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ABSTRACT 

 

RISK ASSESSMENT OF INFLAMMATION RELATED CYP1A2, 2C9, 2D6, 

3A4, AND 4F2 POLYMORPHISMS IN TURKISH PATIENTS WITH 

MULTIPLE SCLEROSIS 

 

 

 

Barut, Burak 

Doctor of Philosophy, Biochemistry 

Supervisor : Prof. Dr. Orhan Adalı 

Co-Supervisor : Prof. Dr. Alattin Şen 

 

 

June 2023, 123 pages 

 

Multiple sclerosis (MS) is a complex, demyelinating, autoimmune disease that 

affects the central nervous system. Approximately, 2.8 million people in the world 

are suffering from MS. Cytochrome P450s (CYPs) are the superfamily of enzymes 

responsible for the metabolism of various endogenous, and exogenous compounds. 

There are a tremendous number of polymorphism studies investigating the role of 

CYPs in different diseases. However, polymorphism studies on inflammation 

related CYPs in MS are very limited. In this study, the relationship between SNPs 

in CYP1A2 (rs762551), CYP2C9 (rs1799853), CYP2D6 (rs16947), CYP3A4 

(rs2740574), and CYP4F2 (rs2108622) and MS were investigated due to their 

significant roles in inflammation response via AA metabolism. 179 patients (125 

female / 54 male), and 102 controls (58 female / 44 male) that have been recruited 

were genotyped by the PCR-RFLP method. Results were evaluated under additive, 

dominant, and recessive genetic models. Also, allele frequency differences between 

wild-type and polymorphic individuals were analyzed using SNPStats (Institut 

Català d'Oncologia). No significant difference between patients and the control 

group was observed in CYP2D6 (rs16947), CYP3A4 (rs2740574), and CYP4F2 
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(rs2108622). We found that the polymorphic CC allele of CYP1A2 (rs762551) 

might have disease causing effects for MS under additive (OR=3.02; 95%CI: 1.16-

7.88; p=0.049), and recessive models (OR=2.84, 95%CI: 1.13-7.14, p=0.016). On 

the other hand, the polymorphic T allele in CYP2C9 (rs1799853) indicated 

protective effect (OR=0.14, 95%CI: 0.04-0.44, p<0.001) under the additive model. 

 

Keywords: Multiple Sclerosis, Inflammation, Polymorphism, CYP 
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ÖZ 

 

MULTİPL SKLEROZLU TÜRK HASTALARDA İNFLAMASYONLA 

İLİŞKİLİ CYP1A2, 2C9, 2D6 , 3A4 VE 4F2 POLİMORFİZMLERİNİN RİSK 

DEĞERLENDİRMESİ 

 

Barut, Burak 

Doktora, Biyokimya 

Tez Yöneticisi: Prof. Dr. Orhan Adalı 

Yardımcı Danışman: Prof. Dr. Alaattin Şen 

 

 

Haziran 2023, 123 sayfa 

 

Multipl skleroz (MS) myelin kılıf deformasyonu sonucu merkezi sinir sistemini 

etkileyen, kronik ve otoimmün bir hastalıktır. Tüm dünyada yaklaşık olarak 2.8 

milyon kişi için MS tanısı konulmuştur. Sitokrom P450'ler (CYP'ler), çeşitli 

endojen (steroidler, safra asitleri, araşidonik asit dahil olmak üzere yağ asitleri, 

prostaglandinler, biyojenik aminler ve retinoidler) ve eksojen (ilaçlar, alkoller, 

antioksidanlar, organik çözücüler, anestezik ajanlar, boyalar, çevresel kirleticiler ve 

kimyasallar) bileşiklerin metabolizmasından sorumlu enzim süper ailesidir ve 

CYP'lerle ilgili literatürde oldukça fazla polimorfizm çalışması mevcuttur. Ancak, 

MS hastalığında inflamasyonla ilişkili CYP'ler üzerine yapılan polimorfizm 

çalışmaları çok sınırlıdır. Bu çalışmada araşidonik asit metabolizması yoluyla 

inflamasyon cevabındaki rolleri nedeniyle CYP1A2 (rs762551), CYP2C9 

(rs1799853), CYP2D6 (rs16947), CYP3A4 (rs2740574) ve CYP4F2 (rs2108622) 

genlerindeki SNP’ler ile MS arasındaki bağlantı incelenmiştir. Mevcut çalışmaya 

179 hasta (125 kadın / 54 erkek) ve 102 kontrol (58 kadın / 44 erkek) dahil edilmiş 

olup, bu kişilerin genotipleri PCR-RFLP yöntemiyle belirlenmiştir. Elde edilen 

sonuçların istatistiki analizi aditif, dominant ve resesif olmak üzere üç farklı 

genetik modele göre gerçekleştirilmiştir. Ayrıca, yabanıl tip ve polimorfik 
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bireylerin allel frekans farklılıkları da SNPStats (Institut Català d'Oncologia) 

kullanılarak belirlenmiştir. CYP2D6 (rs16947), CYP3A4 (rs2740574) ve CYP4F2 

(rs2108622) genlerinde hasta ve kontrol grupları arasında anlamlı bir fark 

gözlenmemiştir. CYP1A2 (rs762551) kapsamında homozigot (CC) alelinin hem 

aditif (OR=3.02; 95%CI: 1.16-7.88; p=0.049) hem de resesif model (OR=2.84, 

95%CI: 1.13-7.14, p=0.016) sonuçlarına göre, MS hastalığına neden olabileceği 

gösterilmiştir. Diğer taraftan, aditif model sonuçları (OR=0.10, %95CI: 0.03-0.37, 

p<0.001), CYP2C9 (rs1799853)’daki polimorfik T allelinin koruyucu etkisini işaret 

etmektedir.  

