileptic 

drugs for epilepsy treatment. However the reported results about its side-effects on 

bones are contradictory. Moreover, there is not any study in the literature, 

investigating the independent effect of epileptic seizures on bone tissues. Thus, the 

side-effects of AED; Carbamazepine therapy on bone tissues could not be 

differentiated from the effects of the epileptic seizures. The exact mechanisms for 

possible adverse bone effects of Carbamazepine have not been determined yet. 

These mechanisms may be multiple.  

 

Within this context, in the first study,  we aimed to clarify and differentiate the 

effects of Carbamazepine and epileptic seizures on bone tissues and clarify the 
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action mechanism of anti-epileptic drug and seizures on vitamin D and bone 

metabolism. We hypothesized that besides Carbamazepine therapy, epileptic 

seizures have also adverse effects on bone and both the drug and seizures cause 

bone disorders through inhibiting and/or stimulating vitamin D anabolism and 

catabolism enzymes, respectively.  

 

Study 2; As a comparative study, we used one of the common and well-known 

cholesterol reducing drug; Simvastatin, to determine its possible dose dependent 

effects on healthy bone tissues. It is used to reduce high cholesterol levels and to 

prevent cardiovascular diseases. Moreover, by inhibiting HMG-CoA reductase, 

simvastatin not only inhibit cholesterol synthesis but also show various other 

beneficial effects called pleiotropic effect. In recent years, among the pleiotropic 

effects, there has been a growing interest in the effect of simvastatin on bone tissue 

and osteoporosis. However, the relationship between the use of simvastatin and 

improvement of bone quality reported in the literature is still controversial. 

Moreover, it was shown that high
 
and low

 
dose simvastatin therapy might cause 

lipid peroxidation in soft tissues. There is not any report about the effects of 

simvastatin on bone lipids.   

 

Considering an urgent need for the more effective drugs that are able to induce 

new bone formation with less negative side effect, the current study aimed to 

investigate dose-dependent effects of simvastatin treatment on bone tissues and to 

clarify whether it causes lipid peroxidation on bones. We hypothesized that both 

low and high dose simvastatin increase the bone strength however, their possible 

adverse effects on bone lipids, may limit their pleiotropic effects on bone tissues. 

Moreover, FTIR spectroscopy with multivariate and neural network analyses can 

be used to clarify drug-related pleitropic and/or adverse effects on bones.  
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       CHAPTER 2 

 

 

MATERIALS and METHODS 

 

 

2.1. Study 1: Carbamazepine Study 

 

 

 

 

Figure 2.1 A summary of experiments carried out in the first study.  
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2.1.1 Chemicals 

 

The list of used chemicals and their suppliers are given in Appendix A. 

 

2.1.2 Animal Studies 

 

Animal studies were performed at Kocaeli University. Genetically absence 

epileptic rats (WAG/Rij) and as a control healthy rats (Wistar rats) weighted 250-

350 g, are used. 6-month male rats represent early adults (Brzoska and Moniuszko-

Jakoniuk, 2004 and refs in Jayo et al., 2000). Standard pellet diet was given to rats. 

Regulation of the degree of temperature, humidity, and rate of air exchange was 

done with 12 hours night & day cycle. Carbamazepine was administered by 

gavage: 50 mg/kg/day for 5 weeks according to the previous studies (Onodera et 

al., 2001; 2002). 

 

The WAG/Rij rats were primarily screened for the audiogenic susceptibility and 

animals having sound-induced convulsions (susceptible to audiogenic kindling) 

are grouped (N=7 for each group).  

 

The animal groups are; 

Group 1: Wistar healthy control + Physiological serum 

Group 2: Wistar control + Carbamazepine (50 mg/kg/day) 

Group 3: WAG/Rij epileptic (absence epilepsy + convulsive seizures) + 

Physiological serum 

Group 4: WAG/Rij epileptic + Carbamazepine (50 mg/kg/day) 

 

Compairing epileptic rats (WAG/Rij) with healthy Wistar rats, gives information 

about the effects of epilepsy and convulsive epileptic seizures alone. Giving 

Carbamazepine to the healthy Wistar rats and compairing this group with non-



 49 

treated healthy Wistar control group gives information about the effects of 

Carbamazepine on bone without interfering with any disease state. 

 

2.1.2.1 Electroencephalographic (EEG) Recording  

 

To test audiogenic susceptibility each animal was put into a box (60x60x60 cm
3
) 

and a standard complex sound („„keys ringing‟‟) (Krushinski et al., 1974) 

produced by a vibro device, with a frequency range of 13–85kHz and mean 

intensity of 50–60 dB was administered to the rat for 1.5 minutes. The spikewave 

discharges (SWDs), were monitored in rats which are susceptible and not 

susceptible to audiogenic convulsions to diagnose the absence epilepsy in 

WAG/Rij rats. For this purpose, EEG tripolar record electrodes were placed on 

cortex surface under anesthetic conditions with ketamine and chloropromazin. 

Cortical electrodes were located on frontal regions and parietal regions. Reference 

electrodes were placed on the cerebellum. After a week the rats were taken into 

pleksiglas cage and the EEG records were done during seizures and after seizures 

for 30 minutes. 

 

All rats were exposed to the sound stimulation once a day for 5 weeks and EEG 

records were taken during seizures and after seizures. At the end of the 5 weeks, 

rats were decapitated and the bone tissues (femur, tibia and lumbar spine), liver 

and kidney tissues were removed and stored at -80
o
C until performing biophysical 

and biomechanical experiments. The blood samples were taken from the same 

animals and processed to get serum samples. Soft tissues and serum samples were 

also stored at -80
o
C for biochemical studies. 
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2.1.3 Methods 

 

2.1.3.1 Fourier Transform Infrared (FTIR) and Synchrotron-Fourier 

Transform Infrared (SR-FTIR) Microspectroscopic Studies 

 

2.1.3.1.1 Sample Preparation 

 

Bone tissues; distal femur, proximal tibia (close parts to knee) and lumbar spine 

(L1-L5) will be used for the studies with FTIR microspectroscopy (Figure 2.2). 

These are the most affected parts from osteoporosis according to previous studies. 

The seven tibia, femur and spine bone samples per group were cleaned of soft 

tissue and were partially fixed in different percentages of ethanol, dehydrated with 

different percentage of ethanol and acetone solutions, and then embedded in 

polymethylmethacrylate (PMMA).  

 

 

 

Figure 2.2 Schematic representation of femur, tibia and spine bone tissues.  
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Preparation of embedding medium PMMA will be done according to 

Methacrylate Method (R.G Erben, 1997). 

 

 Fixation in EtOH, tissues kept in: 

70% EtOH for 2 times 2 days each 

95% EtOH 2 times 2 days each  

100% 2-propanol 2 times 1 day each 

Xylene solution for 2 times 1 day each 

 

 Infiltration of PMMA, tissues kept in: 

Solution I (60 ml methylmethacrylate, 25 ml buthylmethacrylate, 5 ml 

methylbenzoate, 1.2 ml polyethylene glycol 200) for 4 days 

Solution II (100 ml methylmethacrylate, 0.4 gr benzoyl peroxide) for 4 days 

Solution III (100 ml methylmethacrylate, 0.8 gr benzoyl peroxide) for 4 days 

 

 Embedding in PMMA 

Tissues embedded in Solution III added with 400 µl N,N-dimethyl-p-toluidine 

(accelerator of polymerization, for 100 ml of Sol III).  

Solution III mixed on ice for 1 hour prior to usage.  

Embedded tissues kept at 4˚C for 3 days and put in oven at 60˚C for 1 day. 

 

After trimming, the bones in embedding blocks will be ready for 

sectioning. Longitudinal nondecalcified sections of the bone tissues (4 sections per 

bone) were cut by a microtome at 2 µm thickness and mounted on IR-transparent, 1 

mm thick x 13 mm diameter BaF2 infrared windows for FTIRM and SR-FTIRM 

studies. 
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2.1.3.1.2 Data Acquisition and Spectroscopic Measurements 

 

In FTIR Microspectroscopy studies, Perkin Elmer Spectrum One/Spotlight 400 

Fourier Transform Infrared Microspectrometer (Perkin Elmer Corp., Sheldon, 

Connecticut) was used to map bone sections. For each tissue section, an IR image 

was obtained with a 6.25 μm x 6.25 μm pixel size. Infrared spectra were collected 

in transmission mode between 2000-800 cm
-1

 wavenumber region with 4 cm
-1

 

resolution and 100 numbers of scans. A spectrum from an area not belonged to 

bone, was recorded as background. IR data from different anatomical bone sites; 

namely cortical, trabecular, and growth plate were collected (Figure 2.4). For each 

animal, totally 9 maps were recorded from randomly chosen, different regions of 

cortical, trabecular and growth plate parts of bone (3 maps from cortical, 3 maps 

from trabecular and 3 maps from growth plate). Since we have 7 animals for each 

group, 63 different maps were used to calculate the IR parameters for each control, 

epileptic and drug-treated groups. 

 

 

 

 

Figure 2.4 Cortical (blue), trabecular (green) and growth plate (red) parts of bone.  
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Spine bone samples which was determined as the most affected bone tissue 

according to FTIR imaging studies, were examined detailly by Synchrotron-FTIR 

Microspectroscopy. SR-FTIR data of 15 different areas from cortical bone (5 maps 

from endosteum, 5 maps from mid-cortical, 5 maps from periosteum) for each  

animal were collected (Figure 2.5).  

 

 

 

Figure 2.5 Schematic representation of cortical cross-section showing periosteum 

(outer bone membrane), mid-cortical and endosteum (inner bone membrane). 

 

 

The Sychrotron-FTIR Microspectroscopy studies were performed at NSLS, 

Brookhaven National Laboratory (Upton, NY). A Thermo Nicolet Magna 860 

FTIR spectrometer equipped with a Continuim infrared microscope 

(ThermoNicolet, Madison, WI), was used with synchrotron light as the infrared 

source. The spectra were recorded in transmission mode in 2000-500 cm
-1

 

wavenumber range at a spectral resolution of 4 cm
-1

 with 500 scan number and 10 

μm x 10 μm aperture size with 1 μm x 1 μm pixel resolution.  
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In FTIRM data collection was done between 4000-700 cm
-1

, where in SR-FTIRM 

collection of data was done in between 4000-400 cm
-1

 infrared range. In the latter 

technique, ν4 PO4
3-

 band (500-650 cm
-1

) can also be monitored besides ν1 , ν3PO4
3-

 

band (1200-900 cm
-1

) (Figure 2.6). 

 

 

 

Figure 2.6 FTIRM (A) and SR-FTIRM (B) spectra of a bone tissue.  
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2.1.3.1.3 Data Analysis 

 

ISys software (Spectral Dimensions, Olney, MD, USA)  was used to analyze the 

FTIR and SR-FTIR microspectroscopic data. Whole baseline correction were 

performed between 2000-800 cm
-1

 region in FTIRM studies and between 2000-

500 cm
-1

 region in SR-FTIRM studies. After spectral subtraction of embedding 

medium (PMMA), spectral masking was applied to get rid of the contributions 

from the nonbone parts on the sections by marking the bone samples. Figure 2.7 

shows a PMMA spectrum.  

 

 

 

 

Figure 2.7 Spectrum from the embedding medium; PMMA.  
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The chemical maps were constructed for each group by taking the ratio of the area 

and intensity values of specifically selected spectral bands arisen from mineral, 

matrix, collagen and carbonate. Ratios of various bands were used for the analysis 

to get rid of the effects of section thickness. The spectral regions for the IR bands 

that were used to determine distribution of functional groups were presented in 

Table 2.1. 

 

 

Table 2.1 The integrated spectral regions 

 

Infrared Band Integrated Spectral Range (cm
-1

) 

Amide I  1712-1534 

Amide II  1534-1480 

v1, v3PO4
3- 

 1200-900 

 v2 CO3
2–

   890-850 

v4 PO4
3-  

(only monitored in SR-FTIRM) 

650-500 

 

 

2.1.3.2 Indentation Studies 

 

2.1.3.2.1 Vickers Microhardness Study 

 

The microhardness values of the tibia, femur and spine bone samples were 

measured by a Vickers microhardness tester (HMV-2, Shimadzu, Japan). The 

PMMA embedded bone tissue blocks which were used in FTIR microscopic 

studies, were also used to measure the microhardness values of the bones. A 

diamond indenter was used with a load of 25 g for 10 seconds on the surface of the 
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blocks (Boivin et al., 2008). The diagonal-shaped indent which was formed after 

the indentation, was measured to get the microhardness values of the bones. 15 

measurements were carried out for each sample (5 in the cortical, 5 in the 

trabecular bone and 5 in the growth plate) (Figure 2.8).  

 

 

 

 

Figure 2.8 Representative Vickers indentation images of cortical, trabecular and 

spine regions of control bone tissue. 

 

 

For the calculation, formula belowed was used: 

 

where; 
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HV: Vickers hardness (GPa); P: Applied load (N); d: diagonal indent length (mm). 

The results of the vickers microhardness were given as GPa by multiplying the Hv 

values with 0.009807 for converting it to GPa. 

 

2.1.3.2.2 Nano-Indentation Study 

 

After soft tissues were removed from bones, cross-sections were cut from distal 

femur, proximal tibia and lumbar spine. Then the bone tissues were embedded to 

epoxy (Buehler SampL-Kwick Powder & Liquid). After embedded tissues were 

waited for 24 hours at room temperature, bone-embedded epoxy blocks were 

trimmed with flat silicone carbide sanding 400-, 600-, 800- and 1200-grit discs 

respectively and then polished. Figure 2.9 shows the location of the nano-

indentation measurements on cortical bone. 

 

The nanoindentation tests were carried out with a TriboindenterTM (Hysitron Inc., 

MN) and a diamond Berkovich pyramid tip. For indention two different maximum 

loads of 1000 ve 5000 μN were applied with a 5 s hold time at peak load. First, a 

grid pattern of totally 98 indents were performed as seen in Figure 2.9 and then 

nearly 300 indents were carried ou across the cortical radial sections of each bone 

to get information about the endosteum, mid-cortical and prosteum parts of 

cortical (Figure 2.9). For first nanoindentations, indents were spaced every 5μm in 

both x- (radial) and y- (tangential) directions. The Oliver & Pharr method (Oliver 

and Pharr, 1992) was used to determine the mechanical properties. This method 

uses the following equations to find the bone's elastic modulus, E, and hardness, 

H: 
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where, Er: elastic modulus, S: contact stiffness, Pmax: maximum load, Ac: contact 

area. vi and vs : Poisson's ratio for the indenter and sample, respectively. Ei =1140 

GPa, vi = 0.07, Poisson's ratio for the bone; vs = 0.3 (Kavukcuoglu et al., 2009).  

The average displacement for 1000μN load was ≈ 150nm and for 5000μN load 

was ≈ 400nm (Figure 2.10). 

 

 

 

Figure 2.9 The representative image of (a) femur tissue and (b) cross-section 

obtained from distal femur. Dots on the cortical bone shows the place of (i) 7 x 7= 

49 indents and (ii) 30 x 1= 30 indents across the radial of cortical bone, obtained 

for each sample. 
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Figure 2.10 Representative displacement curves for (A) 1000 μN and (B) 5000 μN 

loads. 
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2.1.3.3 Atomic Force Microscopy Studies 

 

According to the FTIR imaging and indentation studies, the most affected bone 

tissue from seizures and drug treatment, spine tissue, was further examined by 

AFM to get information about the surface topography and features of bone tissues. 

Raw spine bone cross-sections were used for AFM studies without any embedding 

or trimming processes. The AFM images were recorded with Nanoscope IV 

Scanning Probe Microscope (Nanoscope IV Scanning Probe Microscope, Digital 

Instruments, Veeco Metrology Group) in tapping mode using standard silicon 

cantilevers, at room temperature, under atmospheric pressure. The AFM images 

given in the current study are the representative images of about five 3x3 μm
2 

AFM images for each sample which were recorded from random positions on 

cortical part of bone tissues. 3 μm
2 

scanning area was used to get more accurate 

information about morphology of the surface and surface defects (Dinc Y., 2007). 

After scanning the target areas, a phase image and a height image of that area were 

obtained (Figure 2.11). In AFM height images, the light color represents the higher 

height as mineral crystals while the dark color represents the lower height as 

matrix collagens (Bozec et al., 2005). Root mean square (RMS) and arithmetic 

average height (Ra) which were measured from AFM data, give information about 

surface roughness of the samples (Gomes et al., 2011). 
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Figure 2.11 Representative phase (A) and height (B) 3x3 μm
2 

AFM images of a 

bone tissue.  

 

 

2.1.3.4 Measurement of Serum Parameters  

 

Blood samples were centrifuged at 1000×g (3000 rpm) for 30 minutes at +4
 o

C, 

and then the supernatants were immediately frozen at −80°C until assay. Serum 

calcium levels were measured with Abbot Aeroset autoanalyser using Aeroset kit 

(Abbot Lab. Abbot Park, IL 60064, USA). Serum osteocalcin, parathormone, C-

telopeptide, BAP and 25-hydroxy vitamin D levels were measured with ELISA 

method using microarray device. OC and PTH levels were measured with DRG 

ELISA kit (DRG International, Inc. USA), BAP and 25-OH vitamin D levels were 

measured with IDS ELISA kit (IDS Ltd. Fountain Hills, USA), whereas CTX 

levels were measured with Uscn ELISA kit (Uscn Life Science Inc. Wuhan). 

Analyses of all the samples, standards, and controls were run in duplicate. The 

measurements were carried out according to the directions of the manufacturer. 
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2.1.3.5 Measurement of CYP Enzymes Protein Levels  

 

2.1.3.5.1 Liver and Kidney Lysate Preparation 

 

Lysates were prepared for the determination of CYP enzyme protein levels in liver 

and kidneys of healthy, epileptic and drug-treated rats by western blot analysis. 

The tissue samples were digested in lysis buffer (2,5μl lysis buffer for 1 mg of 

tissue). Lysates were centrifuged at 14000xg for 10 minutes. Supernatants were 

kept in -20
o
C for the experiments. 