 

Anahtar Kelimeler: Multiple Skleroz, İnflamasyon, Polimorfizm, CYP 
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CHAPTER 1  

1 INTRODUCTION  

1.1 Multiple Sclerosis 

 

Multiple sclerosis (MS) is a complex, demyelinating, autoimmune disease that 

affects central nervous system (CNS) and eventually results in lesions or plaques 

(Milo and Kahana, 2010; Tillery et al., 2017). Recent findings indicate that 

neurodegeneration and activation of astrocytes (gliosis) also take part in MS 

pathogenesis (Mañé-Martínez et al., 2016; Hauser and Cree, 2020). MS is mainly 

characterized by relapses and remissions and approximately 80% of individuals 

experience these relapses and remissions (Steinman, 2014). According to the 

classification of the National MS Society, relapsing-remitting, secondary 

progressive, primary progressive, and progressive relapsing are the four different 

subtypes of MS. However, there is no complete recovery from MS. The treatment 

strategy primarily focuses on diminishing the severe symptoms of MS, slowing the 

disease progression, and decreasing the frequency and duration of relapses (Tillery 

et al., 2017).  

Roughly, 2.5 million people worldwide suffer from MS resulting in physical 

disabilities in young adults, according to a study published in 2015 (Dendrou et al., 

2015). And in a more recent study, it is reported that 2.8 million people (35.9 per 

100.000 population) are believed to suffer from MS (Walton et al.,2020). Women 

are more susceptible to this complex disease than men, and the average age of 

individuals with MS is 30. MS is typically seen between the ages of 20-40, peaking 

at 30 (Milo and Kahana, 2010; Dendrou et. al., 2015).  

Early symptoms of MS are paresthesia and visual loss (Hauser and Cree, 2020; 

Kale, 2016). According to Kale, optic neuritis is believed to be one of the early 
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signs of MS (Kale, 2016). The major symptoms are limb, facial, and paroxysmal 

weaknesses, blurred vision, ataxia, vertigo, bladder, sexual, and cognitive 

dysfunctions, Lhermitte's symptom, heat sensitivity, and fatigue. Rare symptoms of 

MS include seizure, dementia and movement disorders (Hauser and Cree, 2020).  

The underlying mechanisms of MS have not been fully identified yet, but strong 

evidence indicates that individuals’ genetic susceptibility and environmental 

factors play a crucial role in disease development. These environmental factors 

include lack of sunlight exposure (Vitamin D deficiency), hygiene, smoking, and 

viral infections such as the Epstein-Barr virus (Correale, 2015). The prevalence of 

MS is estimated to increase with increasing latitude and decreasing average 

temperature. There are some exceptions to this estimation. Sardinia, which is 

relatively warmer, has a higher MS frequency, whereas Inuit communities in 

northern Canada have a lower MS frequency (Milo and Kahana, 2010). The highest 

prevalence is seen in the regions with high-income, including North America, 

Western Europe, and Australasia (more than 100 patients per 100.000). On the 

other hand, sub-Saharan Africa, and Oceania have the lowest MS prevalence (less 

than 30 patients per 100.000) (Hauser et al., 2020).  

Since MS generally affects young adults and its prevalence tends to increase, the 

pathogenesis of the disease has been studied extensively. The ultimate consequence 

of the autoimmune response in MS is demyelination and axonal loss.  

Pro-inflammatory T lymphocyte cells become active, when antigens on MHC-II 

(major histocompatibility complex class II) interact with these T-cells via T-cell 

receptors. Active T-cells then migrate to CNS with the help of various adhesion 

molecules and chemokines. In the CNS, T-cells are re-activated by CNS antigens 

on APCs (antigen-presenting cells), primarily microglial cells. Re-activated T-cells 

in CNS secrete different pro-inflammatory cytokines (i.e., interferon γ, interleukin 

2, 6, and 17, tumor necrosis factor-α). These cytokines initiate CNS inflammation 

by activating the macrophages and other T and B cells. Macrophages and T cells 

then damage the myelin sheath of OGs (oligodendrocytes), mainly mediated by 
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TNF-α, NO, and O2 radicals. On the other hand, plasma cells derived from 

activated B cells produce demyelinating antibodies that further activate 

macrophages. Activation of macrophages triggers the attack on the myelin 

membrane, which forms pores in membranes given in Figure 1.1 (Cosentino and 

Marino, 2013).  

 
Figure 1. 1 MS pathogenesis and progression (Cosentino and Marino, 2013). 

Four demyelination patterns that are believed to play a role in MS progression 

exist: T-cell and macrophage attack, antibody attack, apoptosis in 

oligodendrocytes, and primary oligodendrocyte degeneration (Cosentino and 

Marino, 2013). 

1.2 Arachidonic Acid Metabolism 

1.2.1 Arachidonic Acid 

Arachidonic acid (AA) is an omega-6 (ω-6) polyunsaturated fatty acid with a 

twenty-carbon chain, and four cis-double bonds (Wang et al., 2019; Tallima and El 

Ridi, 2018). As seen in Figure 1.2, AA generally assumes a hairpin conformation.  
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Figure 1. 2 Linear and hairpin conformation of Arachidonic acid (Tallima and El 

Ridi, 2018). 

AA is either synthesized from an essential fatty acid, linoleic acid, or obtained from 

the diet. Since AA is derived only from an essential fatty acid (FA), it is also 

assumed to be essential for humans (Tallima and El Ridi, 2018). Table 1.1 

summarizes the available food sources of AA (National Cancer Institute, Division 

of Cancer Control & Population Sciences). 
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Table 1. 1 Food sources of AA (National Cancer Institute, Division of Cancer 

Control & Population Sciences). 

Rank Food Item Contribution to Intake (%) 

1 Chicken 26.9 

2 Egg 17.8 

3 Beef 7.3 

4 Sausage, franks, bacon, and ribs 6.7 

5 Fish 5.8 

6 Burger 4.6 

7 Cold cuts 3.3 

8 Pork 3.1 

9 Pizza 2.8 

10 Turkey 2.7 

11 Pasta 2.3 

12 Regular cheese Less than 1 

1.2.2 Arachidonic Acid Metabolism 

AA and its metabolites are vital in many inflammatory processes (Wang et al., 

2021). Figure 1.3 illustrates the AA metabolism. Once inflammatory stimulus 

reaches, phospholipases (PLA2, PLC, PLD) release arachidonic acid from 

membrane-bound phospholipids. Free AA can undergo one of the three different 

enzymatic pathways.  

In cyclooxygenase (COX) pathway, COX-1, COX-2, and COX-3 or so-called 

prostaglandin H synthases (PGHSs) act on AA, which yields prostanoids including 

prostaglandins, and thromboxane A2 (TXA2). After the action of cyclooxygenases 

prostaglandin G2 (PGG2) is produced, and converted to prostaglandin H2 (PGH2). 

All COX enzymes have two distinct enzymatic sites with different activities. 

Cyclooxygenase activity of COX enzymes helps to convert AA to PGG2, while 
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peroxidase activity produces PGH2 from PGG2. PGH2 is not a stable compound and 

quickly metabolized into prostaglandins (PGs) such as PGD2, PGE2, PGF2α, PGI2 

and thromboxane A2 (TXA2) (Wang et al., 2019, Wang et al., 2021).  

Figure 1. 3 Arachidonic acid metabolism (Wang et al., 2021). 

In lipooxygenase (LOX) pathway, 5-LOX, 8-LOX, 12-LOX, and 15-LOX are 

responsible for the catalytic activities by inserting molecular oxygen. After the 

action of 5-LOX, 5-hydroperoxyeicosatetraenoic acid (5-HPETE) is produced, and 

5-HPETE is converted into Leukotriene A4 (LTA4) in the first route of the LOX 

pathway. In this route, LTA4 is further metabolized into different leukotrienes such 

as LTB4, LTC4, LTD4, and LTE4. In the second route of the LOX pathway, four 
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different hydroxyeicosatetraenoic acids (HETEs) are produced by the four different 

lipooxygenases (Wang et al., 2019, Wang et al., 2021). 

Cytochrome P450 (CYP) pathway has two different routes, like in the LOX 

pathway. In the first route, AA is metabolized into HETEs by ω-hydroxylase. Oxo-

ETE (oxo-eicosatetraenoic acid), diHETEs (dihydroxyeicosatetraenoic acid) and 

lipoxins (LXs) are produced from 20-HETE. In the second route, epoxygenase 

activity on AA yields EET regio-isomers (epoxyeicosatrienoic acids). These EETs 

are further metabolized into DHETs (dihydroxyeicosatrienoic acids) by soluble 

epoxide hydrolases (sEHs) (Wang et al., 2021).  

In the CYP pathway, 5,6-EET and 20-HETE are further converted to prostaglandin 

analogs, 5,6-Epoxy PGE1 and 20-Hydroxy PGE2 respectively, after the actions of 

cyclooxygenases as seen in Figure 1.4 (Sacerdoti et. al., 2003).  
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Figure 1. 4 CYP pathway of arachidonic acid metabolism (Sacerdoti et. al., 2003). 

Studies have illustrated that the metabolism of AA is triggered in MS patients. This 

activated AA metabolism may facilitate neuroinflammation, and function in 

demyelination, motor dysfunctions, axonal, and oligodendrocyte loss. AA is 

metabolized via different pathways (COX, LOX, and CYP) producing various AA 

metabolites. Prostaglandins, and thromboxane are the ultimate end products of the 

COX pathway, and it has been shown that the COX pathway is activated in 

oligodendrocytes, and immune cells while demyelination is taking place. This 

activated COX pathway demonstrates its driving role in MS onset (Hoxha et al., 

2022; Carlson et al., 2006). Animal models mimicking MS, and human studies 

including case-control groups pointed out that the level of prostaglandins (PGE, 

PGE2, PGF2α, 8-epi-PGF2α, 8-iso-PGF2α), and thromboxane (TXB2) were 

significantly increased as well as activity of phospholipases (Hoxha et al., 2022).  