 

2.1.3.5.2 Protein Quantification 

 

The amount of protein in liver and kidney was quantified to ensure equal loading 

in western blot gels. Protein amount was measured by Bradford assay. Briefly, the 

5x dye reagent concentrate was diluted 1 in 5 with distilled water. The standard 

samples were prepared as a 1:250, 1:500, 1:750, and 1:1000 dilution of 2 mg/ml 

stock solutions of BSA. Samples were prepared by 1:100 diluting the lysates 

distilled water and then adding 5 μl of diluted lysate sample to 245 μl of 1x protein 

assay solution in 98-well plates. Both samples and BSA controls were read at 

absorbance 595 nm and a standard curve was drawn. Protein concentrations in 

unknown samples were estimated from the linear part of this curve.  

 

2.1.3.5.3 Preparation of Gels 

 

All gels were prepared freshly according to the Laemmli method in which 

seperating and stacking gels were prepared, seperately (Laemmli U.K., 1970). 

Gels were waited at 4
o
C for two hours before use. The same vertical 

electrophoresis apparatus (Hoefer Inc., San Francisco, USA) was used for 

electrophoresis and protein blotting. 
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Glass plates (8.5 cm) were assembled onto a setting rig with spacers. A 12% 

seperating gel was made first as follows: 

 

• 6.08 ml distilled water 

• 3.5 ml Tris (1.5 M pH 8.8)  

• 140 μl SDS (10%)  

• 4.2 ml acrylamide:bisacrylamide (40%)  

• 70 μl ammonium persulphate (APS) (10%)  

• 7 μl N,N,N‟,N‟-tetramethylethylenediamine (TEMED)  

 

The tube containing the above „ingredients‟ was mixed thoroughly and 7 ml added 

to the setting rig between the glass plates, covered with 1 ml isopropanol (20%) 

and left to set for about 45 minutes. Once set, the alcohol was poured off and the 

4% stacking gel was prepared as follows: 

 

 4.44 ml distilled water 

 1.75 ml Tris (0.5 M pH 6.8) 

 70 μl SDS (10%) 

 700 μl acrylamide:bisacrylamide (40%) 

 35 μl APS (10%) 

 7 μl TEMED. 

 

Again all ingredients were mixed by inversion and then 1-2 ml applied on top of 

the already set resolving gel and a comb put in. Once the gel was set, it was waited 

at 4
o
C for two hours before using for SDS-polyacrylamide gel electrophoresis 

(PAGE). 
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2.1.3.5.4 SDS-polyacrylamide Gel Electrophoresis 

 

The 10x running buffer was prepared as follows for 500 mL: 

 

 15.1 g Tris (25 mM) 

 72 g glycine (192 mM)  

 5 g SDS (0.1%) 

 pH 8.56. 

 

1x running buffer was made up to 1 L with 100 ml 10x stock and 900 ml distilled 

water mixed well. The set gels were placed in the running rig. The comb was taken 

out and the wells cleaned out to ensure the removal of all acrylamide. 1x running 

buffer was poured into the rig ensuring the plates were covered. 

 

Approximately 6 μg of samples were run mixed with 6x loading dye. The volume 

of the sample to be added to the gel to get 6 μg of protein was determined from the 

protein concentration (See section 2.1.3.5.2). The mixture of sample and 6x 

loading dye was denaturated at 95°C for 6 minutes.  

 

6 μl of prestained broad range protein marker (10-250 kDa) ladder (Thermo 

Scientific, USA) was added to the first well and samples were added to the other 

wells. The gel was run in 1x running buffer in a Hoefer miniVE electrophoresis 

and electrotransfer unit (Hoefer, Inc., San Francisco, USA) at 100 V for the first 

30 minutes with a BioRad PowerPac 300 (BioRad Laboratories Ltd., Hemel 

Hemstead, UK) and then at 150 V until the dye had run to the bottom of the gel 

(approximately another hour). 
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2.1.3.5.5 Western Blot Analysis 

 

500 mL of 10x blotting buffer was prepared as follows: 

• 15.15g Tris (25 mM) 

• 72 g glycine (192 mM) 

• pH 8.48. 

 

100 ml 10x blotting buffer was mixed with 200 ml methanol and made up to 1 L 

with distilled water and kept in +4 
o
C. 

 

Polyvinylidene difluoride (PVDF) membrane (Roche Applied Sciences, 

Germany), was waited in methanol for few minutes with shaking. Once the gel had 

finished running it was removed from the running rig and glass plates. Both the gel 

and membrane were put in 1x blotting buffer for 10 minutes with shaking. 

Meanwhile, sponges and watman paper were soaked in 1x blotting buffer. The 

order of layers in the transfer cassette were arranged as follows: 

 

 black cassette 

 sponge 

 filter paper 

 gel 

 nitrocellulose membrane 

 filter paper 

 sponge 

 red cassette 

 

This blot „sandwich‟ was slotted into the rig with the black cassette facing the 

back. Blotting buffer was poured into the electrophoresis rig (Hoefer, Inc., San 



 68 

Francisco, USA) and proteins were transferred at 100 V for 1 hour in the 

refrigerator. 

 

After protein transfer was done, membranes were washed with  PBS/Tween 

(0.1%) for 10 minutes for three times. Membranes were blocked with 5% skim 

milk powder in PBS/Tween for 1 hour with shaking at room temperature. 

Membranes were further incubated for overnight at 4°C in one of the rabbit 

antibodies CYP27a1 (1:600) (Abcam, Cambridge, USA), CYP27b1 (1:750) (Santa 

Cruz, USA) and CYP24 (1:750) (Santa Cruz, USA) in 5 ml 5% skim milk. After 

being washed three times for 10 minutes in PBS/Tween, membranes were 

incubated in horse-radish peroxidase-conjugated (HRP) anti-rabbit secondary 

antibody (1:2000) for 1 hour with shaking. Membranes were then washed three 

times as before. Actin (1:1000) (Santa Cruz, USA) served as a loading control for 

each blot. Immuno-reactivity was visualized with the Enchanced 

chemiluminescent (ECL) reagents (Pierce). Under red light, 1 piece of film 

(Medical X-ray film, Kodak USA) was exposed to the membrane for 30 seconds. 

The film images were scanned to obtain a digital image and protein amounts in 

samples were determined by using Image J analysis software. 

 

2.1.3.6 Statistical Analysis  

 

Mean values and standard deviation were calculated for each parameter in all 

animals and the data shown as the mean and standard deviations for each animal 

group. Statistical analysis was performed by using the SPSS for windows (version 

13.0) statistical package (SPSS Inc., Chicago, IL, USA). After testing data for 

normal distribution and homogeneity of the variance, the FTIRM and AFM results 

and micro- and nano-hardness values for each group were compared with the one-

way ANOVA with a Bonferroni post-hoc test to highlight significant differences 

between the groups. Comparisons of serum parameters between the different 
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animal groups were made by one-way ANOVA with Tukey's post-hoc test to 

estimate statistical differences between specific groups. The values were expressed 

as mean ±standard deviation (SD). The p values less than or equal to 0.05 were 

considered as statistically significant (*
,+

p ≤ 0,05; **
,++

p ≤ 0,01; ***
,+++

p ≤ 0,001). 
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2.2. Study 2: Simvastatin Study 

 

 

 

 

Figure 2.12 A summary of experiments carried out in the second study.  

 

 

2.2.1 Chemicals 

 

The list of used chemicals and their suppliers are given in Appendix A. 

 

2.2.2 Animal Studies 

 

Adult male Wistar rats (12-14 weeks) weighing 250-300g were taken from 

Experimental Animal Center, Hacettepe University, Ankara. Approval for the 
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study was obtained from the Animal Ethical Committee of Hacettepe University. 

A standard diet was given to rats and they were kept in 12 hours /12 hours, dark & 

light, controlled temperature and humidity (40-50%) with a controlled ventilation.  

 

The rats were randomly separated as; 

Group 1: Wistar healthy control + Physiological serum (n=10)  

Group 2: Wistar control + simvastatin (20 mg/kg/day) (n=10)  

Group 3: Wistar control + simvastatin (50 mg/kg/day) (n=10)  

 

Simvastatin, dissolved in physiologic saline (20mg/kg or 50 mg/kg), were given to 

the simvastatin treatment groups daily through gavage feeding for 30 days. The 

rats in the three groups were then decapitated and the tibia bone tissues were taken 

and cleared from soft tissues, then frozen at -80°C for ATR-FTIR studies. 

 

2.2.3  Attenuated Total Reflectance (ATR-FTIR) Spectroscopy Study 

 

2.2.3.1 Sample Preparation  

 

In ATR-FTIR spectroscopy measurements, tibia and femur bone powders were 

used. After the removal of soft tissues from bones, the cortices of bone samples 

first were ground in liquid nitrogen in a colloid mill (Retsch MM200) to get 

powdered tissue and then bone powder placed on the ATR crystal of the FTIR 

spectrometer. 

 

2.2.3.2 Data Acquisition and Spectroscopic Measurements 

 

Homogenous powdered bone samples were scanned by Spectrum 100 FTIR 

spectrometer (Perkin-Elmer Inc., Norwalk, CT, USA) with ATR unit to get 

infrared spectra between 4000-650 cm
-1 

wavenumber
 
region. 100 scans at 4 cm

-1
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resolution were recorded. The spectrum of air was recorded as a background and 

subtracted automatically by the software. Figure  2.13 shows the infrared spectrum 

of air. Spectrum One Software (Perkin Elmer Inc., Norwalk, CT, USA) was used 

to record and analyze spectral data.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13 Infrared spectrum of air. 

 

 

Before the spectral analysis are performed, according to the requirements of 

analysis technique, some preprocessing steps are applied to the spectral data sets to 

make the spectra comparible. By these preprocessing approaches the number of 

variables can either be reduced to prevent overfitting. Baseline correction, which is 

mainly used to get rid of a sloping and curving baseline, is a wavelength-

dependent intercept and unique for each sample spectrum (Franke, 2006). For the 

data analysis in detail and evaluation of the alterations in band area values, original 
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base-line corrected spectrum was used, while the band positions (frequency 

values) were measured according to the center of weight of the bands from raw 

spectral data. All these mentioned quantitative analysis were performed on non-

normalized but pre-processed average spectra. However, by the purpose of visual 

presentation of the differences, the average spectra of sampling groups were 

normalized with respect to the specific bands and information about the intensity 

of the spectrum is completely eliminated (Kramer, 1998).  

 

In the v1, v3 phosphate (1200-900 cm
-1

) and v2 carbonate (890-850 cm-1) region 

curve fitting analysis was performed to get information about the alterations in the 

crystallinity of the hydroxyapatite phase and the carbonate substitution, 

respectively in bone tissues. GRAMS/32 (Galactic Industries Corporation, Salem, 

NH, USA) software was used for curve-fitting analysis. Sub-bands were 

determined by taking the second derivative analysis. The iterations were re-

performed until the correlation was lower than 0.995 (Garip et al., 2010). Then the 

ratio of the areas of the interested bands were calculated to get information about 

crystallinity and carbonate substitution. 

 

Amide I band between 1700 and 1600 cm
-1

 resulted from proteins was evaluated 

for the analysis of secondary structure of proteins. For the determination of 

simvastatin-induced protein secondary structure variations, two methods; vector 

normalization and neural network analysis were used. For vector normalization 

method, intensity calculations from second derivative spectra using the amide I 

band were performed. For this procedure, OPUS software (Bruker Optics, 

Reinstetten, Germany) was used. First the second derivative of the spectra was 

taken by using Savitzky–Golay algorithm with 9 smooth points. Then second 

derivatives were vector normalized between 1700-1600 cm
−1

 wavenumber region. 

The intensities of the bands were calculated after that (Toyran et al., 2006; Ozek et 

al., 2009).
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2.2.3.2.1 Neural Network (NN) Analysis 

 

The neural networks were first trained using a data set, which contains FTIR 

spectra of 18 water soluble proteins recorded in water applying the method 

described in reference (Severcan, Severcan and Haris, 2004). The secondary 

structures of these proteins were known from X-ray crystallographic analysis. 

Amide I band was preprocessed before applying to the neural networks. 

Preprocessing involves normalization and discrete cosine transformation (DCT) of 

this band. Interpolation of the available FTIR spectra was done to increase the size 

of the data set resulted in improving the training of NNs. Bayesian regularization 

was used for neural network training. The trained neural networks have standard 

error of prediction values which were 4.19 % for α-helix, 3.49 % for β-sheet and 

3.15 % for turns. The training and testing algorithms were explained in detail in 

Severcan and Haris, 2004. 

 

2.2.3.2.2 Cluster Analysis 

 

For the comparison of control and simvastatin-treated groups, hierarchial cluster 

analysis were performed with using 9 smooth points and Savitzky-Golay 

algorithm. It was performed to determine spectral differences among control and 

treated groups using frequency range between 3030-2800 cm
-1

 and 1800-450 cm
-1

. 

The spectra were first vector normalized over the investigated frequency range and 

then Ward‟s algorithm was used to obtain dendograms by OPUS 5.5 (Bruker 

Optic, GmbH). Spectral distance was calculated between pairs of spectra as 

Pearson‟s product moment correlation coefficient. Cluster analysis offers the 

opportunity to evaluate experimental results and differentiate between control and 

treated samples without any training of the spectral data. The result of the analysis 

are represented in the form a dendrogram. The change in variances between the 

spectra of samples is represented by heterogeneity values. Higher variations 
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between groups are represented by higher heterogeneity values. Calculations and 

algorithms were explained in detail in Severcan et al., 2010. 

 

2.2.3 Vickers Microhardness Study 

 

After soft tissues were removed from bones, longitudial-sections were cut from 

distal femur and proximal tibia. Then the bone tissues were embedded to epoxy 

(Claritine Epoxy Powder & Liquid). After embedded tissues were waited for 20 

minutes at room temperature, bone-embedded epoxy blocks were trimmed with 

flat silicone carbide sanding 400, 600, 800 and 1200-grit discs respectively and 

then polished.  

 

The microhardness of the tibia and femur bone samples were determined as 

described detailly in Section 2.1.3.2.1 in "Materials and Methods" part of the 

thesis. A diamond indenter was used with a load of 25 g for 10 seconds on the 

surfaces of the blocks (Boivin et al., 2008). 15 measurements were applied on each 

sample (5 in the cortical, 5 in the trabecular bone and 5 in the growth plate).  

 

2.2.4 Statistical Analysis 

 

Statistical analysis was performed by using the SPSS for windows (version 13.0) 

statistical package (SPSS Inc., Chicago, IL, USA). The results were expressed as 

mean ± standard deviation (SD). Spectroscopic and microhardness data were 

analyzed statistically by using Mann–Whitney U test and the p values less than or 

equal to 0.05 were considered as statistically significant (*p ≤ 0.05; **p ≤ 0.01; 

***p ≤ 0.001). 
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CHAPTER 3 

 

 

RESULTS 

 

 

In the first study of the thesis, the effects of anti-epileptic drug; Carbamazepine on 

bone tissues of epileptic and healthy rats were investigated. The effects of epileptic 

seizures on bones of epileptic rats were also studied in this part. In the second 

study of the thesis, to see the effect of other kind of drug on bone tissues, the dose-

dependent effects of widely used cholesterol reducing agent, Simvastatin,  on bone 

tissues of healthy rats were investigated. 

 

3.1. Study 1: Carbamazepine Study 

 

First study of the thesis is addressed to investigate the possible side-effects of 

Carbamazepine and epileptic seizures on bone tissues of genetically epileptic and 

healthy rats and clarify the mechanism of action of the drug and seizures on bone 

and vitamin D metabolism by FTIR and SR-FTIR microspectroscopy, AFM, 

micro- and nano-hardness tests, ELISA and western blot analysis.  The 

comparison of epileptic rats (WAG/Rij) with control healthy rats (Wistar) gives 

information about the effects of epileptic seizures alone. The comparison of 

epileptic rats (WAG/Rij) with control healthy rats (Wistar) gives information 

about the effects of epileptic seizures alone. Comparison of the epileptic rats 

treated with carbamazepine with the non-treated epileptic group,  gives 

information about the effects of carbamazepine alone on epileptic bones. 

Moreover, comparison of the carbamazepine administered to healthy rats with 
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non-treated healthy control rats gives information about the effects of the drug in a 

non-diseased state. 

 

3.1.1 FTIR Microspectroscopy Studies 

 

The averaged infrared spectra of the spine tissues of healthy control, epileptic and 

drug-treated rat groups in 1800-800 cm
-1 

region, is shown in Figure 3.1. The 

wavenumber (frequency) values of the bands at peak positions were used to assign 

the bands.  The main bands are labelled in the figure and specific assignments of 

these spectral bands for bones are listed in Table 3.1.  

 

 

Table 3.1 General band assignment of a bone tissue between 1800-800 cm
-1

 

wavenumber region. 

 

 

 

 

 

 

 

 

Wavenumber 

(cm
-1

) 
Definition of the sprectral assignments 

1720-1590 Amide I: C=O stretching vibrations of proteins (matrix) 

3065 
Amide II: N-H bending and C-N stretching vibrations of 

proteins (matrix) 

1200-900 
v1,v3 PO4

-3
: symmetric and antisymmetric stretching vibrations 

of phosphate (mineral) 

890-850 v2 CO2
-3

 : bending vibration of carbonate (mineral)  
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Figure 3.1 The averaged spectra of control (pink), epileptic (blue) and their drud-

treated groups (orange and black, respectively) in 1800-800 cm
-1 

region (Amide I 

band was used for the normalization process).  

 

 

The band areas reflects the concentration of the related molecules (Freifelder, 

1982; Garip et al., 2010a; Aksoy, 2012). IR band areas, intensity ratios, and area 

ratios were calculated to determine parameters such as mineral/matrix ratio, 

carbonate/phosphate ratio, crystallinity, and collagen-crosslinks ratio. The FTIRM 

parameter results were expressed as representative color-coded images for each 

parameter and histograms which describe the pixel distribution, mean values and 

standard deviations of these parameters. Each parameter value was calculated from 

21 different maps for each animal group and the mean values of these calculated 

parameters were given in tables, while one of the 21 maps was given as 

representative image for that parameter. Pixel histograms show the average value 



 79 

and heterogeneity of each of the measured parameter. As the parameter values 

decrease, the pixel distribution in the histograms of these parameters slide to the 

left side. Moreover, differences in the uniformity (narrowing of the bands) of the 

pixel distributions in histograms show a lower heterogeneity of the calculated 

parameters in the tissues. All bone tissues were investigated in three parts; cortical, 

trabecular and growth plate. 