Moreover, the LOX pathway of AA yields leukotrienes, and this pathway is 

activated in MS lesions, and cerebrospinal fluid of MS patients. Especially, LTB4 
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concentration increases in MS according to experimental allergic encephalomyelitis 

(EAE) animal models, and case-control human studies (Hoxha et al., 2022).  

1.3 Cytochrome P450s, Inflammation and MS 

Cytochrome P450s (CYPs) are the super family of enzymes that contain a single 

molecule of heme at the active site (Gonzalez and Gelboin, 1992). They are 

responsible for the metabolism of a variety of endogenous (fatty acids including 

arachidonic acid and its metabolites, prostaglandins, steroids, and bile acids) and 

exogenous (drugs, alcohols, chemicals, organic solvents, environmental pollutants, 

antioxidants, and anaesthetic agents) compounds (Chang and Kam, 1999).  

Evolutionarily, CYPs are well conserved and found in lower and higher organisms 

such as bacteria, archaea, fungi, plants, animals, and humans (Stavropoulou et al., 

2018). CYPs function as terminal oxidase in the monooxygenase systems on the 

endoplasmic reticulum membrane. In simple, any endogenous or exogenous 

substance (RH) is hydroxylated via electrons from NADPH by CYPs, as shown 

below (Chang and Kam, 1999).  

NADPH + H+ + O2 + RH → NADP+ + H2O + ROH 

Nevertheless the catalytic action of CYPs is far more complex (Figure 1.5). Once 

the substrates (RH) bind to CYPs, the first reduction reaction is catalyzed by P450 

reductase yielding Fe2+, followed by oxygen binding. After oxygen binding, a 

second reduction reaction occurs in which one electron is transferred from P450 

reductase as in the first reduction reaction. Remaining steps cover the 

hydroxylation of substrates. Finally, the resulting product (ROH) is released from 

CYPs (Barnaba et al., 2017). 
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Figure 1. 5 General catalytic cycle of CYPs (Jeffreys et al., 2018). 

There are 57 functional CYP genes and 58 pseudogenes encoded in humans. They 

are categorized into 18 families and 44 subfamilies according to sequence 

similarities (Zanger and Schwab, 2013). Human CYP families and their primary 

functions are given in Table 1.2. 
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Table 1. 2 Human CYP families, and their primary functions (Zhao et al., 2021). 

CYP 

Family 
Primary Functions Subfamilies 

1 Drug metabolism 3 

2 Drug/steroid metabolism 13 

3 Drug metabolism 1 

4 Arachidonic acid/fatty acid metabolism 5 

5 Thromboxane synthase 1 

7 Steroid 7α-hydroxylase 2 

8 Bile acid biosynthesis; prostacyclin synthase 2 

11 Steroid biosynthesis 2 

17 Steroid 7α-hydroxylase 1 

19 Aromatase 1 

20 Function not determined 1 

21 Steroid biosynthesis 1 

24 Vitamin D deactivation 1 

26 Retinoic acid hydroxylase 3 

27 Bile acid biosynthesis; vitamin D3 activation 3 

39 Function not determined 1 

46 Cholesterol 24-hydroxylase 1 

51 Lanosterol 14α-demethylase 1 

 

As indicated in Table 1.2, one of the essential roles of CYPs is the metabolism of 

drugs. More than 90 % of drug biotransformations are catalyzed by CYPs (Zanger 

and Schwab, 2013; Zhao et al., 2021). Due to their roles in drug metabolism, CYPs 

are generally expressed in the liver (Almazroo et al., 2017). However, CYP 

enzymes are also expressed in kidney, brain, vasculature, GI tract, adrenal gland, 

and placenta (Danielson, 2002; Sacerdoti et. al., 2003). 
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Inflammation is defined as the immune system’s immediate response to infections 

or injuries and, is mainly identified by pain, heat, redness, and swelling (Calder, 

2006; Chen et al., 2017). There are two types of inflammation, acute and chronic. 

Acute inflammation starts and gets severe rapidly. On the other hand chronic 

inflammation may take and last years as in the case of autoimmune responses, in 

which cytokines and eicosanoids take place.  

It has been shown that AA and its metabolites have a central role in MS onset. 

Regarding AA, the regulation of nuclear factor κB (NF-κB) is strictly correlated 

with the balance between CYP ω-hydroxylase, and CYP epoxygenase activities 

(Hoxha and Zappacosta, 2020). NF-κB is a transcription factor that stimulates the 

expression of pro-inflammatory genes such as cytokines and chemokines. It also 

has crucial functions in controlling the survival, activation, and differentiation of T 

cells, and innate immune cells. Therefore, dysregulation of NF-κB may contribute 

to autoimmune disorders including MS and rheumatoid arthritis (Liu et al., 2017; 

Hoxha and Zappacosta, 2020).  

Another critical aspect of MS onset, and progression is the increased levels of 

cytokines involving IL-2, 6, and 17, TNF-α, and interferon γ. These cytokines 

ignite the inflammation in CNS by activating the macrophages, T cells, and B cells. 