 

3.1.1.1 The Effects of Carbamazepine and Epileptic Seizures on Bone Mineral 

 

3.1.1.1.1 Mineral Content 

 

As seen from the Figure 3.1, there was a decrease in the total area of v1,v3 

phosphate band at 1200-900 cm
-1

 and a change in the v1,v3 phosphate band contour 

between groups. The decrease in phosphate in epileptic and carbamazepine-treated 

groups is visible from the band area of v1,v3 phosphate band in all parts of the 

spine bone tissues (Figure 3.2).  
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Figure 3.2 The averaged band area of v1 , v3 phosphate
 
at 1200-900 cm

-1
 of control, 

epileptic and drug-treated groups. (*) represents the significancy compared to 

control group and (+) represents the significancy compared to epileptic group (*
,+

p 

≤ 0.05; **
,++

p ≤ 0.01; ***
,+++

p ≤ 0.001). 

  

 

The mineralization level can be determined by taking the ratio of the v1,v3 

phosphate band (1200-900 cm
-1

) area to the Amide I (1720-1590 cm
-1

) band area 

which is called mineral-to-matrix ratio (Boyar et al., 2004; Gourion-Arsiquaud et 

al., 2012). Representative images for mineral-to-matrix ratio and typical pixel 

histograms of respective images for spine, tibia and femur bone tissues are 

presented in Figure 3.3; Figure 3.4 and Figure 3.5, respectively. Mineral/matrix 

ratio is related to chemically determined mineral content (ash weight) (Boskey and 

Mendelsohn, 2005). It was visually apparent from the Figure 3.3 that the mineral-

to-matrix ratio (v1,v3 phosphate / Amide I) was significantly decreased in both 

epileptic and carbamazepine-treated groups compared to the healthy control in the 
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cortical parts of spine bone tissues (Table 3.2). This significant decrease in 

mineral-to-matrix ratio was also shown in the trabecular and growth plate parts of 

the spines (Figure 3.3 and Table 3.2).  This decrease was also seen from the pixel 

distributions of mineral-to-matrix parameter in the histograms which were slided 

to the left side when compared with the control groups (Figure 3.3). 

 

 

Table 3.2 Calculated mineral/matrix parameter in cortical, trabecular and growth 

plate parts of bone tissues for control (n=7), control + CBZ (n=7), epileptic (n=7) 

and epileptic + CBZ groups. (*) represents the significancy compared to control 

group and (+) represents the significancy compared to epileptic group.  

 

 BONE 

PART 

 

CONTROL CONTROL 

+ CBZ 

EPILEPTIC EPILEPTIC  

+ CBZ 

 

 

Spine 

Cortical 7.7 ± 0.5 

 

5.6 ± 0.4** 

 

5.2 ± 0.3** 

 

3.8 ± 0.4*** +++ 

 

Trabecular 6.5 ± 0.3 

 

5.0 ± 0.5** 

 

4.0 ± 0.5** 

 

3.1 ± 0.7*** + 

 

Growth 

Plate 

7.5 ± 0.2 

 

6.2 ± 0.5** 

 

4.9 ± 0.2*** 

 

3.4 ± 0.8*** + 

 

 

 

Tibia 

Cortical 10.0 ± 0.7 

 

8.3 ± 0.5** 

 

8.0 ± 0.4** 

 

6.0 ± 0.4*** ++ 

 

Trabecular 9.0 ± 0.5 

 

6.5 ± 1.0** 

 

8.0 ± 0.5 

 

4.1 ± 1.2*** +++ 

 

Growth 

Plate 

8.9 ± 0.5 

 

4.5 ± 1.0 

 

8.7 ± 0.5 

 

4.3 ± 0.8*** +++ 

 

 

Femur 

Cortical 6.3 ± 0.3 

 

5.2 ± 0.2* 

 

4.9 ± 0.2* 

 

4.0 ± 0.1** + 

 

Trabecular 6.8 ± 0.2 

 

5.5 ± 0.3 

 

4.5 ± 0.1 

 

3.9 ± 0.2*** + 
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Figure 3.3 Typical FTIR images of mineral/matrix ratios in cortical (A), 

trabecular (B) and growth plate (C) sites of spine bone for control, epileptic and 

drug-treated groups. The scales of each parameter are represented by color bars. 

Axes are in pixels (one pixel is 6.5 μm). The pixel histograms for these images are 

shown in (D) cortical, (E) trabecular and (F) growth plate. 
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In the tibia tissues, the significant decreases occurred in epileptic and drug-treated 

groups compared to control as in the spine tissues (Figure 3.4 and Table 3.2). In 

the tibia, this parameter significantly decreased in carbamazepine-treated groups 

for all bone parts, while significant variations were obtained only in the cortical 

bone of the epileptic group. The significant decrease in mineral content in cortical 

bone but not significant in trabecular and growth plate bone, shows a higher 

variation in spatial distribution of trabecular and growth plate mineral content 

(Boskey et al., 2009a). This variation was also seen from the histograms in which 

the pixel distributions were more broad implying an increased heterogeneity of 

mineral content in these bone parts. 

 

Representative FTIRM images of femur bone and typical histograms of respective 

images for mineral/matrix ratio were shown in Figure 3.5.  Although the variations 

of the measured parameters were paralel in both femur parts, they were much more 

significant in the cortical part than the trabecular part of the tissue. Mineral to 

matrix ratio significantly decreased in both epileptic and carbamazepine-treated 

groups (Table 3.2). 
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Figure 3.4 Typical FTIR images of mineral/matrix ratios in cortical (A), 

trabecular (B) and growth plate (C) sites of tibia bone for control, epileptic and 

drug-treated groups. The scales of each parameter are represented by color bars. 

The pixel histograms for these images are shown in (D) cortical, (E) trabecular 

and (F) growth plate. 
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Figure 3.5 Typical FTIR images of mineral/matrix ratios in cortical (A) and 

trabecular (B) sites of femur bone for control, epileptic and drug-treated groups. 

The scales of each parameter are represented by color bars. The pixel histograms 

for these images are shown in (D) cortical, and (E) trabecular. 

 

 

As a summary, mineral content was found to be decreased in epileptic group 

compared to the healthy control. This change in mineral content was due to the 

effect of epilepsy and epileptic seizures alone. The mineral content of drug-treated 

bones, especially drug-treated epileptic bones, were also found to be decreased. In 

fact drug administration decreased mineral content of bones more severely than 

epileptic seizures. 
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3.1.1.1.2 Carbonate Substitution 

 

Another calculated parameter is carbonate/phosphate ratio which was obtained by 

taking the ratio of the integrated areas of carbonate (890-850 cm-1) to v1,v3 

phosphate (1200-900 cm
-1

) band. This parameter is related to the chemically 

determined extent of carbonate substitution for phosphate or hydroxide in the 

mineral crystals (Krushinski et al., 1974; Calton et al., 2012). Carbonate/phosphate 

band area ratio was significantly decreased compared to healthy control in all parts 

of spine tissues of epileptic group (Figure 3.6 and Table 3.3). As seen from the 

figure and table, there was a significant decrease in this ratio in all parts of spine 

tissues of carbamazepine-treated groups relative to the epileptic and healthy 

control group. The calculated band areas of carbonate band at 890-850 cm
-1

 also 

supported this result by a decrease in carbonate band area in epileptic and 

carbamazepine-treated groups (Figure 3.7). The decrease in relative carbonate 

value was also seen from the pixel distributions in the histograms which were 

slided to the left side of the histogram. 
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Figure 3.6 Typical FTIR images of carbonate/phosphate ratios in cortical (A), 

trabecular (B) and growth plate (C) sites of spine bone for control, epileptic and 

drug-treated groups. The scales of each parameter are represented by color bars. 

The pixel histograms for these images are shown in (D) cortical, (E) trabecular and 

(F) growth plate. 
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Figure 3.7 The averaged band area of v2 carbonate
 
at 890-850 cm

-1
 in spine tissue 

control, epileptic and drug-treated groups. (*) represents the significancy compared 

to control group and (+) represents the significancy compared to epileptic group 

(*
,+

p ≤ 0.05; **
,++

p ≤ 0.01; ***
,+++

p ≤ 0.001). 

 

 

In tibia bone tissues, there was a significant decrease in carbonate/phosphate ratio 

in all parts of carbamazepine-treated groups relative to the epileptic and healthy 

control groups. As can be seen from Table 3.3, this ratio was also significantly 

decreased relative to healthy control in cortical and growth plate of epileptic group 

of the tibia (Figure 3.8). However there was no significant change in trabecular of 

the epileptic group compared to the healthy group. The degree of the effect of the 

drug on bone tissue which was more severe than the effect of the epileptic 

seizures, could also be seen from the pixel distributions in the histograms of these 

groups. The pixel distributions were slided more to the left side (more decreased 
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parameter value) in drug-treated groups than the epileptic group compared to the 

control. 

 

In femur bones, this parameter was significantly decreased for both epileptic and 

drug-treated groups in cortical and trabecular part compared to the epileptic and 

healthy control groups (Figure 3.9 and Table 3.3). 

 

 

Table 3.3 Calculated carbonate/mineral parameter in cortical, trabecular and 

growth plate parts of bone tissues for control (n=7), control + CBZ (n=7), 

epileptic (n=7) and epileptic + CBZ groups. (*) represents the significancy 

compared to control group and (+) represents the significancy compared to 

epileptic group. 

 

 BONE 

PART 

CONTROL CONTROL 

+ CBZ 

EPILEPTIC EPILEPTIC + 

CBZ 

 

 

Spine 

Cortical 0.014  

± 0.000 

0.012  

± 0.000* 

0.010  

± 0.000** 

0.007  

± 0.000*** +++ 

Trabecular 0.015  

± 0.000 

0.013  

± 0.000* 

0.009  

± 0.000** 

0.007  

± 0.000*** + 

Growth 

Plate 

0.016  

± 0.000 

0.007  

± 0.000*** 

0.009  

± 0.000*** 

0.07  

± 0.000*** + 

 

 

Tibia 

Cortical 0.021  

± 0.000 

0.019  

± 0.000* 

0.018  

± 0.000** 

0.013  

± 0.000*** ++ 

Trabecular 0.020  

± 0.000 

0.012  

± 0.000*** 

0.020  

± 0.000 

0.018  

± 0.000* + 

Growth 

Plate 

0.018  

± 0.000 

0.015  

± 0.000** 

0.016  

± 0.000* 

0.014  

± 0.000** + 

 

Femur 

Cortical 0.014  

± 0.000 

0.013  

± 0.000* 

0.012  

± 0.000* 

0.010  

± 0.000** + 

Trabecular 0.015  

± 0.000 

0.014  

± 0.000* 

0.013  

± 0.000* 

0.011  

± 0.000** + 
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Figure 3.8 Typical FTIR images of carbonate/phosphate ratios in cortical (A), 

trabecular (B) and growth plate (C) sites of tibia bone for control, epileptic and 

drug-treated groups. The scales of each parameter are represented by color bars. 

The pixel histograms for these images are shown in (D) cortical, (E) trabecular and 

(F) growth plate. 
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Figure 3.9 Typical FTIR images of carbonate/phosphate ratios in cortical (A) and 

trabecular (B) sites of femur bone for control, epileptic and drug-treated groups. 

The scales of each parameter are represented by color bars. The pixel histograms 

for these images are shown in (D) cortical and  (E) trabecular. 

 

 

While there is a decrease in phosphate content in hydroxyapatite crystals, it is 

expected that the carbonate content which substitutes for phosphate or hydroxide 

in the mineral crystals would increase. However, in current results according to the 

carbonate/phosphate ratio and carbonate band area, there was a decrease in 

carbonate content. This controversial finding about carbonate content was further 

studied by determining its substitutions in bones. In the v2 CO3
2–

 region (890-850 

cm
-1

) curve-fitting analysis was performed to get information about alterations in 

the relative ratios of different carbonate types in hydroxyapetites. There were 3 

sub-bands in this region. A band at 866 cm
–1

 is  assigned to labile (L type) 
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carbonate, and two bands at 872 cm
–1

 and 878 cm
–1

 are  assigned to type B and 

type A carbonates, respectively (Huang et al., 2003). In bone tissues, carbonate 

substitutes for the hydroxyl group called A type carbonate and/or the phosphate 

group called B type carbonate, or it exists on the surface of the bone apatite 

crystals called labile- L type carbonate (Jerome et al., 1997; Camacho et al., 1999; 

Huang et al., 2003). To monitor the alterations in these 3 types of carbonate, we 

estimated the ratio of the intensity of each component to the intensity of Amide I 

band (Table 3.4). In all three bone tissues, B type carbonate which substitutes for 

phosphate group in the crystals, significantly increased in epileptic and 

carbamazepine-treated groups (Table 3.4). Since the B type carbonate which 

substitutes for phosphate in the mineral crystals, increased, while the A type and L 

type carbonate significantly decreased in all groups relative to the control group, 

this may be the explanation for  the decrease in total carbonate content in the 

bones.   
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As a summary, although total carbonate content was found to be decreased, B-type 

carbonate content which substitutes for phosphate groups in the mineral part of 

bone, was shown to be increased in both epileptic and drug-treated groups 

compared to the control in all bone tissues.  

 

3.1.1.1.3 Crystallinity 

 

Mineral crystallinity gives the information about the crystallite size and perfection 

as measured by X-ray diffraction, and was estimated by taking the intensity ratios 

of subbands at 1030 (stoichiometric apatite) and 1020 cm
−1

 (nonstoichiometric 

apatite) (Boskey et al., 2005; Severcan et al., 2008; Garip et al., 2010a; Gourion-

Arsiquaud et al., 2012). This parameter significantly increased in all different parts 

of spine tissue for carbamazepine-treated groups compared to the epileptic and 

healthy control, while the crystallinity ratio increased significantly only for 

cortical and growth plate in the epileptic group relative to the healthy control 

group (Figure 3.10 and Table 3.4). The pixel distribution of the crystallinity 

parameter in the drug-treated groups was skewed to the right, showing the 

presence of relatively more large crystals than smaller ones (Figure 3.10).  

 

For tibia tissues, significantly increased crystallinity value was observed for both 

epileptic and carbamazepine-treated groups in all parts of tibia (Figure 3.12, Table 

3.5). In the pixel distributions of the trabecular bone of the tibia tissues, all groups 

had bimodal peaks indicating a heterogenity in crystal size/perfection while the 

pixel histograms of the FTIR images in cortical and growth plate bone showed a 

more uniform distribution of crystallinity in all groups (Faibish et al., 2006).  

 

In femur tissues, this ratio was significantly increased for epileptic and 

carbamazepin-treated groups in cortical bone while a slight increase was observed 

for these groups in trabecular bone (Figure 3.13, Table 3.5).  
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Table 3.5 Calculated crystallinity parameter in cortical, trabecular and growth 

plate parts of bone tissues for control (n=7), control + CBZ (n=7), epileptic 

(n=7) and epileptic + CBZ groups. (*) represents the significancy compared to 

control group and (+) represents the significancy compared to epileptic group. 

 

 BONE 

PART 

 

CONTROL CONTROL  

+ CBZ 

EPILEPTIC EPILEPTIC  

+ CBZ 

 

 

Spine 

Cortical 0.45 ± 0.05 

 

0.70  

± 0.04*** 

0.80  

± 0.05*** 

1.00  

± 0.03*** +++ 

Trabecular 0.65 ± 0.03 

 

0.70  

± 0.01* 

0.82  

± 0.03** 

0.95  

± 0.05*** + 

Growth 

Plate 

0.60 ± 0.04 

 

0.93  

± 0.02*** 

1.00  

± 0.02* 

1.10  

± 0.03*** + 

 

 

Tibia 

Cortical 0.19 ± 0.02 

 

0.23  

± 0.01* 

0.24  

± 0.03 

0.28  

± 0.03**  

Trabecular 0.15 ± 0.02 

 

0.25  

± 0.04** 

0.21  

± 0.01* 

0.30  

± 0.02*** ++ 

Growth 

Plate 

0.13 ± 0.04 

 

0.17  

± 0.03 

0.23  

± 0.04* 

0.26  

± 0.03***  

 

Femur 

Cortical 0.14 ± 0.03 

 

0.20  

± 0.02* 

0.24  

± 0.01** 

0.27  

± 0.01*** + 

Trabecular 0.16 ± 0.02 

 

0.19  

± 0.01 

0.17  

± 0.01 

0.19  

± 0.01 
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Figure 3.10 Typical FTIR images of crystallinity ratio in cortical (A), trabecular 

(B) and growth plate (C) sites of spine bone for control, epileptic and drug-treated 

groups. The scales of each parameter are represented by color bars. The pixel 

histograms for these images are shown in (D) cortical, (E) trabecular and (F) 

growth plate. 
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Figure 3.11 Typical FTIR images of crystallinity ratio in cortical (A), trabecular 

(B) and growth plate (C) sites of tibia bone for control, epileptic and drug-treated 

groups. The scales of each parameter are represented by color bars. The pixel 

histograms for these images are shown in (D) cortical, (E) trabecular and (F) 

growth plate. 
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Figure 3.12 Typical FTIR images of crystallinity ratio in cortical (A) and 

trabecular (B) sites of tibia bone for control, epileptic and drug-treated groups. The 

scales of each parameter are represented by color bars. The pixel histograms for 

these images are shown in (D) cortical and (E) trabecular. 

 

 

As a summary, crystallinity value indicating crystal size was found to be increased 

in epileptic group compared to the healthy control which was due to the effect of 

epilepsy and epileptic seizures on bones. However, the crystallinity value of 

carbamazepine-treated bones, mainly drug-treated epileptic bones, were found to 

be more increased compared to epileptic and healthy groups. Thus, drug 

administration affected the crystallinity of bone tissues more severely than 

epileptic seizures. 
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3.1.1.2 The Effects of Carbamazepine and Epileptic Seizures on Bone Matrix 

 

As mentioned in Section 1.1.1.1, the organic matrix of bone is mainly type I 

collagen. The triple-helical structure of type I collagen is stabilized by several 

intermolecular and interfibrillar crosslinks (Viguet-Carrin et al., 2006). An IR  

parameter called collagen cross-links, corresponds the maturity of the collagen 

fibrils (Boskey and Mendelsohn, 2005; Gourion-Arsiquaud et al., 2012). This 

parameter was calculated by taking the ratio of the intensities (or areas) of two 

sub-bands under the Amide I band. The intensity ratio of the sub-bands at 1660 

and 1690 cm
-1

 is related to the relative amount of nonreducible (mature) to 

reducible (immature) cross links (Huang et al., 2003). 