Macrophages and T cells then damage the myelin sheath of oligodendrocytes by 

NO and O2 radicals. On the other hand, B cells produce demyelinating antibodies 

that further activate macrophages (Cosentino and Marino, 2013). Studies evidenced 

that these cytokines also inhibit the activities of CYPs (Abdel-Razzak, et al., 1993; 

Hoxha and Zappacosta, 2020).  

Last but not least, CYPs generate reactive oxygen species (ROS) in their usual 

catalytic cycle from molecular oxygen. ROS then takes part in the pathogenesis of 

MS and contribute autoimmune inflammation by activating the inflammatory 

molecules. Genetic variations in CYPs may alter the ROS levels, thereby affecting 

the susceptibility of individuals to MS (Cosentino and Marino, 2013; Hoxha and 

Zappacosta, 2020).  
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On the other hand, Peroxisome Proliferator-Activated Receptor Gamma (PPARγ) 

has protective effect on autoimmune response. PPARγ is a transcription factor, and 

has been known to take part in fatty acid metabolism and glucose homeostasis. 

Recent evidence indicates that PPARγ is also expressed in neurons, immune and 

glial cells in which it regulates anti-inflammatory mechanisms, neuronal death, 

neurogenesis, oxidative stress, and angiogenesis. PPARγ, alternatively, activates 

the immune cells by stimulating the expression of anti-inflammatory genes, and 

repressing the pro-inflammatory cytokines, interleukins and chemokines. 

Furthermore, it inhibits the action of NF-κB and NO release (Villapol, 2018).  

Beside their role in drug metabolism, CYPs also function in inflammatory reactions 

via arachidonic acid metabolism, as mentioned previously. There are two distinct 

modes of action of CYPs. ω-hydroxylase activity of CYPs produces 7, 10, 12, 13, 

15, 16, 17, 18, 19, and 20-HETE. 20-HETE is the main AA metabolite of ω-

hydroxylation with pro-inflammatory properties. It is further metabolized into 20-

hydroxy-prostaglandin analogs. 20-HETE is a potent vasoconstrictor, and it 

induces the generation of ROS in endothelial cells. However, more importantly, it 

stimulates the expression of cytokines and cellular adhesion molecules through NF-

κB activation (Hoxha and Zappacosta, 2020).  

Epoxygenase activity of CYPs on AA yields different EET regio-isomers (5,6-

EET, 8,9-EET, 11,12-EET and 14,15-EET). They are further converted to DHETs 

by soluble epoxide hydrolases (sEHs) (Wang et al., 2021). Although, CYPs are 

capable of producing four different EET regio-isomers, in many cases 11,12-EET 

and 14,15-EET are the predominant products of CYP action (Spector and Norris, 

2007). EETs are produced in various cell types including astrocytes, leukocytes, 

cardiac, and endothelial cells. They are responsible for the regulation of MAPK 

activity, TXA2 signalling, and ihbition of apoptosis (Hoxha and Zappacosta, 2020). 

EETs have also known to possess anti-inflammatory properties in addition to 

cardioprotective and vasodilatory properties (Wang et al., 2021). Cells treated with 

5,6-EET, 8,9-EET and 11,12-EET regio-isomers showed protective effect on 

inflammatory cytokine upregulation of adhesion molecules and decreased pro-
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inflammatory NF-κB signaling, and PGE2 production (Iliff et al., 2010). 11,12-EET 

is the most potent inhibitor of NF-κB signaling (Spector and Norris, 2007). 

Moreover, predominant EET regio-isomers, 11,12-EET and 14,15-EET, are potent 

activators of PPARγ, and increases the PPARγ-mediated gene expression (Spector 

and Norris, 2007).  

The concentration of AA and its metabolites greatly vary in MS patients, and mice 

with EAE. Cerebrospinal fluid, and serum samples of MS patients had distinct lipid 

signatures, including AA, with respect to healthy subjects. The lipid profile of EAE 

mice brains indicated a shift favoring AA production. (Pompura et al., 2022; 

Ferreira et al., 2021). It has been reported that AA metabolic pathways were 

overactivated in the CNS of MS patients. The concentrations of prostaglandins, and 

HETEs were increased in cerebrospinal fluid because of this overactivation, and 

neuroinflammation (Ferreira et al., 2021). Also, the overactivated metabolic 

pathway of AA resulted in a significant increase in EET regio-isomer levels in MS 

patients. 

CYP-derived metabolites also play significant roles in cardiovascular diseases, 

inflammatory diseases, kidney inflammation, cancer, neurological and 

neurodegenerative disorders, and autoimmune diseases (Wang et al., 2021; Wang 

et al, 2019; Bosetti 2007). Nevertheless, 20-HETE and EETs exhibit partially 

opposite functions in vascular, renal, cardiac regulation and in angiogenesis 

(Hoxha and Zappacosta, 2020). 

Since CYPs have diverse functions in autoimmune response in MS through AA 

catabolism, and their roles in metabolism of MS treatment drugs, we have selected 

CYP1A2, 2C9, 2D6, 3A4, and 4F2 and investigated their plausible roles within this 

study.  
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1.3.1 CYP1A2 

The CYP1A2 gene is located on chromosome 15 as given in Figure 1.6. There are 

seven exons on the CYP1A2 gene, which encodes a protein with 515 amino acids 

(Tascioglu et al., 2021; Thorn et al., 2013).  