 

A significant decrease in collagen crosslinks in all spine bone parts of  

carbamazepine-treated groups relative to the epileptic and control ones was 

observed  (Figure 3.14 and Table 3.6). This ratio was also significantly decreased 

for epileptic group compared to the healthy control in all bone parts. Pixel 

distribution for the image of collagen crosslink ratio of bone, was commonly sharp 

(Figure 3.14), showing limited variation in collagen maturity in spine bone parts 

(Faibish et al., 2006).  
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Figure 3.14 Typical FTIR images of collagen crosslinks ratio in cortical (A) and 

trabecular (B) and growth plate (C) sites of spine bone for control, epileptic and 

drug-treated groups. The scales of each parameter are represented by color bars. 

The pixel histograms for these images are shown in (D) cortical, (E) trabecular and 

(F) growth plate. 
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Table 3.6 Calculated crosslinks parameter in cortical, trabecular and growth 

plate parts of bone tissues for control (n=7), control + CBZ (n=7), epileptic 

(n=7) and epileptic + CBZ groups. (*) represents the significancy compared to 

control group and (+) represents the significancy compared to epileptic group. 

 

 BONE 

PART 

 

CONTROL CONTROL 

+ CBZ 

EPILEPTIC EPILEPTIC 

+ CBZ 

 

 

Spine 

Cortical 0.30  

± 0.03 

0.24  

± 0.02* 

0.21  

± 0.03** 

0.18  

± 0.01***  

Trabecular 0.35  

± 0.03 

0.28  

± 0.01** 

0.16  

± 0.04*** 

0.14  

± 0.02***  

Growth 

Plate 

0.39  

± 0.04 

0.30  

± 0.02** 

0.23  

± 0.02*** 

0.14  

± 0.03*** +++ 

 

 

Tibia 

Cortical 0.28  

± 0.02 

0.26  

± 0.01 

0.24  

± 0.03 

0.23  

± 0.03  

Trabecular 0.25  

± 0.02 

0.20  

± 0.02* 

0.23  

± 0.01 

0.19  

± 0.02* + 

Growth 

Plate 

0.27  

± 0.02 

0.24  

± 0.02 

0.26  

± 0.03 

0.23  

± 0.01 

 

Femur 

Cortical 0.33  

± 0.02 

0.28  

± 0.02* 

0.25  

± 0.01** 

0.22  

± 0.01*** + 

Trabecular 0.34  

± 0.01 

0.31  

± 0.01* 

0.33  

± 0.01 

0.25  

± 0.01***+++ 

 

 

In tibia tissues, a significant decrease in collagen crosslinks was obtained in 

trabecular part of drug-treated bones compared to the epileptic and healthy contol 

bone tissues. Although there was a slight decrease, no significant result was 

obtained in tibia for collagen crosslinks of epileptic group compared to the healthy 

control (Figure 3.15, Table 3.6).   

 

In femur tissues, the significant variations for carbamazepine-treated groups 

compared to the epileptic and healthy controls, showed a similar pattern for all 

parts as seen in Figure 3.16. In these groups, there was a significant reduction in 
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collagen crosslinks parameter, while in the epileptic group the variations were only 

significant in cortical part compared to the control (Figure 3.16, Table 3.6).  The 

severe decrease in the cortical part, could also be seen from the pixel distributions 

of this value which slided to the left side (to the lower values) of the histogram in 

drug-treated and epileptic groups. 

 

As a summary, relative amount of nonreducible/reducible cross links, was found to 

be changed critically in carbamazepine-treated epileptic and healthy groups, 

indicating an increase in immature crosslinks in the bones of these groups. 

However, the variation in the ratio of the mature/immature crosslinks, was that 

much drastic for epileptic group in only spine tissue compared to the healthy 

control.  

 

In FTIRM studies, according to the degree of variation and significance between 

the calculated parameter values, the spine tissue was found to be the most affected 

bone tissue from both epileptic seizures and anti-epileptic drug treatment. 



 103 

 

 

Figure 3.15 Typical FTIR images of collagen crosslinks ratio in cortical (A), 

trabecular (B) and growth plate (C) sites of tibia bone for control, epileptic and 

drug-treated groups. The scales of each parameter are represented by color bars. 

The pixel histograms for these images are shown in (D) cortical, (E) trabecular 

and (F) growth plate. 
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Figure 3.16 Typical FTIR images of collagen crosslinks ratio in cortical (A) and 

trabecular (B) sites of femur bone for control, epileptic and drug-treated groups. 

The scales of each parameter are represented by color bars. The pixel histograms 

for these images are shown in (D) cortical and (E) trabecular. 

 

 

3.1.2 Hardness Studies 

 

Hardness is used as a parameter to determine the resistance of a material against an 

indentation (Currey JD, 2003; Ritchie et al., 2005; Oyen ML, 2006). The 

understanding of bone mechanics can be developed by the hardness tests in 

different levels (Boivin et al., 2008). For this reason, hardness studies were carried 

out in both micro- and nano-levels. Microhardness values were determined with 

Vickers microhardness test in spine, tibia and femur tissues, where nanohardness 

values were obtained from nano-indentation tests which was applied to spine 
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tissue as the most affected bone from epileptic seizures and drug treatment 

according to the FTIRM and microhardness studies.  

 

3.1.2.1 Vickers Microhardness Studies 

 

The results of microhardness measurements for all bone tissues were given in 

Figure 3.17. As seen from the figure, when the microhardness values of epileptic 

group were compared with the healthy control, in all three parts of spine tissue, 

there was a significant decrease in hardness of bones. The most severe decrease in 

hardness was observed in drug-treated epileptic group compared to the epileptic 

and healthy groups in cortical, trabecular and growthplate regions of spine bones.  

 

In tibia bone tissues, except the cortical part, epileptic group had significantly 

decreased hardness values compared to the healthy one. Moreover, hardness 

values of drug-treated groups, especially the drug-treated epileptic group, were 

significantly decreased in all bone parts of tibia (Figure 3.17). In femur tissues, the 

only significant change in hardness was observed in drug-treated epileptic group in 

cortical bone part.  
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Figure 3.17 Microhardness values of control, epileptic and drug-treated groups in 

cortical (A), trabecular (B) and growth plate (C) sites of spine, tibia and femur 

bone tissues. (*) represents the significancy compared to control group and (+) 

represents the significancy compared to epileptic group (*
,+

p ≤ 0.05; **
,++

p ≤ 0.01; 

***
,+++

p ≤ 0.001). 

 

 

As a summary, according to microhardness studies, carbamazepine treatment 

caused most significant decrease in hardness of epileptic group in all bone tissues, 

where epileptic seizures caused a decrease in hardness of only spine and tibia 

tissues. The lowest hardness values were belonged to the drug-treated epileptic 
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group. Thus, drug administration affected the hardness of bone tissues more 

severely than epileptic seizures. 

 

3.1.2.2 Nanohardness Studies 

 

Nanohardness, microhardness, and macrohardness tests may not provide 

comparable results in high heterogen structures such as bone. The microhardness 

is affecting a much wider volume thus measuring hardness of a bigger bone areas. 

The nanoindenter measurement is very localized including a small volume of 

material and represents the hardness of a particular small bone area. Thus, it 

enables to measure hardness values across the radial of a bone section from 

periosteum (outer bone membrane) to endosteum (inner bone membrane). The 

most affected bone tissue form both epileptic seizures and carbamazepine 

treatment was found as spine according to the results of FTIRM and 

microhardness studies. Therefore, nanohardness test was applied to spine tissue 

with 2 different methods. In the first method, two different maximum loads of 

1000 ve 5000 μN were applied to cross section of cortical bone as a grid pattern of 

totally 98 indents. In the second method, same loads were applied to across the 

cortical radial section of bone with approximately 300 indents to get information 

about the effects on different regions of cortical bone. 

 

The hardness (H) and elastic modulus (E) values for spine bone tissues of healthy 

control, epileptic and carbamazepine-treated groups, in 1000μN ve 5000μN loads 

are shown in Figure 3.18. The hardness values of epileptic group were lower than 

the hardness values of healthy control rat group. This lower hardness values were 

only the result of the effects of epilepsy and seizures without interfering with any 

drug treatment. The administration of carbamazepine to the healthy rats, led to a 

decrease in bone hardness values of these rats. The same case happened when the 

drug was given to the epileptic group rats. The hardness values of drug-treated 
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epileptic group were much more lower than the ones of control epileptic group. 

There were also dramatic changes for elastic modulus values between animal 

groups. As in hardness values, elastic modulus of drug-treated groups was also 

lower than the values of epileptic and healthy control groups. Moreover, elastic 

modulus values were different between healthy control and epileptic group (Figure 

3.18). 

 

Another important observation was that the alteration of H and E values between 

animal groups increased with the increase of applied load. The alteration between 

nanomechanic parameter values of different animal groups in 1000μN load, was 

more higher when 5000μN load was applied (Figure 3.18).  

 

Figure 3.19 shows the hardness and elastic modulus values of spine tissue of 

studied animal groups, across the cortical radial sections of each bone. The results 

were analyzed in three different cortical parts; periosteum to mid-cortical, mid-

cortical and mid-cortical to endosteum. As seen from the figure, both the hardness 

and elastic modulus of drug-treated groups were lower than the epileptic and 

healthy control groups in all cortical parts. These parameter values were also lower 

for epileptic group when compared to the healthy control group. Although 

hardness values of drug-treated healthy rats were also lower than the healthy 

control group, the most dramatic changes were seen in drug-treated epileptic group 

compared to epileptic rats. Elastic modulus values of these groups were also lower 

than the control groups but not as dramatic as the alterations in hardness values 

(Figure 3.19).  
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Figure 3.18 Hardness (H) and elastic modulus (E) values obtained from 7x7=49 

indents on cortical bone of spine tissues using 1000 μN and 5000 μN loads. (*) 

represents the significancy compared to control group and (+) represents the 

significancy compared to epileptic group (*
,+

p ≤ 0.05; **
,++

p ≤ 0.01; ***
,+++

p ≤ 

0.001). 

 

 

As a summary, the nanohardness values of spine were most affected from 

carbamazepine treatment in both healthy and epileptic rats. However, the most 

dramatic changes were seen in drug-treated epileptic group compared to epileptic 

rats. In elastic modulus changes, there was not that much dramatic reduction as 

seen in hardness values. Moreover, the most affected cortical regions from both 
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epileptic seizures and drug treatment, were mid-cortical and close to endosteum 

parts (inner cortical membrane). 

 

 

 

Figure 3.19 Hardness (H) and elastic modulus (E) values from 30x1=30 indents 

across the cortical radial of spine tissues using 5000 μN load. (*) represents the 

significancy compared to control group and (+) represents the significancy 

compared to epileptic group (*
,+

p ≤ 0.05; **
,++

p ≤ 0.01; ***
,+++

p ≤ 0.001). 
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3.1.3 SR-FTIR Microspectroscopy Studies 

 

The further investigated was done for the changes in mineral and matrix parts of 

drug-treated and epileptic bones with SR-FTIR microspectroscopy because of two 

important advantages of this technique. Firstly, global FTIRM can only collect 

data between 4000-700 cm
-1

, since the 700-400 cm-1 frequency region is below 

the cutoff of the detectors used in commercial infrared microscopes. An advantage 

of SR-FTIRM for bone research is enabling the collection of data in also between 

700-400 cm
-1

 infrared range. In this range, the v4 PO4
3-

 band (500-650 cm
-1

) gives 

more accurate data for mineral properties including crystallinity, since this band is 

affected from other absorptions less than the v1 , v3PO4
3-

 band (1200-900 cm
-1

). 

Another advantage of SR-FTIRM is its 1000 times higher signal/noise ratio than 

the thermal source for spatial resolutions, enabling us to monitor the small IR 

bands at better and high spatial resolutions. The latter advantage also provides to 

study intra-bone variations by enabling investigation of the changes in the small 

and/or heterogeneous parts of bone tissues more accurately.  

 

Intra-bone variations are important to determine the disease- and/or drug-related 

bone disorders. Different locations of bone are regarded as being in the early 

mineralization, bone remodeling and bone formation stages (Kavukcuoglu et al., 

2009). Changes in these locations can give valuable results about the cause of the 

disorder on bone. The changes in biomechanic features of different cortical regions 

were mentioned in the previous section (3.1.2.2) and these nanoindentation studies 

showed that mid-cortical and the region between the mid-cortical and endosteum 

parts (close to inner membrane) were the most affected parts from epileptic 

seizures and drug-treatment. For further investigation, the structural changes in 

periosteum, mid-cortical and endosteum parts of spine cortical were studied 

detailly with SR-FTIR microspectroscopy. 
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Representative SR-FTIRM images of mineral/matrix, carbonate/mineral, crosslink 

ratio and crystallinity parameters for three different spine cortical regions were 

shown in Figure 3.20, Figure 3.21, Figure 3.22, and Figure 3.23, respectively.  The 

decreased mineral content, carbonate substitution, collagen crosslinks and 

increased crystallinity in epileptic and drug-treated groups compared to the healthy 

controls, supported the previous FTIRM results in this study (Figure 3.20, Table 

3.7). According to the calculated parameters, the most affected cortical regions 

from epileptic seizures and carbamazepine treatment, were mid-cortical and close 

to endosteum parts (inner cortical membrane). This result may point to an 

alteration in the osteoclastic endosteal bone resorption (Kavukcuoglu et al., 2009) 

due to epilepsy and drug treatment. 
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Figure 3.20 Typical FTIR images of mineral/matrix ratio in periosteum, mid-

cortical and endosteum parts of spine cortical for control, epileptic and drug-

treated groups. The scales of each parameter are represented by color bars. 

Axes are in pixels (one pixel is 1.0 μm).  
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Figure 3.21 Typical FTIR images of carbonate/mineral ratio in periosteum, 

mid-cortical and endosteum parts of spine cortical for control, epileptic and 

drug-treated groups. The scales of each parameter are represented by color bars. 

Axes are in pixels (one pixel is 1.0 μm).  
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Figure 3.22 Typical FTIR images of crosslink ratio in periosteum, mid-cortical 

and endosteum parts of spine cortical for control, epileptic and drug-treated 

groups. The scales of each parameter are represented by color bars. Axes are in 

pixels (one pixel is 1.0 μm).  
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Figure 3.23 Typical FTIR images of crystallinity ratio in periosteum, mid-cortical 

and endosteum parts of spine cortical for control, epileptic and drug-treated groups. 

The scales of each parameter are represented by color bars. Axes are in pixels (one 

pixel is 1.0 μm).  
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3.1.4 Atomic Force Microscopy Studies 

 

Figure 3.24 shows the 3 μm
2 

AFM height and phase images of spine bone tissues 

of healthy, epileptic and carbamazepine-treated animal groups. As seen from the 

figure, images of drug-treated groups had lower distribution of light color which 

implied that distribution of minerals were lower in these groups when compared to 

the control groups. 

  

Table 3.8 shows the root mean square (RMS) and arithmetic average height (Ra) 

which were measured from 3 μm
2 

AFM images of spine bones of studied animal 

groups. The roughness value of epileptic group was lower than healthy control 

group. This lower roughness value was only the result of the effects of epileptic 

seizures without interfering with any drug treatment. The roughness values of 

drug-treated healthy and epileptic groups were also lower than the values of 

epileptic and healthy control groups in spine bones. It was shown that the most 

affected group from drug treatment was epileptic rat group (Figure 3.24, Table 

3.8). 
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Table 3.8 The root mean square (RMS) and arithmetic average height (Ra) 

values obtained from 3 μm
2 

AFM images of spine tissue for control (n=7), 

control + CBZ (n=7), epileptic (n=7) and epileptic + CBZ groups. (*) represents 

the significancy compared to control group and (+) represents the significancy 

compared to epileptic group. 

 

 

 3x3 μm
2
 Scan Area 

 

GROUP RMS (nm) 

 

Ra (nm) 

Control 204.0±25.0 

 

168.0±24.2 

Control+CBZ 110.0±21.5*** 

 

79.2±24.5*** 

Epileptic 121±28.2** 

 

91.0±25.1** 

Epileptic+CBZ 68.5±20.3*** ++ 

 

41.6±13.5*** + 
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Figure 3.24 3 μm
2 

AFM height and phase images of spine bone tissues of control, 

epileptic and drug-treated groups.  

 

 

As a summary, It was reported that there is a linear correlation between bone 

hardness and surface roughness (Zhao et al., 2010). Therefore, lower surface 
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roughness values of epileptic group compared to healthy one and carbamazepine-

treated groups compared to epileptic and healthy groups, were supported the lower 

micro- and nano-hardness values in these groups. As also reported in hardness 

studies, epileptic rats were observed to be affected most dramatically from 

carbamazepine treatment in AFM studies. 

 

3.1.5 Biochemical Studies 

 

Measurement of molecular markers that are known as reflecting bone formation 

and/or bone resorption enables the diagnosis of bone disorders and determine the 

effects of different factors on bone. In the present study, the serum levels of bone 

formation markers (BAP, OC) and bone resorption marker (C-telopeptide) and the 

serum levels of calcium, parathormone, 25-OH and 1,25-OH vitamin D were 

measured by ELISA. Therefore, measuring these blood parameters can be helpful 

to understand the mechanism for the adverse effects of carbamazepine and also 

epileptic seizures on bone structure and mechanics. Moreover, to clarify the action 

mechanism of anti-epileptic drug and seizures on vitamin D and bone metabolism, 

the protein levels of vitamin D anabolism and catabolism enzymes were measured 

by western blot analysis. 

 

3.1.5.1 Measurement of Bone Turnover Markers 

 

Most of the biochemical markers of bone resorption are correspond to collagen 

breakdown products including collagen telopeptides. However, bone formation 

markers are products of collagen neosynthesis and/or osteoblast-related proteins 

including osteocalcin (OC) and bone specific alkaline phosphatase (BAP). 

 

25-hydroxyvitamin D is the only vitamin D metabolite which is used to understand 

whether there is a vitamin D deficiency, sufficiency or intoxication (Holick M.F., 
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2009). 1,25dihydroxy vitamin D affects the classic target organs such as bone, 

intestine and kidneys and enhances calcium absorption from mentioned organs. 

The production of 1-alpha-25-dihydroxy vitamin D is stimulated by PTH. While 

vitamin D deficiency leads to osteoporosis, vitamin D insufficiency (subsequent 

form of vitamin D deficiency) leads to osteomalacia. 

 

The serum levels of blood parameters and bone turnover markers are shown in 

Figure 3.25 and Figure 3.26, respectively. As seen from the figure, the serum 

levels of 25(OH)D and 1,25(OH)D were significantly decreased in both epileptic 

and carbamazepine-treated groups, compared to the healthy controls. The total 

serum Ca concentration was significantly decreased in both epileptic and 

carbamazepine-treated groups while there were elevated levels of PTH and bone 

turnover markers (OC, BAP, CTX) in drug-treated groups. However, a slight 

increase was observed in  bone turnover markers in epileptic group.  
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Figure 3.25 Serum calcium, 25(OH)D, 1,25(OH)D and PTH levels of control, 

epileptic and drug-treated groups. (*) represents the significancy compared to 

control group and (+) represents the significancy compared to epileptic group (*
,+

p 

≤ 0.05; **
,++

p ≤ 0.01; ***
,+++

p ≤ 0.001). 
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Figure 3.26 Serum bone formation (ALP and osteocalcin) and resorption (C-

telopeptide) of control, epileptic and drug-treated groups. (*) represents the 

significancy compared to control group and (+) represents the significancy 

compared to epileptic group (*
,+

p ≤ 0.05; **
,++

p ≤ 0.01; ***
,+++

p ≤ 0.001). 

 

 

3.1.5.2 Protein Level Measurement of Vitamin D Metabolism Enzymes 

 

In the current study, the protein levels of 25-hydroxylase (CYPA1) in the liver, 1-

α-hydroxylase (CYP27B1) and 24-hydroxylase (CYP24)) in the kidney were 

determined by western blot analysis to determine the possible effects of epileptic 

seizures and carbamazepine treatment on vitamin D metabolism. Western blot 

analysis results showed that both epileptic seizures and carbamazepine treatment 

increased the vitamin D catabolism enzyme 24-hydroxylase (CYP24). Moreover, 

the protein levels of 25-hydroxylase (CYP27A1) was also shown to be increased 
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in both epileptic and drug-treated groups (Figure 3.27). The drug-treated epileptic 

group had the highest protein levels of these enzymes. 

 

 

 

 

 

Figure 3.27 Protein levels of CYP27a1, CYP27b1 and CYP24 enzymes in liver 

and kidney tissues of epileptic and drug-treated groups are shown in representative 

western blot images (A) and histograms (B). (*) represents the significancy 

compared to control group and (+) represents the significancy compared to 

epileptic group (*
,+

p ≤ 0.05; **
,++

p ≤ 0.01; ***
,+++

p ≤ 0.001). 

 

A 

B 
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3.2 Study 2: Simvastatin Study 

 

As it was reported in the first study of the current thesis, Carbamazepine which is 

used for the treatment of neurological diseases, can induce adverse effects on bone 

tissues. As a comparative study, it was aimed to investigate the possible adverse 

and/or pleiotropic effects of another commonly used, well-known cholesterol 

lowering drug; Simvastatin on bone tissues of healthy rats in a dose-dependent 

manner. Besides the advantages of FTIR microspectroscopy such as enabling the 

study of different bone parts and intra-bone variations non-destructively with a 

high spatial resolution, it has a long data acquisition and sample preparation 

procedures with the need of expensive chemicals for sample embedding. Because 

of these challanges, another non-destructive and non-invasive, sensitive and high 

quality vibrational technique; ATR-FTIR spectroscopy, with less cheap and 

complex experimental procedure and more rapid data acquisition than the FTIR 

microspectroscopy was prefered. By using ATR-FTIR spectroscopy technique, it 

would not be able to monitor different parts of the bones and represent them with 

visual images of bone tissue parts, as it was done in FTIRM studies. However, it 

would be able to obtain similar information with FTIRM about the structural and 

conformational changes in bone mineral, matrix, crystallinity and proteins of total 

bone tissue. Thus, ATR-FTIR spectroscopy provides us sensitive information as 

FTIRM but not detailed as it. Since it was aimed to investigate the effects of the 

drug essentially on total bone structure, not on each bone part, this may not 

introduce a significant problem.   

 

The structural and conformational changes in mineral, matrix, crystallinity, 

proteins and lipids of bone tissues, were investigated by ATR-FTIR spectroscopy 

and the possible variations in the secondary structure of bone proteins were 

determined by Neural Network (NN) analysis. Moreover, cluster analysis was 

performed to classify the control and high- and low-dose Simvastatin-treated 
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groups based on the spectral differences. Drug-induced mechanical changes on 

bone tissues were also clarified by Vickers microhardness tests. Studying with 

drug-treated healthy Wistar animal group and compairing it with healthy control, 

enables to determine the effects of the drug without interfering with any disease 

state.  

 

Clinically relevant simvastatin doses vary depending on the studied animal model. 

Since rat and mouse models metabolize statins more rapidly than humans, higher 

doses are required for these animals to access similar effective doses in humans 

(von Tresckow et al., 2007; Youssef et al., 2007). In the previous studies, it was 

reported that high therapeutic simvastatin doses in humans correspond to 50–100 

mg/kg/day dose in rats (Cartier et al., 2000; Johnson-Anuna et al., 2005; Thelen et 

al., 2006; Marcoff and Thompson et al., 2007) and 50–202 mg/kg/day dose in 

mouse (Newman and Hulley 1996; von Tresckow et al., 2007; Golledge et al., 

2010). Therefore in the current study, the simvastatin dose used as 50 mg/kg/day 

for rats is in the lower limit of high dose and corresponds to a clinically relevant 

dose of simvastatin. 

 

3.2.1 ATR-FTIR Spectroscopy Study  

 

To prove the efficacy of treatment with simvastatin, the total serum cholesterol 

level of the rats was measured. After 30 days, plasma cholesterol levels were 

measured as 132.00±22.35 μg/ml (p < 0.05) for low dose simvastatin-treated rats 

and as 122.50±25.04 μg/ml (p < 0.01) for high dose simvastatin-treated rats both 

of which were significantly lower than that of the control group (171.40±16.96 

μg/ml) (Ozek et al., 2009; Garip et al., 2010a). 
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Figure 3.28 A typical FTIR spectrum of a rat tibia in the 4000-750 cm
-1

 region. 

 

 

Figure 3.28 shows a typical FTIR spectrum of a rat tibia in the 4000–750cm
−1

 

region. This spectrum consists of several bands due to the different functional 

groups of macromolecules, such as lipids, carbohydrates and proteins. The 

assignments of these bands are given in Table 3.9. The spectral analyses were 

performed in two main spectral ranges corresponding to 3030–2840 and 1750–

750cm
−1

. 
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Table 3.9 General band assignment of bone tissue between 3030-750 cm
-1

 

wavenumber region. 

 

 

 

 

Wavenumbers 

(cm 
-1 

) 

Definition of the spectral assignment 

 

1 

 

3012 

 

Olefinic=CH stretch: lipid (mainly unsaturated) 

(Liu et al., 2002; Cakmak et al., 2012) 

 

2 

 

2959 

 

CH3 asym. stretch: lipids, protein side chains 

(Szalontai et al., 2009; Garip et al., 2010a) 

 

3 

 

2927 

 

 

CH2 asym. stretch: mainly lipids, with a small 

contribution from proteins, carbohydrates, nucleic 

acids (Garip et al., 2010a)) 

 

4 

 

2876 

 

 

CH3 sym. stretch: mainly proteins, with a small 

contribution from lipids, carbohydrates, nucleic 

acids (Ozek et al., 2009) 

 

5 

 

2857 

 

 

 

CH2 sym. stretch: mainly lipids, with a small 

contribution from proteins, carbohydrates, nucleic 

acids (Garip et al., 2010a) 

 

6 

 

1657 

 

Amide I (protein C=O stretching) (Krafft et al., 

2004; Aksoy et al., 2012) 

 

7 

 

1541 

 

Amide II (protein N-H bend, C-N stretch) (Kneipp 

et al., 2000) 

 

8 

 

1452 

 

CH2 Bending: lipids (Toyran et al., 2006; Garip et 

al., 2010a) 

 

9 

 

1200-900 

 

v1, v3 PO4
3– 

stretching: mineral (Boskey et al., 

2005) 

 

10 

 

 

890-850 

 

v2 CO3
2– 

: mineral (Boskey and Mendelsohn, 

2005) 
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Figure 3.29A shows the spectra of control, 20mg and 50mg simvastatin-treated 

groups between 3030–2840cm
−1

 wavenumber region. In this region, the band at 

3012cm
−1

 is due to C–H stretching mode of HC=CH groups within the olefinic 

molecules. This band gives the information about the diverse degrees of 

unsaturation in lipids (Kneipp et al., 2000; Garip et al., 2010a; Cakmak et al., 

2012). 

 

The CH2 symmetric stretching bands are mainly due to lipids and CH3 asymmetric 

band arises from the equal contribution of proteins and lipids. The CH3 symmetric 

stretching band is mainly due to proteins (Carmona et al., 2008). The lipid and 

protein bands in this region result from the organic matrix part of the bone tissue 

(Daglioglu et al., 2010). Figure 3.29B shows the infrared spectra of control, 20mg 

simvastatin and 50mg simvastatin-treated groups in 1750–750cm
−1

 region. There 

are several bands due to proteins, lipids (organic components of the bone tissue) 

and carbonate, phosphate (inorganic mineral components of the bone tissues) 

molecules in this spectral region. (Boyar et al., 2004; Boskey and Mendelsohn, 

2005; Daglioglu et al., 2010). The functional groups focused on this region are 

amide I (1650cm
−1

), which corresponds to the C=O stretching vibration of proteins 

(Clarke and Mills, 2006), v1, v3 phosphate (1200–900cm
−1

) and v2 carbonate (890–

850cm
−1

). 
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Figure 3.29 The average spectra of control, 20 mg and 50 mg simvastatin-

treated groups in (A) 3030-2840 cm
-1

, (B) 1700-750 cm
-1 

region (CH2 

asymmetric stretching band was used for normalization process).  

 

A 

B 
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3.2.1.1 The Effects of Low and High Dose Simvastatin on Bone Mineral 

 

In FTIR spectroscopy, the concentrations of the functional groups belonging to 

macromolecules were determined by measuring the band area or intensity of 

related absorption bands (Garip et al., 2007; Ozek et al., 2009). In the bones of 

both low and high dose of drug-treated rats, mineral-to-matrix ratio increased 

significantly respect to the control (p<0.001) (Table 3.10). Moreover, as seen from 

Table 3.10, the relative carbonate content (p<0.05) and carbonate-to-amide I ratio 

(p<0.001) significantly decreased for both drug-treated groups respect to the 

control group. Determination of the variations in the phosphate band is useful for 

investigating the alterations in the hydroxyapatite crystallinity of bones (Boskey 

and Mendelsohn, 2005). Therefore, to gain information about crystallinity in the 

v1, v3 phosphate domain, curve-fitting analysis was carried out. Figure 3.30 shows 

the underlying peaks as obtained by curve-fitting analysis of the v1, v3 phosphate 

region for control and simvastatin-treated groups. For both 20mg and 50mg 

simvastatin-treated groups, this ratio was significantly higher (p<0.001) than the 

control (Table 3.10). 

 

As a summary, both 20mg and 50mg simvastatin treatment increased mineral 

content while the relative carbonate content and crystallinity were decresed. These 

results implies a more strengthed bone respect to the control group. However, low 

dose simvastatin therapy was much more affected in increasing bone strength, 

since the variations were bigger than the high dose simvastatin group when 

compared to the control. 
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Table 3.10 The band area ratios of some functional groups in control (n=10), 

20mg and 50mg simvastatin-treated groups.  

 

Band Area Ratio Control 

(n=10) 

20mg  

(n=10) 
P value 

50 mg  

(n=10) 
P value 

Lipid-to-protein 

(CH2 symmetric 

stretching/CH3 

symmetric 

stretching) 

5.85 

±0.80 

0.68 

±1.00 
<0.001*** 

10.8 

±0.90 
<0.001*** 

Lipid-to-protein 

(CH2 symmetric 

stretching/amide I 

0.04 

±0.01 

0.01 

±0.01 
<0.001*** 

0.06 

±0.01 
<0.001*** 

Mineral-to-matrix 

(υ1, υ3 phosphate 

stretching/amide I 

2.58 

±0.05 

3.50 

±0.03 
<0.001*** 

3.15 

±0.03 
<0.001*** 

Relative carbonate 

content (υ2 

carbonate-to- 

υ1, υ3 phosphate 

stretch.) 

0.07 

±0.01 

0.03 

±0.01 
<0.05* 

0.05 

±0.01 
<0.05* 

Carbonate-to-

amide I ( carbonate 

to amide I) 

0.22 

±0.03 

0.10 

±0.05 
<0.001*** 

0.15 

±0.02 
<0.001*** 

Crystallinity 

(1030/1020) 

3.49 

±0.50 

1.40 

±1.00 
<0.001*** 

1.18 

±1.00 
<0.001*** 

 

. 
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Figure 3.30 Curve-fitting analysis of the ν1,ν3 phosphate stretching band (1200-

900cm
-1

) of A) control, B) 20 mg simvastatin treated, C) 50 mg simvastatin treated 

groups.  



 135 

3.2.1.2 The Effects of Low and High Dose Simvastatin on Bone Lipids 

 

The area of the olefinic band at 3012cm
−1

 increased in 20 mg simvastatin-treated 

group (p<0.01), where in 50 mg treated-group, the olefinic band almost 

disappeared implying a decrease in the unsaturation level (.Figure 3.31 and Table 

3.11). The area of the CH2 symmetric stretching band located at 2853cm
−1

, which 

gives information about the lipid content, was lower for the low dose of 

simvastatin-treated group (p<0.01), while it was higher for high dose-treated group 

(p<0.001) in comparison to control (Figure 3.31, Table 3.11). This result was 

further supported by a significant variation (p<0.01) in the area of the CH2 bending 

(mainly lipids) at 1452cm
−1

.  

 

As seen from Figure 3.31, in between 3030–2840cm
−1

 wavenumber region, the 

frequency of one of the lipid bands; CH2 asymmetric stretching shifted to lower 

values for low dose (p<0.001) and to higher values for high dose (p<0.001) 

simvastatin treatment when compared to the control (Table 3.11). The alteration in 

the frequency of this lipid band shows the order/disorder level (flexibility of acyl 

chains) of the membrane lipids. Thus, the higher values of frequency in high dose 

treatment implies an more disordered membrane structure via increasing in gauche 

conformers of fatty acyl chains (Garip et al., 2010a). Moreover the half-bandwidth 

of this band informs about the fluidity of the membrane (Akkas et al., 2007). The 

halfbandwidth value of the CH2 asymm. stretch. band decreased to lower values in 

20 mg treated group (p<0.001) implying a lower fluidity of membrane, while the 

value increased in 50 mg treated group (p<0.01) which implies a higher fluidity of 

membrane when compared to the control (Table 3.11). 
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Figure 3.31 The average spectra of control, low dose and hig dose simvastatin 

treated groups between 3030-2840 cm
-1

 wavenumber region (CH2 asymm. stretch. 

band was used for the normalization process). The frequency shift in CH2 asym. 

stretch. band and area difference in CH2 sym. stretch. band were shown in seperate 

windows for better representation. 

 

As a summary, low dose and high dose simvastatin treatment had opposite effects 

on bone membrane lipid molecules. High dose simvastatin treatment resulted in 

more disordered membrane structure, while low dose drug treatment enchance 

more ordered structure in bone membrane. Moreover, in low dose-treated bones, 
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there was a lower membrane fluidity, while there was a higher membrane fluidity 

in high dose group, compared to the control. 

 

 

Table 3.11 The band frequency, area and half-bandwidth values of some 

functional groups in control, 20mg and 50mg simvastatin-treated groups. 

 

Functional 

groups 

                              Frequency 

Control 

(n=10) 

20mg 

treated 

(n=10) 

P value 

50 mg 

treated 

(n=6) 

P value 

CH2 asym. 

stretch. 

2927.02 

±0.50 

2925.12 

±0.30 
<0.001*** 

2928.34 

±0.30 
<0.001*** 

Amide I 
1667.32 

±1.00 

1662.75 

±0.50 
<0.001*** 

1659.98 

±0.50 
<0.001*** 

Area 

Olefinic= 

CH stretch. 

0.53 

±0.30 

0.90 

±0.20 
<0.01** - - 

CH2 sym. 

stretch. 

0.05 

±0.01 

0.02 

±0.01 
<0.01** 

0.08 

±0.01 
<0.001*** 

CH3 sym. 

stretch. 

0.41 

±0.30 

0.59 

±0.80 
<0.001*** 

0.45 

±0.20 
<0.001*** 

Amide I 
11.64 

±0.30 

30.87 

±1.00 
<0.001*** 

12.88 

±0.60 
<0.05* 

Amide II 
3.53 

±0.40 

7.05 

±1.20 
<0.001*** 

4.61 

±0.50 
<0.001*** 

CH2 

bending 

0.92 

±0.08 

0.79 

±0.10 
<0.01** 

1.69 

±0.1 
<0.01** 

Half-bandwidth 

CH2 asym. 

stretch. 