Figure 1. 6 Schematic representation of the CYP1A2 gene (Gunes and Dahl, 2008). 

CYP1A2 is one of the main CYPs in the human liver (approximately 13-15 %). It 

shares a common 5’-flanking region with CYP1A1, unlike CYP1A2, which is 

mostly expressed in extrahepatic tissues such as intestine, lung, placenta, and 

lymphocytes. CYP1A2 and CYP1A1 have 80 % identical amino acid sequences 

and 74 % DNA sequences (Zhou et al., 2010; Koonrungsesomboon et al., 2018). 

CYP1A2 is responsible for the metabolism of drugs such as clozapine 

(antipsychotics), tacrine (acetylcholinesterase inhibitor), tizanidine (adrenergic 

receptor agonist), and theophylline (antiasthmatics). It metabolizes procarcinogens 

including aromatic amines, and several endogenous compounds like melatonin, 

estrone, and estradiol (Zhou et al., 2010; Koonrungsesomboon et al., 2018).  

CYP1A2 exhibits substantial inter-individual variability. As in the clozapine case, 

the plasma concentration of the drug differs as much as 40-fold between the 

patients who have taken the same dose of clozapine (Rasmussen et al., 2022). More 

than 30 allelic variants of CYP1A2 have been listed on PharmVar 
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(Koonrungsesomboon et al., 2018; https://www.pharmvar.org/gene/CYP1A2). 

Among these allelic variants, CYP1A2*1F (−163A>C) is one of the most common, 

and widely studied variant. CYP1A2*1F variant (rs762551) has decreased catalytic 

activity, protein expression, and mRNA level (Thorn et al., 2012). They are 

regarded as slow metabolizers. AA genotype was accepted as a fast metabolizer, 

conversely presence of the C allele indicated slow metabolizing individuals (Thorn 

et al., 2012). A meta-analysis concluded that the AA genotype showed fast 

metabolizer activity only in the presence of an inducer such as caffeine 

(Koonrungsesomboon et al., 2018). CYP1A2*1F variant has been associated with 

neurodegenerative diseases, kidney dysfunction, breast cancer, and lung cancer 

(Siokas et al., 2021; Kim et al., 2018; Siokas et al., 2022; Mahdavi et al., 2023; 

Tian et al., 2013; Khvostova et al., 2012). These studies pointed that the mutant C 

allele had increased the risk of disease development. 

Besides drug metabolism, CYP1A2 also metabolizes AA. It displays high catalytic 

activity towards AA producing HETEs and EETs (El-Sherbeni and El-Kadi, 2014; 

Korbecki et al., 2023). CYP1A2 is responsible for the conversion of AA into 20-

HETE via ω-hydroxylation. In addition to ω-hydroxylation activity, epoxidation of 

AA by CYP1A2 yields four different EETs (5,6-EET, 8,9-EET, 11,12-EET, or 

14,15-EET) because AA has four cis-double bonds (Korbecki et al., 2023). The 

main EET product is 11,12-EET after CYP1A2 action. 11,12-EET is followed by 

14,15-EET, 5,6-EET, and 8,9-EET in descending order (Lucas et al., 2010). 

1.3.2 CYP2C9 

The CYP2C9 gene is placed on chromosome 10 (Figure 1.7). There are nine exons 

on the CYP2C9 gene, encoding a protein consisting of 490 amino acids (Xie et al., 

2002). 
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Figure 1. 7 Schematic representation of the CYP2C9 gene (Scott et al., 2009). 

CYP2C9 is the most abundant enzyme belonging to the CYP2C subfamily in the 

human liver which is approximately 50% of the total CYP 2C subfamily. It 

metabolizes about 15-20 % of all clinically significant drugs such as Tolbutamide 

and Glimepiride (antidiabetics), Acenocoumarol and Warfarin (anticoagulants), 

Diclofenac, Ibuprofen, and Flurbiprofen (nonsteroidal anti-inflammatory drugs ), 

Phenytoin and Valproate (antiepileptics), Losartan and Irbesartan 

(antihypertensives), Torsemide and Sulfinpyrazone (diuretics) (Isvoran et al., 2017; 

Fekete et al., 2021; Suzuki et al., 2006). Also CYP2C9, as along with CYP3A4, is 

responsible for the biotransformation of Siponimod which is used in MS treatment 

(Glaenzel et al., 2018). 

More than 65 allelic variants of CYP 2C9 have been described in the human 

genome (Isvoran et al., 2017; Fekete et al., 2021). Like the other CYP enzymes, 

CYP2C9 displays an enormous genetic difference among individuals. 

CYP2C9*2 (R144C) and CYP2C9*3 (I359L) are the most common and well-

studied variants. However, these variants are accompanied by reduced CYP2C9 

enzymatic activity (Fekete et al., 2021; Pratt et al., 2019; Sausville et al., 2018). 

Molecular dynamics simulations of the CYP2C9*2 variant (rs1799853) predicted 

that the volume of the active site has expanded, the distance between metabolism 

site and heme center has increased, the size of substrate entry channel has 

decreased, hydrogen bonding with specific amino acids has changed. These 

alterations might contribute to the reduced enzymatic activity of CYP2C9 (Daly, et 

al., 2017).  