1.20 

±0.30 

0.90 

±0.20 
<0.001*** 

2.00 

±0.40 
<0.01** 
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3.2.1.3 The Effects of Low and High Dose Simvastatin on Bone Proteins 

 

As can be seen from Figure 3.31 and Table 3.11, the area of the CH3 sym. stretch. 

band at 2873cm
−1

, which origins from proteins, increased both in 20mg and 50mg 

drug-treated groups respect to control (p<0.001). This increase in protein content 

was further supported by a significant increase (p<0.001) in the area of the Amide 

I (1667cm
−1

) and Amide II (1546cm
−1

) bands, which arise from proteins (Kneipp 

et al., 2000; Krafft et al., 2004; Aksoy et al., 2012; Garip et al., 2010a). The value 

of lipid/protein ratio decreased for 20mg simvastatin-treated group (p<0.001), 

while an increase was observed for 50mgsimvastatin-treated group (p<0.001) 

respect to the control (Table 3.10). This may be due to a decrease in lipid 

concentration in low dose treatment and an increase in lipid concentration in high 

dose treatment, since the protein content in both groups increased.  

 

3.2.1.3.1 Protein Secondary Structure 

 

For determination of simvastatin induced variations on protein secondary structure 

of bone tissues, the protein region, corresponding to absorption values between 

1600 and 1700 cm
-1

 was analysed using NN analysis based on FTIR data. The 

results are presented in Table 3.12. As seen from the table, simvastatin treatment 

caused a significant increase in alpha helix structure in both doses. Moreover, 

significant increase in beta sheet and random coil structures were observed in high 

dose simvastatin-treated group while there was only a significant decrease in β-

sheet and random coil structures in low dose simvastatin-treated group. 
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Table 3.12 The results of the neural network predictions based on FTIR data in 

1600–1700 cm
-1

 spectral region (Amide I band) for control, 20mg and 50mg 

simvastatin-treated groups. 

 

 

Since the neural network (NN) analysis gives the amount of total β-sheet structure, 

further determination of the changes in β-sheet structure was performed with the 

vector normalization of second derivative spectra of the amide I band in the 1700–

1600cm
-1

 region. Figure 3.32 shows the second derivative spectra of control and 

simvastatin-treated groups. Since the peak maximum of the amide I band occurs at 

different frequencies for each secondary structure element, the discrete types of 

secondary structures in proteins can be identified by the peak maximum of the 

sub-bands which locate at different frequency values (Ozek et al., 2009; Garip et 

al., 2010b). The bands at 1655cm
-1

 and 1637cm
-1

 are attributable to α-helical and 

β-sheet structures, respectively. The band located at 1642cm
-1

 is assigned to 

random coil structure (Backes and Howard, 2007; Garip et al., 2010a; 2010b). As 

seen from Table 3.13, the peak intensity values of α-helical structures increased 

for both low and high dose of simvastatin-treated groups (p<0.001). Moreover, the 

intensity values of antiparallel beta-sheet structure at 1690 cm
-1

,
 
aggregated beta-

sheet structure at  1629 cm
-1

 showed a significant increase and β-sheet structure at 

1638 cm
-1

 showed a significant decrease in high dose of simvastatin treatment, 

while there was no significant difference in low dose of simvastatin treatment 

compared to the control treatment. In addition, the intensity of the random coil 

Functional Groups Control 

(n=10) 

20 mg Treated 

(n=10) 

50 mg Treated 

(n=10) 

α-helical structure 13.40±0.63 18.74±1.00* 14.49±1.03 

β-sheet structure 49.98±0.98 48.16±0.44* 51.87±0.68* 

Turns 24.28±0.8 23.06±0.50* 19.81±0.4* 

Random coil structure 12.34±0.74 10.04±0.60*** 13.83±1.10* 
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band at 1642cm
-1

 decreased in the low dose of drug-treated group while an 

increase was observed in the high dose of drug-treated group respect to control 

(p<0.001). These results were in aggrement with neural network analysis. 

Increased in the total value of β-sheet structure was observed, since there was an 

increase in antiparallel and aggregated β-sheet while there was a decrease in β-

sheet structure at 1637cm
-1

. 

 

 

Table 3.13 The results of the changes in the intensity values of protein secondary 

structures for control, 20mg and 50mg simvastatin-treated groups 

 

 

Functional Groups 

 

Control  

(n=10) 

20mg  Treated 

(n=10) 

50mg Treated  

(n=10) 

α-helical structure  

(at 1658cm
-1

) 

0.134±0.012 0.173±0.010* 0.169±0.013* 

β-sheet structure  

(at 1638cm
-1

) 

0.123±0.008 0.117±0.009 0.100±0.009* 

Antiparallel  β-sheet 

structure  

(at 1690cm
-1

) 

0.038±0.006 0.029±0.006 0.059±0.006* 

Aggregated  β-sheet 

structure  

(at 1628cm
-1

) 

0.190±0.009 0.178±0.009 0.228±0.009* 

Random coil 

structure  

(at 1645cm
-1

) 

0.293±0.017 0.226±0.022*** 0.330±0.022* 
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Figure 3.32 The second derivative average spectra of control (dotted spectrum), 

low dose (solid spectrum) and high dose simvastatin-treated (dashed spectrum) 

groups between 1700-1600 cm
-1

 wavenumber region. 

 

 

Finally, based on FTIR data, the three groups were classified via hierarchical 

cluster method in both the 3050–2800cm
−1

 and 1800–450cm
−1

 wavenumber 

regions with a 100% success (Figure 3.33). 
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Figure 3.33 The dendrogram of hierarchical clustering with control (C), 20mg 

simvastatin-treated (T) and 50mg simvastatin-treated (F) groups applied using first 

derivative spectra and Ward‟s algorithm. Analysis was performed in the 3050–

2800cm
−1

 and 1800–450cm
−1

 spectral regions. 
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3.2.1 Vickers Microhardness Study  

 

The results of microhardness measurements for tibia bone tissues were given in 

Figure 3.34. As seen from the figure, the microhardness values of both low and 

high dose simvastatin treated bones were higher than the untreated healthy 

controls. However, the most severe increase in hardness was observed in low dose 

drug-treated group compared to the healthy group.  

 

 

Figure 3.34 The hardness values of control, 20 mg and 50 mg simvastatin-treated 

groups (**p ≤ 0,01; ***p ≤ 0,001). 
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CHAPTER 4 

 

 

DISCUSSIONS 

 

 

There are controversial results about the effects of carbamazepine on bone tissues. 

Moreover, the exact mechanisms for possible effects of this drug on bone, have 

not been determined yet. Therefore, to contibute resolving these discrepencies, the 

current thesis investigated the possible side effects of this anti-epileptic drug; 

Carbamazepine on different bone tissues of healthy and epileptic rats. As a 

comparative study, the current thesis also investigated the possible adverse and/or 

pleiotropic effects of another commonly used, well-known cholesterol lowering 

drug; Simvastatin on bone tissues of healthy rats in a dose-dependent manner.  

 

4.1 Study 1: The Effects of Carbamazepine on Bone Tissues  

 

In the first study, the possible side-effects of Carbamazepine and epileptic seizures 

on bone tissues of genetically epileptic and healthy rats were investigated to 

determine the drug- and/or disease-related structural and mechanical changes of 

bones and to clarify their action mechanism on bone and vitamin D metabolism by 

FTIR and SR-FTIR microspectroscopy, AFM, micro- and nano-hardness tests, 

ELISA and western blot analysis. The current study provides the first report of 

elucidating of the effects of epileptic seizures from the effects of anti-epileptic 

drug therapy on bone tissues of epileptic and healthy systems. Moreover, it would 

shed light on the action mechanism of both carbamazepine and epileptic seizures 

on bone and vitamin D metabolism. In this study we used a genetically epileptic 

animal model (WAG/Rij rats) which closely resemble the model of genetically 
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induced absence epilepsy in humans (Coenen et al., 2003; Midzyanovskaya et al., 

2004) among the other models. The comparison of epileptic rats with control 

healthy rats gives information about the effects of epilepsy and epileptic seizures 

alone. Moreover, since carbamazepine is also used in the treatment of a number of 

neurological disorders such as bipolar disorder (Colvin et al., 2008), its effect on 

non epileptic healthy rats was compared with non-treated healthy controls to get 

information about the effects of the drug in a non-dieased state. 

 

4.1.1 Carbamazepine and Epileptic Seizures Change Bone Mineral and 

Matrix Composition 

 

The features of bone that determine its mechanical strength are its geometry, 

composition and its material properties (Bouxsein M.L., 2004) including. mineral 

content, matrix composition and crystal sizes (Blank et al., 2003; Boskey et al., 

2006). These material properties can be investigated by IR microscopy and IR 

microscopic imaging.  

 

Bone mass is also of great importance in the clinical field, but does not provide 

information about the quality of bone mineral or bone matrix (Paschalis et al., 

1997). Moreover, the study of bone chemistry is complex because different 

anatomical sites such as cortical and trabecular bones reply differently to diseases 

and drugs (Jerome et al., 1997; Huang et al., 2003). To study these different 

responses, traditional biochemical analysis with homogenized bones are not 

adequate, and microscopic examination of different parts of bone tissue is 

essential. 

 

The mineral content (mineral/matrix ratio) is important for mechanical strength in 

bones and the decreased content would make the bones weaker (Ling et al., 2005). 

In the present study, bone mineral content was calculated by taking the band area 
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ratio of phosphate band (either ѵ 1, v3 phosphate or v4 phosphate) to Amide I 

(protein band). The IR parameter called mineral/matrix ratio is correspond to „„ash 

weight,‟‟ and provides information about mineralization in the bones (Boskey and 

Mendelsohn, 2005; Faibish et al., 2005; Gourion-Arsiquaud et al., 2009). In both 

seizure and Carbamazepine groups, mineral content drasticially decreased in all 

parts of tibia, spine and femur bone tissues. In previous studies, it was reported 

that the mineral/matrix ratio, i.e. the mineral content, decreased  in osteoporotic 

tissues (Gadaleta et al., 1996; Huang et al., 2003; Leeming et al., 2009). In the 

study of Bohic et al. (2000) with ovariectomized monkeys, it was noted that 

decreased mineral/matrix ratio is both a characteristic of immature bone and an 

indication of osteoporosis. It was reported that the significant decrease in mineral-

to-matrix ratio is persistent with the general osteoporotic phenotype which was 

previously observed by μ-CT analysis (Ueki et al., 2007; Wang et al., 2010). 

Vitamin D deficiency has been related to the pathogenesis of osteoporosis and 

fractures (Binkley et al., 2009). Since vitamin D is known to regulate collagen 

synthesis as well as mineral ion transport, and expression of the vitamin D 

dependent EMPs, all of these may contribute to the observed decreased mineral 

content in epileptic and carbamazepine-treated groups. 

 

Biological hydroxyapatite is a poorly crystalline carbonate (Gourion-Arsiquaud et 

al., 2009). In bone spectra, there are three sub-bands of v2 CO3
2- 

band namely, 

Type A (878 cm
-1

), Type B (871 cm
-1

), and labile (866 cm
-1

) carbonate (Rey et al., 

1991). Type A and Type B carbonates substitute for OH
-
 and PO3

-4
 respectively in 

the hydroxyapatite crystals (Elliot et al., 1995). By curve-fitting the v2 CO3
2-

 

infrared band, the carbonate substitution was examined for control, epileptic and 

drug-treated bone samples. In the current study, the carbonate/phosphate ratio 

significantly decreased in epileptic and carbamazepine-treated groups. Further 

analysis of different carbonate types in the bone tissues showed that the B type 

carbonate which substitutes for phosphate in the mineral crystals increased. On the 
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other hand, the A type (substitutes for hydroxide in the mineral) and L type (labile) 

carbonate decreased in both epileptic and drug-treated groups for all bone tissues. 

This implies that the carbonate substitution in the hydroxyapetites increases. It was 

previously reported that the carbonate content was higher in the hydroxyapatite 

crystals in osteoporosis (Faibish et al., 2006), reflecting the accumulation of older 

tissue. The high concentration of labile carbonate implies the higher level of the 

unstable carbonate in young bone. "As bone matures and average crystal size 

increases, the CO3
2-

 ions settle into the two anionic sites of the apatite structure, 

where the overall degree of substitution is highly dependent upon many factors, 

such as bone species, strain, and type" (Gourion-Arsiquaud et al., 2009). The 

observation that carbonate content is increased in this study suggests that there is 

either an impaired mineralization due to vitamin D deficiency or excessive bone 

turnover.  

 

The collagen cross links are necessary for the proper structure and mechanical 

features of bones. Cross link variations may result in severe disorder in tissues and 

it has been suggested that the composition of bone collagen is altered in bone 

disorders (Otsubo et al., 1992; Knott et al., 1995; 1998; Viguet-Carrin et al., 2006; 

Gourion-Arsiquaud et al., 2009; Leeming et al., 2009).  The distinct features of 

bone (type I) collagen are its cross-linking chemistry and its molecular packing 

structure (Nagata et al., 2003). Collagen cross links are essential for mineralization 

and growth of the hydroxyapetite crystals. Collagen matrix is also related with 

mechanical features including tensile strength and viscoelasticity (Leeming et al., 

2009). IR parameter called collagen cross links ratio, gives information about the 

maturity of cross links in collagen fibrils (Paschalis et al., 2001; 2003). The 

collagen crosslink ratio results, demonstrate that collagen crosslinks in the bones 

of epileptic and carbamazepine-treated groups decreased compared to the control 

group in the current study. In a recent study (Levasseur R., 2009), a condition 

called homocysteinuria in which homocysteine interferes with collagen crosslink 
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formation was associated with spontaneous bone insufficiency fractures. In 

another study (Viguet-Carrin et al., 2006), the formation of collagen crosslinks 

was chemically inhibited and the bone strength decreased despite “normal 

mineralization”. Boyar et al. (2004), studied the effects of chronic hypoperfusion 

on rat bone and reported that 1660/1690 cm
-1

 intensity ratio which reflects the 

collagen maturation and crosslinks, significantly decreased in hypoperfusion 

resulting in less mature collagen cross links. Disorders in collagen maturation 

might affect the mineralization and may result in bone defects (Boyar et al., 2004).  

 

Hydroxyapatite (HA) crystal size provides important information about bone 

structure. It is well established from the v1, v3 PO4
3-

 (950-1200 cm
-1

) that the 

crystals in newly formed bone mineral is mainly nonstoichiometric with high 

levels of labile carbonate (CO3
2-

) and acid phosphate (HPO4
2-

) (Cazalbou et al., 

2004; Paschalis et al., 2006). As bone ages or matures, the crystals become more 

stoichiometric with higher crystal size and perfection (Barry et al., 2002; Farlay et 

al., 2010). The crystal size (perfection) or crystal maturity can be determined from 

IR data by taking the ratio of two sub-bands at 1030 and 1020 cm
-1

. The band at 

1030 cm
−1

, has been assigned to vibrational mode of the PO4 groups in 

stoichiometric apatite (Rey et al., 1991; Farlay et al., 2010). The 1020 cm
−1

 band 

has been associated with non-stoichiometric, miserably crystalline apatite and is 

present at early mineralization (Termine and Posner, 1966; Boskey and 

Mendelsohn, 2005). 

 

In the current study, both the epileptic and carbamazepine-treated groups had 

higher 1030/1020 cm
-1 

ratio, indicating a greater crystal size and perfection in all 

bone types. Recent studies (Rubin et al., 2003; Benhamou et al., 2007; Gourion-

Arsiquaud et al., 2009) suggested that osteoporotic patients also contain larger 

apatite crystals which negatively affect the mechanical properties of bone tissues. 

It was reported that increased bone mineral particle size is associated with 
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increased bone fragility (Gourion-Arsiquaud et al., 2009). Bone hydroxyapatite 

crystals are very small, allowing a high numbers of electrostatic bonds between 

mineral and collagen matrix. The ordered orientation of small hydroxyapatite 

crystals are important for the the rigidity and strength of  bone tissues and also 

provides flexibility without the risk of fracture in the tissue (Landis W.J., 1995; 

Glimcher, M.G., 1998). The presence of larger crystals cannot provide mechanical 

strength since the surface area is decreased with collagen fibrils (Chachra et al., 

1999; Farlay et al., 2010).   

 

Some x-ray diffraction studies with vitamin D deficient animal models (Donnely 

et al., 1993; Said et al., 2008) reported that crystallite size and perfection were 

increased in osteomalacic bones and rachitic cartilage as compared with healthy 

controls. Thus in the current study, increases in crystal size of epileptic and drug-

treated bones may exist because the younger smaller crystals have been 

excessively resorbed (osteoporosis) or because formation of new mineral is 

impaired due to vitamin D deficiency and thus the existing crystals grow rather 

than forming new ones. 

 

Consequently, variations on bone mineral and matrix composition (decreased 

mineral content, larger crystals, increased carbonate substitution, decreased 

collagen crosslinks) in both epileptic and carbamazepine-treated groups, may due 

to the either excessive bone turnover or impaired mineralization due to vitamin D 

deficiency. In FTIRM studies, according to the degree of variation and 

significance between the calculated parameter values, the spine tissue was found to 

be the most affected bone tissue from both epileptic seizures and anti-epileptic 

drug treatment.  
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4.1.2 Carbamazepine and Epileptic Seizures Decrease Bone Hardness and 

Surface Roughness  

 

Micro- and nano-hardness tests enable the study of the correlation between the 

bone structure and the mechanical features of the bone at a micro- and 

nanostructural scale, respectively (Morra et al., 2009). A mineral content which 

exceeds a limited value makes bones more brittle while the low mineral content 

makes them unable to bear loads (Zioupos et al., 2000; Currey et al., 2001). The 

correlation between mineralization, hardness and elastic modulus has been 

investigated in tissues previously (Zioupos et al., 2000; Currey et al., 2001). 

Microhardness of bones are depend on mineralization level but but it does not the 

only important parameter for the alteration in the tissues. In the current study, 

lower microhardness and nano-hardness values for both the epileptic and 

carbamazepine-treated groups may indicate a lower mechanical strength in all 

bone types (Boivin et al., 2008). In a previous study, it was reported that 

osteoporotic bones have a loss of mechanical strength (Seeman et al., 2006). In 

osteoporosis, beside the alteration in mineral content, other parameters of bone 

mineral and organic matrix have roles in the decrease of mechanical strength 

(Seman et al., 2006; Mulder et al., 2008).  