CYP2C9 variants have been associated with warfarin dose prediction, and bleeding 

complications, Hodgkin lymphoma in young adults, drug-resistant epilepsy in 



 

 

 

 18   

children, colorectal adenoma in adults, and breast cancer (Sanderson et al., 2005; 

King et al., 2004; Lindh et al., 2009; Oner Ozgon et al., 2009; Kocael et al., 2019; 

Chang et al., 2009; Makowska et al., 2021, Barry et al., 2009; Savas et al., 2006). 

Mutant T allele increases the risk of having these diseases. 

Furthermore, CYP2C9 is also responsible for the metabolism of AA which 

catalyzes the epoxygenation reaction yielding the formation of EETs. CYP2C9 

epoxidation activity mainly yields 14,15-EET. Also CYP2C9 produces 11,12-EET, 

and 8,9-EET, but not 5,6-EET. Due to the relatively short half-lives of EETs, they 

are converted to DHETs (dihydroxyeicosatrienoic) by sEH (soluble epoxide 

hydrolase) (Fan and Roman, 2017; Lucas et al., 2010).  

1.3.3 CYP2D6 

The CYP2D6 gene is located on chromosome 22. It has nine exons as seen in 

Figure 1.8 (Fuselli et al., 2004).  

Figure 1. 8 Schematic representation of the CYP2C9 gene (Fuselli et al., 2004). 

Despite CYP2D6’s relatively low amount (2-4%) compared to other CYPs in the 

liver, it is responsible for the metabolism of approximately 20-25% of 

commercially available medications (Chan et al., 2019; Ramamoorthy et al., 2010). 

Atenolol and Bisoprolol (β blockers), Amiodarone and Disopyramide 

(antiarrhythmics), Amitriptyline, Citalopram and Clomipramine (antidepressants), 

Aripiprazole and Brexpiprazole (antipsychotics) and Tamoxifen (cancer treatment) 

and opioids are the substrates of CYP2D6 enzyme (Chan et al., 2019; Taylor et al., 

2020).  
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The CYP2D6 is one of the most polymorphic CYP enzymes among all cytochrome 

P450 enzymes. Over 130 allelic variants have been identified and listed on 

PharmVar (Chan et al., 2019; Taylor et al., 2020). Variations of the CYP2D6 gene 

result in reduced or increased enzymatic activities, eventually altering the drug 

efficacy and causing adverse effects. According to in vivo studies, CYP2D6 

enzyme activity ranges from ultra-rapid to poor or no activity. Individuals are 

classified into four groups, in which ultra-rapid, normal, intermediate and poor 

metabolizers take part, according to their CYP2D6 enzymatic activities. No 

enzymatic activity is observed in poor metabolizers. Intermediate metabolizers are 

observed to decrease CYP2D6 enzyme’s activity than the normal metabolizers, and 

ultra-rapid metabolizers are observed to increase enzymatic activity (Kane, 2021).  

The CYP2D6*2 (R296C) allele has exhibited opposite results in the literature. In 

various in vivo and in vitro studies, the CYP2D6*2 allele (rs16947) has been 

reported to have decreased, increased or unchanged activity. Moreover, CYP2D6*2 

haplotypes have harboured additional variants, such as the CYP2D6*41 allele. 

However, according to Wang and his co-workers, CYP2D6*2 (R296C) changes the 

splicing of exon six and results in a 2-fold decrease in CYP2D6 expression. The 

polymorphic A allele has been associated with decreased enzyme activity (Wang et 

al., 2014). X-ray crystallography and MD simulations suggest that the active site 

volume of the CYP2D6*2 variant has diminished. CYP2D6*2 variant exhibited 11 

% shrinkage of active site volume. Also, this study reports that mutations have 

decreased the number of active sites due to the changes in protein structure. The 

CYP2D6*2 variant has 13 active sites, whereas the wild-type enzyme has 14 (Dong 

et al., 2019). Furthermore, the CYP2D6*2 variant has been an essential driving 

factor for the development of schizophrenia, epilepsy, and various cancer types 

(Ma et al., 2020; Elsaid et al., 2022; Zhou et al., 2012). 

CYP2D6 has been also shown to participate in eicosanoid metabolism (Nebert et 

al., 2013). Eicosanoids are lipid-based signaling molecules critical in immune 

response (Sheppe and Edelman, 2021). Lucas et al. (2010) concluded that the 

epoxygenase activity of CYP2D6 yields 5,6-EET, 8,9-EET, 11,12-EET, or 14,15-
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EET in varying levels. 14,15-EET has the highest concentration among other EET 

regio-isomers. 14,15-EET is followed by 8,9-EET, 11,12-EET, and 5,6-EET in 

descending order (Lucas et al., 2010). 

1.3.4 CYP3A4 

The CYP3A4 gene is located on chromosome 7. There are thirteen exons on the 

CYP3A4 gene as illustrated in Figure 1.9, and it encodes a protein with 503 amino 

acid residues (Zhou et al., 2011).  

Figure 1. 9 Schematic representation of the CYP3A4 gene (Henderson et al., 2018). 

CYP3A4 is the most abundant and vital CYP450 isoenzyme in the adult human 

liver (Werk and Cascorbi, 2014; Zhou et al., 2011). Due to its wide range of 

substrate specificity, it metabolizes half of the clinically used medications (Zhou et 

al., 2011; Zhou et al., 2019).  