 

In the current study, the changes in mineral phase of the bones of epileptic and 

carbamazepine-treated groups, appeared to affect the hardness more than the 

elasticity. In the current FTIRM studies, it was shown that both epileptic seizures 

and drug-treatment affected bone matrix by drastically decreasing collagen 

crosslink ratio. This drastic decrease in epileptic and carbamazepine-treated bones, 

did not affect the variation of elastic modulus as much as expected. In previous 

studies, it was shown that hardness and elastic modulus can be affected 

independently in mouse bones in the presence of osteocalcin deficiency (Ducy et 

al., 1996; Kavukcuoglu et al., 2009).  
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The controversial relationship between structural changes in bone matrix and the 

variation in elastic modulus parameter can be explained by differences in collagen 

orientation. The elastic properties of bones can be affected from both the mineral 

and matrix phases of bone. The main considerations are crystallinity and crystal 

maturity in the mineral phase (Farlay et al., 2010), while in the matrix phase the 

level of crosslinking determines the ability to absorb energy in bones 

independently from mineralization (Saito et al., 2006). However, among these 

parameters, the orientation of the collagens accounts for the alteration between 

bone mineralization and material features including hardness and elasticity 

(Zabaze et al., 2011). In an early study (Martin and Ishida, 1989), it was shown 

that orientation of the collagen fibers were the main determinants for the alteration 

in elastic modulus. When mechanical features of the tissues are investigated with 

samples in which the orientation of collagen fibers are the same, the relation 

between elastic modulus, hardness and mineralization is greater (Currey, J.D., 

1984; Gupta et al., 2005; 2006; Zabaze et al., 2011). 

 

As a summary, both the epileptic seizures and carbamazepine treatment reduced 

hardness and elasticity of bone samples in micro- and nano-level, implying a 

reduced bone strength. These results supported the decrease in mineral content and 

increase in crystal size (perfection) of epileptic and drug-treated groups in FTIRM 

studies. However, the decrease in elastic modulus in nano-indentation studies 

could not totally reflect the severe decrease in hardness values and collagen 

crosslink ratio, since the nano-indentation tests were not carried out by taking into 

account the orientation of collagen fibers. Moreover, another important finding 

was that the most affected cortical bone parts were the mid-cortical and endosteum 

sections. 

 

The current AFM results showed a decrease in surface roughness of both epileptic 

and drug-treated groups. Moreover, the roughness value of epileptic control group 
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was lower than healthy control group. This lower roughness value was the effect 

of epilepsy and seizures alone, without interference from any drug treatment. 

Drug-treated groups had also lower roughness values than the epileptic and control 

ones. The most effected animal group in the study was drug-treated epileptic group 

as also seen in nano-indentation and FTIRM studies. Zhao et al. (2010) 

investigated the process of collagen-mineralization and measured the hardness and 

roughness values of mineralized collagen fibrils by using nano-indentation and 

AFM techniques. They showed that there is a linear correlation between bone 

hardness and surface roughness. The results reported that as the hardness 

increased, the surface roughness also increased. Previous AFM studies in the 

literature which investigated the bone surface roughness, reported that surface 

roughness is related to higher osteoblast-like cell adhesion (Sato et al., 2006; Satoa 

et al., 2005). It was suggested that pores, fissures and other topographical features 

might adsorb proteins that mediate osteoblast adhesion (Webster et al., 2000). 

Thus, an increase in surface roughness might induce the osteoblast adhesion and 

bone formation on the samples.  

 

4.1.3 Carbamazepine and Epileptic Seizures Affect PTH Levels and Bone 

Turnover Differently 

 

25-hydroxyvitamin D levels are determined to indicate whether there is a vitamin 

D deficiency, sufficiency or intoxication (Holick M.F., 2009). 1,25dihydroxy 

vitamin D is the active form of 25(OH)D. The serum levels of 25-hydroxy vitamin 

D and 1-alpha-25-dihydroxy vitamin D significantly decreased in both epileptic 

and carbamazepine-treated groups compared to the healthy controls. The total 

serum Ca concentration significantly decreased in both epileptic and 

carbamazepine-treated groups while there was elevated levels of PTH in drug-

treated groups but not in the epileptic group.  
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PTH and 1α,25-hydroxy vitamin D3 together sustains calcium homeostasis in the 

serum via increased bone resorption, intestine absorptions of calcium and 

phosphate, reabsorption of calcium and excretion of phosphate from the kidneys. 

In the drug-treated groups, decreased serum calcium concentration results in the 

elevated levels of PTH (Fine et al 1993). Furthermore, there is a feedback loop on 

PTH production by increasing the concentration of calcium in serum (Herfarth et 

al 1992a). The elevated levels of PTH stimulates the production of 1α,25(OH)2D3. 

Moreover, 1α,25-hydroxy vitamin D3 inhibits the transcription of the PTH gene, 

independently (Holick 1994). In the current study, besides the decreased calcium 

and elevated PTH level in drug-treated groups, there was a reduction in both 

25(OH)D and 1,12(OH)D serum levels. Thus, it was suggested that there was a 

low vitamin D levels caused by the effects of the drug on vitamin D metabolism. 

Athough, a decrease in serum calcium levels was observed in epileptic group, 

there was a slight decrease in PTH levels instead of an increase. Thus, it was 

suggested that an impaired PTH secretion may be taking place in epileptic rats. In 

a recent study, it was reported that PTH disorder such as impaired secretion can be 

the reason for primary hypoparathyroidism in low calcium levels (Loupy et al., 

2012). As seen in drug-treated groups, low vitamin D levels may be caused by the 

effects of epileps and epileptic seizures on vitamin D metabolism.  

 

1α,25-hydroxy vitamin D3 regulates the development and function of osteoblasts 

(Franceschni et al 1988, Colvard et al 1989). Thus in the presence of reduced 

1α,25(OH)2D3 levels as reported in the current study, bone formation may be 

affected directly through VDR receptors located on osteoblast cells and  decreased 

in both epileptic and drug-treated groups. 

 

PTH was also shown as a factor which increases bone mineral density and 

improves bone mechanical strength, when administered intermittently (Ejersted et 

al., 1993). It increases  differentiation of skeletal progenitor cells, osteoblast 
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activity, and osteoblast survival (Schmidt et al., 1995). PTH binding to the 

PTH/PTHrP receptors on osteoblast cells induces an interaction between receptor 

and G proteins and the production of cAMP and induction of several kinases 

(Radeff et al., 2004). This mechanism has been described in detail in Section 

1.1.2.2 of the "Introduction" chapter.  

 

Both 1-alpha-25-hydroxy vitamin D and PTH increases the osteoclast number and 

activity, and thus also increases bone resorption by stimulating the expression of 

RANKL in osteoblasts, which favors the osteoclast differentiation and bone 

resorption (Bingham et al 1969). The detailed description of this pathway is given 

in Section 1.1.2.1 of "Introduction" chapter.  

 

As a summary, changes in PTH and 1-alpha-25-hydroxy vitamin D levels in drug-

treated groups may induce bone turnover by increasing and decreasing bone 

formation and resorption. In the epileptic group, since there was not any 

significant change in PTH levels, low levels of 1-alpha-25-hydroxy vitamin D may 

have resulted in low bone formation. 

 

Carboxy terminal collagen crosslinks (CTX), as a marker of bone resorption, is 

related to collagen breakdown. Osteocalcin (OC) and BAP as bone formation 

markers, are osteoblast-related proteins. These bone turnover markers showed 

elevated levels in the drug-treated groups, while a slight increase was observed in  

bone turnover markers in the epileptic group. 

 

Consequently, carbamazepine drug treatment induces bone turnover in both 

epileptic and healthy rats, while no significant change was seen in epileptic group 

compared to the control. Since the only difference between drug-treated and 

epileptic group according to blood parameter levels (except turnover markers), 

was the different PTH levels, it may be suggested that elevated PTH play a role in 
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increasing bone turnover by carbamazepine treatment. High bone turnover 

explains the conformational changes in bone mineral and matric composition 

including decreased mineral content, increased carbonate substitution and higher 

crystal size in drug-treated groups. However, these compositional changes were 

also observed in epileptic group compared to the control with a less significancy 

than the drug-treated groups. Thus, in addition to low vitamin D levels, there may 

be another mechanism by which epilepsy and epileptic seizures affect bone 

structure and strength. Further studies are essential to make clear this unexplained 

mechanism. 

 

4.1.4 Carbamazepine and Epileptic Seizures Increase the Protein Levels of 

Vitamin D Catabolism Enzyme  

 

After absorption or production from precursor, Vitamin D is converted to 25OHD 

by CYP27B1 in the liver. Then, 25OHD is converted to the active form 1α-

25(OH)2D by CYP27A1 in the kidneys (Horst and Reinhardt 1997). 25OHD is 

also converted to the biologically inactive form; 24,25(OH)2D by CYP24 in the 

kidneys. Vitamin D metabolism was explained in detail in Section 1.4 of 

"Introduction" chapter. 

 

As mentioned in the previous subsection (4.1.3), both epileptic seizures and 

carbamazepine treatment decrease serum 25(OH)D and 1,25(OH)D levels. It was 

hypothesized that carbamazepine causes vitamin D deficiency through the 

pregnane X receptor (PXR) (Pascussi et al., 2005). DNA binding domain of the 

vit. D receptor has the sixty percent homology with the domain of pregnane X 

receptor which is also secreated in intestine, kidneys and liver. Pregnane X 

receptor was reported to induce the expression of CYP450 enzymes which have 

roles in the metabolism of drugs. Moreover, pregnane X receptor can be induced 

by various drugs such as phenytoin, and carbamazepine (Valsamis et al., 2006). 
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This hypothesized pathway is explained in detail in Section 1.4 of "Introduction" 

chapter. This hypothesis, however, can not explain the low vitamin D levels in 

patients administered to VPA therapy which is an inhibitor of CYP450 enzymes 

and does not activate pregnane X receptor. Thus, If there is another effect of AEDs 

including carbamazepine on bone and vitamin D metabolism, this point should be 

clarified. 

 

In the current study, to clarify the action mechanism of carbamazepine on vitamin 

D metabolism in epileptic and healthy rats and also to determine whether there is 

an effect of epilepsy and seizures on vitamin D metabolism, the protein levels of 

vitamin D anabolism (25-hydroxylase and 1-α-hydroxylase) and catabolism (24-

hydroxylase) enzymes were calculated by western blot analysis. According to the 

current results, both epileptic seizures and carbamazepine treatment increase 

vitamin D catabolism enzyme; 24-hydroxylase (CYP24). Moreover, the protein 

levels of 25-hydroxylase (CYP27A1) enzyme was also shown to be increased in 

both epileptic and drug-treated groups. 

 

The increased CYP24 levels induce the catabolism of active vitamin D; 

1,25(OH)D to an inactive form 24,25(OH)2D, thus results in decrease serum levels 

of 25(OH)D and 1,25(OH)D with vitamin D deficiency in drug-treated groups. 

This result supports the hypothesis in which carbamazepine causes vitamin D 

deficiency through the pregnane X receptor (PXR) by increasing the expression of 

CYP24 (Pascussi et al., 2005). However, an increase in protein levels of CYP27A1 

was also observed.  

 

Previous studies showed that PXR mediates induction of the CYP450 enzymes 

included in the drug metabolism including CYP2C9, CYP2B6 and CYP 3A4 (Li et 

al., 2007). CYP3A4 is one of the carbamazepine metabolizing enzymes (Kerr et 

al., 1994). It was reported that 27-hydroxycholesterol (27-HOC) activates LXRa 
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and induces expression of the cholesterol transporters namely ABCA1 and 

ABCG1 (Fu et al., 2001; Lund et al., 2003). The steroid and bile acid activated 

PXR plays a crucial role in regulation of the expression of CYP27A1. This 

conclusion is supported by two recent reports that ligands for RXR and PPARg 

enhance CYP27A1 expression and 27-HOC production which stimulates LXRa 

and its target genes, ABCA1 and ABCG1 (Szanto et al., 2004; Quinn et al., 2005). 

In their study, Li et al., showed that PXR activators induce CYP27A1 gene 

expression in intestine (Li et al., 2007). In the current study, the increase in protein 

levels of CYP27A1 can be explained by the activation of PXR receptor by 

carbamazepine.  

 

Although, there was also an increase in protein levels of CYP27A1 and CYP24 in 

epileptic animals independent of carbamazepine use, this result can not be 

explained by the PXR receptor mechanism. There was no known PXR activator in 

epileptic systems. However, some studies reported a link between PXR 

polymorphism and drug-resistant human absence epilepsy as discussed below;  

 

Human absence epilepsy is commonly genetical and approximately 1/3 epileptic 

patients are refractory because of the resistance to AEDs. Previous genetic studies 

have tried to correlate main genetic variants in the ABCB1 gene to the resistance 

to AEDs, but the results have been conflicted (Hung et al., 2005; 2007; Seo et al., 

2006; Kim et al., 2006; 2009; Lakhan et al., 2009; Shahwan et al., 2007; Kwan et 

al., 2009; Vahab et al., 2009; Grover et al., 2010; Alpman et al., 2010). It is 

suggested that "linkage disequilibrium (LD) of the silent C3435T with other 

ABCB1 variants in a haplotype block may link with resistance to AEDs" (Zimpric 

et al., 2004). 

 

It was previously shown that ABCB1 gene expression is under the control of PXR. 

Some studies suggested that PXR gene may be related to response to therapy due 
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to the essential role of pregnane X receptor in the regulation of ABCB1 gene 

(Löscher and Potschka, 2005). Thus, PXR polymorphism may play a role in 

responding AEDs in absence epileptic patients who are resistant to AED treatment. 

However, this suggestion should be clarified since there is also controversial 

results about the role of PXR polimorphism in drug response (Haerian et al., 

2011). 

 

In the current study, a genetically induced epileptic model; WAG/Rij rats which 

closely resemble the model of genetically induced absence epilepsy in humans 

(Luijtelaar and Sitnikova, 2006) among the other models, was used. It is shown 

that a subgroup of WAG/Rij rats have convulsive audiogenic epileptic seizures 

besides the  non-convulsive epileptic seizures which are called as mixed form of 

epilepsy (Midzyanovskaya et al., 2004). Mixed epileptic forms are known as 

commonly resistant to AED treatment. However, in the current study since we 

used an optimum dose of drug, they responded to the carbamazepine treatment and 

epileptic drug-treated group did not have convulsive epileptic seizures through the 

study period (5 weeks). Thus, it was hypothesized that these mixed form epileptic 

WAG/Rij rats may have ABCB1 polimorphism which results in drug resistance 

and PXR polimorphism which provides response to AED therapy. This hypothesis 

may also explain the increased protein levels of CYP27A1 and CYP24 which are 

PXR induced enzymes, in epileptic rats. There is no study in the litarature which 

reports the ABCB1 and/or PXR polimorphism in WAG/Rij rats. 

 

As a summary, carbamazepine treatment increased the protein levels of both 

CYP24 and CYP27A1 in kidney by possibly activating the pregnane X receptor 

(PXR) which regulates expression of the genes involved in the metabolism 

including CYP24 and CYP27A1.  Moreover, epileptic seizures also increased the 

protein levels of these enzymes. It was hypothesized that WAG/Rij rats which 

closely resemble the model of genetically induced absence epilepsy in humans, 
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may have PXR gene polymorphism resulting in the expression of  CYP24 and 

CYP27A1 enzymes. As a result of increased vitamin D catabolism enzyme, serum 

25(OH)D and 1,25(OH)D levels were decreased inducing vitamin D deficiency.  

 

Consequently, in the first study of the current thesis, it was found that epilepsy and 

convulsive seizures caused a decrease in the strength of bone. However, 

Carbamazepine treatment induce more significant damages than convulsive 

seizures on epileptic as well as healthy bone tissues. According to the degree of 

variation and significance between FTIR and biomechanical parameter values, the 

most affected bone tissue from both convulsive seizures and anti-epileptic drug 

treatment was the spine tissue. Moreover, the most affected cortical parts in spines, 

were mid-cortical and endosteum according to SR-FTIR studies. In biochemical 

studies, a statistically significant elevation was found in PTH and bone turnover 

markers in the rats receiving carabamazepine treatment, inducing a vitamin D 

deficiency in drug-treated groups. It was found that Carbamazepin affected 

vitamin D metabolism by decreasing the levels of the vitamin D catabolism 

enzyme; 25-hydroxyvitamin D-24-hydroxylase. However, in epileptic group there 

was no elevated levels of neither PTH nor bone turnover markers. These data 

suggest that epileptic seizures might alter the skeleton via other mechanisms other 

than inducing bone turnover. A vitamin D deficiency was also observed in 

epileptic group. Furthermore, a decrease in the protein levels of 25-

hydroxyvitamin D-24-hydroxylase was also found in epileptic group implying a 

similar effect of epileptic seizures on bone metabolism with the drug.  

 

4.2 Study 2: The Dose-dependent Effects of Simvastatin on Bone Tissues  

 

In the first study of the present thesis, it was reported that Carbamazepine which is 

used for the treatment of neurological diseases, induced adverse effects on bone 

tissues. To determine whether the drugs used for the metabolic derangement, have 
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also adverse effects on bones, another well-know drug; Simvastatin which is 

commonly used as cholesterol lowering drug, was chosen. As a comparative study, 

it was aimed to investigate the possible adverse or pleiotropic dose-dependent 

effects of Simvastatin on bone tissues of healthy rats. Another non-destructive and 

non-invasive, sensitive and high quality vibrational technique; ATR-FTIR 

spectroscopy was used for this aim rather than FTIR microspectroscopy, since it 

provides less cheap and complex experimental procedure and more rapid data 

acquisition than the FTIRM. By using ATR-FTIR spectroscopy technique, it 

would not be able to monitor different parts of the bones and to give visual images 

of bone tissues, as it was done in FTIRM studies. However, it would be able to 

obtain similar information with FTIRM about the changes in bone mineral and 

matrix structure of total bone tissue. Thus, ATR-FTIR spectroscopy provides us 

sensitive information but not as detailed as FTIRM. In the current study, this may 

not introduce a significant problem since the main point of interest was to 

investigate the effects of the drug essentially on total bone structure, not on each 

bone part.  

 

In the second study, the possible dose-dependent effects of Simvastatin on bone 

tissues were also investigated by micro-hardness tests to determine the drug-

related mechanical changes of bones. In the current study, healthy rats were used 

which are commonly used as animal models to detect only the drug-induced 

effects without interfering with any disease state (Mucha et al., 2007; Cutuli et al., 

2008; Ozek et al., 2009). Low and high dose simvastatin administered to healthy 

rats to determine the drug-related changes on bone tissue without interfering with 

any disease state. 
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4.2.1 Simvastatin Effects Bone Mineral and Matrix Composition 

 

Mineral hydroxyapatite (HA) crystal size provides important information about the 

bone structure. In both simvastatin-treated groups, the crystal size decreased 

substantially, implying decreased crystallinity. Recent studies suggested that 

osteoporotic patients contain larger apatite crystals indicating higher crystallinity 

value (Durchschlag et al., 2006). The ordered orientation of small hydroxyapatite 

crystals are important for the the rigidity and strength of  bone tissues and also 

provides flexibility without the risk of fracture in the tissue (Landis W.J., 1995; 

Glimcher, M.G., 1998). The presence of larger crystals cannot provide mechanical 

strength since the surface area is decreased with collagen fibrils (Chachra et al., 

1999; Farlay et al., 2010). Therefore, decreased crystal size (crystallinity) in 

simvastatin-treated groups indicates more rigid bone tissues with enough 

flexibility. Durchschlag et al. (2006) studied bone composite material features of 

human iliac crest biopsies after 3- and 5-year treatment with an osteoporosis drug 

(risedronate) by FTIR spectroscopy. In this study, crystallinity value decreased 

after drug treatment implying an optimal rigidity with flexibility in bone tissues.  

 

The IR parameter called mineral/matrix ratio is correspond to „„ash weight,‟‟ and 

provides information about mineralization in the bones (Faibish et al., 2005; 

Gourion-Arsiquaud et al., 2009). The mineral/matrix ratio was lower for both 

simvastatin-treated groups. This decreased in mineral/matrix ratio can be the result 

of the stimulated expression of matrix proteins by simvastatin treatment (Nogaki et 

al., 2001). Mundy et al. (1999) reported that simvastatin stimulates BMP-2 

promoter resulting in the induction of bone formation in an osteoblast cell line. It 

was hypothesized that "simvastatin may support BMP-induced osteoblast 

differentiation through antagonizing TNF-α-to-Ras/Rho/MAPK pathway and 

amplifying BMP-Smad signaling" (Yamashita et al., 2008; 2010; Moon et al., 
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2011). The detailed explanation of this pathway is given in Section 1.7.1.1.4 of 

"Introduction" chapter. 

 

The carbonate substitution and carbonate/amide I ratio decreased in high dose and 

even more decreased in low dose simvastatin treatment compared to the control. 

Carbonate can substitutes for hydroxyl or phosphate molecules (A-type and B-type 

carbonate respectively) or it can place on the surface of the crystals (L-type 

carbonate) in bones (Gourion-Arsiquaud et al., 2009). The low relative carbonate 

content observed in both low and high dose simvastatin-treated rats, implies that 

the carbonate substitution in hydroxyapetite crystals is decreasing. It was 

previously reported that in osteoporosis, the carbonate content was higher in the 

hydroxyapatite crystals (Faibish et al., 2006), reflecting the accumulation of older 

tissue. As bone matures and hydroxyapetite crystal size increases, the CO3
2-

 ions 

substitutes for hydroxyl and phosphate ions in the hydroxyapetite, resulting in an 

increase in relative carbonate content (Gourion-Arsiquaud et al., 2009).  

 

The decreased carbonate content observed in this study suggests that there is low 

bone turnover in simvastatin treated groups compared to the healthy controls. 

While simvastatin stimulates bone formation in a number of ways, it was reported 

that it also inhibits osteoclast generation in a similar way with some 

bisphosphonates. Recent studies showed that simvastatin inhibits osteoclast 

generation by inhibiting the prenylation of certain GTP binding proteins (Rho, 

Rac, Rab etc.) (Cruz and Gruber, 2002; Jadhav and Jain, 2006) which is explained 

in detail in Section 1.7.1.1.4 of "Introduction" chapter. 

 

Consequently, both low and high dose simvastatin decrease crystal size and 

carbonate substitution which results in stronger bones. Moreover, low dose 

simvastatin decrease these parameters more severely than high dose simvastatin, 

implying to be more effective in strengthing bones. 
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4.2.2 High and Low Dose Simvastatin Have Opposite Effects on Bone Lipids 

and Membrane  

 

Several ion channels including voltage-gated Na+, Ca2+ and K+ channels were 

shown to present in the osteoblast and osteoclast bone cell membranes. Evidence 

suggests that bone formation or resorption can be activated by the variations in ion 

channel activity found on the bone cell membranes (Davidson et al., 1990). 

Davidson et al. (1990), have also described mechanosensitive ion channels in 

osteoblast-like cells. Knowledge of the activation of osteoblasts via ion channels is 

of great importance for identifying new drugs designed to stimulate bone 

formation (Charras et al., 2004). The ion channels of bone tissues can be affected 

by the structure and the dynamics of the membrane (Akkas et al., 2007). The 

changes in the composition of lipids and proteins might also affect the membrane 

dynamics, which in turn affects membrane potential via ion channel kinetics 

(Akkas et al., 2007). 

 

The frequency value of the CH2 asymmetric stretching band of treated groups 

indicates that membrane structure becomes more ordered in the low dose (20 mg) 

treated group; the high dose (50 mg) treatment of simvastatin renders the 

membrane structure into a more disordered state. This disorder might be induced 

by the increase in lipid peroxidation as reported in the study of McNulty et al. 

(McNulty et al., 2008). It is also known that the variation in membrane order may 

alter the function of ion channels (Akkas et al., 2007). Furthermore, decrease of 

the half-bandwidth value of this band indicates a decrease in membrane fluidity in 

low dose of simvastatin while the high dose of simvastatin increases it. Broncel et 

al. (Broncel et al., 2007) also supported these results and found an increase in the 

fluidity of erythrocyte membrane during high dose of simvastatin treatment. 

Previously, Ortiz et al. proposed a relation between increased membrane fluidity 
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and lipid peroxidation in submitochondrial particles of platelets and erythrocyte 

membranes (Ortiz et al., 2008). 

 

4.2.3 High Dose Simvastatin Induce Lipid Peroxidation  

 

Oxidized lipids have been shown to inhibit osteoblastic differentiation in vitro 

(Parhami et al., 1999) and in vivo (Parhami et al., 2001). A loss of unsaturation in 

the high dose simvastatin-treated group was observed. It is well known that the 

decrease in unsaturation corresponds to an increase in lipid peroxidation (Sills et 

al., 1994). Lipid peroxidation takes place mainly at the double bonds of 

polyunsaturated acyl chains resulted in the loss of the olefinic bonds (Sills et al., 

1994; Moore et al., 1995). The increase in lipid content calculated from the area of 

the lipid bands, also supported the lipid peroxidation with a high dose of 

simvastatin treatment (Newairy et al., 2007). There are contradictory results in the 

literature about the molecular effects of statins on lipid peroxidation in bone 

tissues. In the study by Lankin et al. (2003), it was suggested that high dose of 

pravastatin (40 mg/kg/day) induces an accumulation of LDL lipoperoxides in vivo. 

Moreover, Mortensen et al. (1997) and Sinzinger et al. (2000) also reported in their 

studies that low (20 mg/kg/day) and high (40–80 mg/kg/day) dose of lovastatin 

increases lipid peroxidation. Although the current results are in agreement with 

these studies (Mortensen et al., 1997; Sinzinger et al., 2000; Lankin et al., 2003) 

for high dose of simvastatin therapy, a decrease was found in lipid peroxidation for 

low dose simvastatin therapy, which is in agreement with Broncel et al. (2007) and 

Koter et al. (2003). High dose treatment of simvastatin may enhance the lipid 

peroxidation via stimulating the reduction of CoQ10 (Coenzyme Q10) which is a 

regular protector for free radical oxidation (Mortensen et al., 1997; McNulty et al., 

2008). 
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Early studies reported that the decrease in BMD associated with osteoporosis has 

been closely related to high lipid levels (Broulik and Kapitola, 1993; Laroche et 

al., 1994a; 1994b). Several in vitro studies have implicated lipids and lipid 

oxidation in inhibiting or altering the normal differentiation pathway of 

osteoblastic progenitor cells (Parhami et al., 1997; 1999). Lipids might accumulate 

around bone vessels in osteoporotic patients (Rajendran et al., 1995). In each 

cylindrical unit of bone, the osteon, a central vessel is lined with endothelial cells 

and a subendothelial matrix. Osteoblast progenitor cells are located immediately 

outside the matrix. Since the progenitors are located near to the subendothelial 

matrix, this lipid accumulation might alter the development of the bone-forming 

osteoblastic progenitor cells (Parhami et al., 2000). In vitro studies, using bone- 

and marrow-derived preosteoblastic cells, it has been found that treatment with 

minimally oxidized low-density lipoprotein (MM-LDL) and other bioactive 

oxidized lipids inhibit various markers of osteoblastic differentiation, including 

alkaline phosphatase, collagen I, osteocalcin, and finally accumulation of 

hydroxyapatite minerals (Parhami et al., 1997; 1999). Similarly, preosteoblasts 

harvested from the bone marrow of mice that were fed a high-fat, high-cholesterol 

diet, have been shown to have significantly less osteoblastic differentiation, 

(Parhami et al., 1999) suggesting that high-lipid diet might result in lipid 

accumulation which might induce alterations in osteoblastic differentiation. In 

addition to inhibiting osteoblastic differentiation, it is suggested that through 

recruitment and differentiation of osteoclast precursor cells,(Parhami et al., 2000) 

oxidized lipids may contribute to increased bone breakdown. 

 

4.2.4 The effects of Simvastatin on Protein Secondary Structure  

 

As reported previously, membrane proteins show sensitivity to the order and 

fluidity of the lipid environment (Lee, A. G., 2003). Therefore, any change in this 
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lipid environment, lipid composition and consequently lipid–protein interactions, 

alters the redistribution of protein components and affects the structure and 

function of channel proteins (Lee, A. G., 2003; Akkas et al., 2007). An increase in 

protein content was deduced from the significant increase in the area of CH3 

symmetric stretching (2873cm
−1

), amide I (1667cm
−1

) and amide II (1546cm
−1

) 

bands. It has been reported that, simvastatin induces type I collagen production in 

bone tissues(Nogaki et al., 2001). This may be the reason of increase observed in 

protein content in response to both doses. Type I collagen can be differentiated 

from other types of collagen by the higher amounts of alpha-helix and triple helix 

(Petibois et al., 2006). According to the current vector normalization and neural 

network analysis results, the absorbance values of the peak corresponding to α-

helical structure increased for both simvastatin-treated groups due to the increase 

of collagen I production (Petibois et al., 2006). Moreover, the increase in the 

intensity values of the peak corresponding to antiparallel β-sheet and aggregated  

β-sheet and random coil structure band for the 50mg simvastatin-treated group 

indicates protein denaturation due to oxidative modification (Hamilton et al., 

2008). 

 

As a summary, it was shown that both simvastatin doses increased the rigidity of 

healthy bone tissues with enough flexibility to protect them from fracture. 

However, low dose of simvastatin treatment is much more effective in reducing 

the carbonate substitution and crystal size in the mineral crystal which implies 

more strengthed bones. Moreover, high dose may enhance lipid peroxidation and 

resulted in an increased disorder and fluidity of the membrane. Moreover, it alters 

the composition and concentration of the lipids which changes ion channels and 

receptors by affecting the asymmetry and thickness of the membrane. The current 

study clearly showed that low dose simvastatin therapy is much more safer and 

effective for bone health than the high dose therapy.  
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CHAPTER 5 

 

 

CONCLUSION 

 

 

A number of drugs may have metabolic effects on the skeletal system, and may 

result in either bone loss or increased bone strength. Among these drugs, anti-

epileptic drug; Carbamazepine and a cholesterol lowering drug; Simvastatin were 

used to determine their possible effects on bone tissues in the current thesis. These 

studies will provide new strategies to prevent the side-effects of drugs on bone 

metabolism and to support new treatments against bone disorders.  

 

The reported results about carbamazepine's side-effects on bones are contradictory. 

Moreover, there is no study in the literature, investigating the independent effect of 

epileptic seizures on bone tissues. Thus, the side-effects of anti-epileptic drug; 

Carbamazepine therapy on bone tissues could not be differentiated from the effects 

of the epileptic seizures. The exact mechanisms for possible adverse bone effects 

of Carbamazepine have not been determined yet. Thus, to contibute resolving 

these discrepencies, the current thesis mainly aimed to clarify and elucidate the 

effects of Carbamazepine and epileptic seizures on bone tissues and clarify the 

action mechanism of anti-epileptic drug and seizures on vitamin D and bone 

metabolism.  

 

As a comparative study, one of the common and well-known cholesterol reducing 

drug; Simvastatin was used to determine its possible dose dependent effects on 

healthy bone tissues. In recent years, among the pleiotropic effects, there has been 

a growing interest in the effect of simvastatin on bone tissue and osteoporosis. 
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However, the relationship between the use of simvastatin and improvement of 

bone quality reported in the literature is still controversial. Moreover, It was 

reported that high
 
and low

 
dose simvastatin treatment may cause lipid peroxidation 

in soft tissues. There is not any report about the effects of simvastatin on bone 

lipids.  Thus, considering an urgent need for the more effective drugs that are able 

to induce new bone formation with less negative side effect, the current study 

aimed to investigate dose-dependent effects of simvastatin treatment on bone 

tissues and to clarify whether it causes lipid peroxidation on bones.  

 

When the effects of these drugs on bone tissues were compared in general;  

 

 Carbamazepine and simvastatin treatment affected the bone mineral and 

matrix adversely. Carbamazepine caused a decrease in bone mineral 

content, carbonate substitution and collagen crosslinks where simvastatin 

induced an increase in these parameters. Moreover, the crystallinity value 

increased in carbamazepine-treated healthy bones while this value 

decreased in simvastatin-treated bones. All the results of these parameters 

implies a less strengthed bone in carbamazepine treatment, where a more 

strengthed bone due to simvastatin treatment in healthy rats. 

 

 Low microhardness values for carbamazepine-treated bones and high 

microhardness values for simvastatin-treated ones, were also in aggrement 

with spectroscopic studies. Thus, carbamazepine treatment caused a 

decrease in the strength of healthy bone tissues. However, simvastatin 

treatment induced more strength bone tissues on healthy system.  

 

Other important findings in carbamazepine study;  

 



 169 

 Epilepsy and epileptic seizures had also adverse effects on bone tissues as 

drug treatment. A decrease in bone mineral content, carbonate substitution 

and collagen crosslinks and an increase in crystallinity value obtained from 

microspectroscopic studies, low micro- and nanohardness and surface 

rougness values obtained from biomechanical and AFM studies, 

respectively, implies a less strengthed bone in epileptic rats. However, the 

drug treatment was found to cause more severe damage on bone tissues 

than the epileptic seizures.  

 

 Both carbamazepine and epileptic seizures induced vitamin D deficiency 

but had different effects on serum PTH levels and bone turnover markers. 

Carbamazepine treatment induced elevated serum PTH and bone turnover 

marker levels, while epileptic seizures causes a slight decrease in PTH 

level without significant change in markers, implying that seizures induce 

adverse effects on bone with a different mechanism rather than inducing 

bone turnover.  

 

 Both carbamazepine and epileptic seizures induced vitamin D deficiency 

through increasing the protein levels of vitamin D catabolism enzyme 

(CYP24) in kidney tissues. In drug treated groups, it may be because of the 

activation of PXR receptor by carbamazepine, which causes an increase in 

CYP24 and CYP27a1 enzymes. Moreover, in epileptic group this 

mechanism may also take place but not with the activation of PXR receptor 

by a drug but with a possible PXR polimorphism in WAG/Rij mixed form 

of epileptic rats. 

 

Other important findings in simvastatin study;  
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 Although both low and high dose simvastatin caused an increase in mineral 

content and a decrease in carbonate substitution and crystallinity, implying 

a more strengthed bone compared to the non-treated healthy controls, low 

dose simvastatin was more effective in changing these parameters than 

high-dose simvastatin. 

 

 The increased microhardness values which reports more strengthed bones, 

were also in aggrement with the current spectroscopic results. 

 

 High dose simvastatin therapy may enhance lipid peroxidation and 

denaturation of proteins while it also favors higher disorder and flexibility 

of the membranes.  

 

 The current study also clearly showed that low dose simvastatin therapy is 

much more safer and effective for bone health than the high dose therapy. 

 

As future directions of this thesis study, it can be suggested that in carbamazepine 

study, further studies may be performed to investigate the possible effects of new 

generation anti-epileptic drugs, especially the non-enzyme inducing drugs such as 

Levetiracetam, on bone tissues which provides a new strategy on both the 

treatment of epilepsy and the prevention of bone disorders. Further molecular 

studies may be performed to investigate the possible PXR polimorphism in 

WAG/Rij rats to clarify the detailed mechanism of the effects of epilepsy and 

seizures on bone metabolism. In simvastatin study, further studies may be performed 

with Simvastatin to identify the reasons that lie beneath the observed structural 

alterations in bone mineral and matrix. Possible reasons of these alterations can be 

either an elevated protein levels of vitamin D activating enzymes, or the induced 

expression of bone formation-related proteins. Therefore, future studies can be 

conducted to determine the protein levels and mRNA expressions of vitamin D 
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enzymes and bone formation-related proteins. Moreover, further structural and 

compositional analyses can be performed by FTIR and SR-FTIR microspectroscopy 

studies to clarify the site-specific effects of simvastatin and intra-bone variation due to 

drug treatment. 
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APPENDIX A 

 

 

CHEMICALS 

 

 

 

Ethanol                                                                                              Sigma 

Methanol                                                  Sigma 

2-propanol             Sigma 

Xylene             Sigma 

Methylmethacrylate                                                                               Applichem 

Buthylmethacrylate             Applichem 

Methylbenzoate             Applichem  

Polyethylene glycol 200                            Applichem 

Benzoyl peroxide               Applichem 

N,N-dimethyl-p-toluidine                 Applichem 

Tris                      Sigma 

SDS                      Sigma 

N,N,N‟,N‟-tetramethylethylenediamine (TEMED)     Sigma 

Glycine          Sigma 

Carbamazepine          Sigma 

Simvastatin            Merck 
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