Clarithromycin and Troleandomycin (antibiotics), Voriconazole and Ketoconazole 

(antifungals), Nefazodone (antidepressants), Saquinavir, Darunavir and Lopinavir 

(antivirals), Nilotinib, Ribociclib and Midostaurin (anticancer agents) Loperamide 

(antidiarrheals), Terfenadine (antihistaminics) are the some of the substrates of 

CYP3A4 (Zhou et al., 2011; https://go.drugbank.com/categories/DBCAT002647). 

Most of the drugs used in MS treatment are also metabolized by CYP3A4. For 

instance biotransformations of Siponimod, Teriflunomide, Laquinimod, Ozanimod, 
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and Ponesimod are reported to be achieved by CYP3A4 (Glaenzel et al., 2018; 

Carazo et al., 2018; Thöne and Linker, 2016; Surapaneni et al., 2021; Alnaif et al., 

2022).  

CYP3A4 has relatively lower genetic differences between populations with respect 

to other CYPs, but the enzymatic activity of CPY3A4 exhibits extensive 

interindividual variability that causes drug toxicity, therapeutic failure, and adverse 

effects (Zhou et al., 2011). This interindividual variability can be as high as 43.2 

fold, according to the study conducted by Zhou and co-workers (Zhou et al., 2019). 

In another study, it has been reported that interindividual variability of CYP3A4 

enzymatic activity differs up to 60-fold (Zhou et al., 2011).  

Although amino acid sequence changes in CYP3A4 variants are rare, more than 30 

allelic variants of CYP3A4 have been identified and listed on PharmVar (Wang et 

al., 2011, Zhou et al., 2011; https://www.pharmvar.org/gene/CYP3A4). Among 

these allelic variants, CYP3A4*1B (A392G) is the most common allele located on 

the promoter region of the CYP3A4 gene and alters the CYP3A4 enzyme activity 

(Berges et al., 2011; Werk and Cascorbi, 2014). Generally, non-exonic variants 

have altered mRNA levels via common mechanisms affecting transcription, RNA 

elongation, and splicing (Wang et al., 2011). Despite the controversial reports 

related to the enzymatic activity of CYP3A4*1B variant (rs2740574), a more recent 

study exhibited a poor response to ifosfamide treatment in CYP3A4*1B carriers, 

which indicated the decreased enzymatic activity of this variant (Espindola et al., 

2019). Furthermore, the CYP3A4*1B variant has been linked with the risk of 

development of different cancer types including ovarian cancer, breast cancer, 

small cell lung cancer, and prostate cancer (Zhou et al., 2013; Pearce et al., 2009; 

Kato et al., 2009; Dally et al., 2003; Zeigler-Johnson et al., 2004; Fernandez et al., 

2012). The polymorphic C allele in CYP3A4 has been associated with decreased 

enzymatic activity, and risk of developing different cancer types. 

Despite significant drug metabolism roles, CYP3A4 also bears ω-hydroxylation 

and epoxygenase activity on AA. (Zhou et al., 2011; Bishop-Bailey et al., 2014). It 
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has been reported that CYP3A4 can catalyze the formation of different EET regio-

isomers and 20-HETE (Mitra et al., 2011; Lucas et al., 2010). Epoxygenase activity 

of CYP3A4 mainly yields 11,12-EET, and 14,15-EET. Also, 8,9-EET, and 5,6-

EET are produced in lower amounts by CYP3A4 (Lucas et al., 2010). 

1.3.5 CYP4F2 

The CYP4F2 gene is located on chromosome 19. There are thirteen exons on the 

CYP4F2 gene as represented in Figure 1.10, and it encodes a protein with 520 

amino acid residues (Meng et al., 2015). 

 

 
Figure 1. 10 Schematic representation of the CYP4F2 gene (Henderson et al., 

2018). 

CYP4F2 metabolizes drugs, such as Fingolimod, that is recently started to be used 

in MS treatment (David et al., 2012). However, its prominent role the is 

metabolism of  endogenous compounds including fatty acids, arachidonic acid, 

prostaglandins, EETs, HETEs, and HPETEs (Nebert and Russell, 2002). ω-

hydroxylating CYP4F2 primarily catalyzes 20-HETE production from AA 

(Kampschulte et al., 2020). 20-HETE is now regarded as a new therapeutic target 

for regulation of blood pressure. In general, 20-HETE is a potent vasoconstrictor 

that decreases blood flow. Also, it inhibits sodium ion transport in the kidneys 

causing hypertension (Williams et al., 2010). Moreover, CYP4F2 is found to ω-
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hydroxylate leukotriene A4 (LTA4) as well, and it takes part in the catabolism of 

vitamin K and vitamin E (Jarrar and Lee, 2019; Henderson et al., 2018). 

CYP4F2 is expressed in the human liver, kidney, heart, lung, and leukocytes, and 

there are three allelic variants of CYP4F2 (CYP4F2*1, CYP4F2*2, and 

CYP4F2*3) listed on PharmVar (Meng et al., 2015; 

https://www.pharmvar.org/gene/CYP4F2). CYP4F2*3 (V433M) (rs2108622) has 

been the most studied allelic variant of CYP4F2. This variant is associated with 

decreased enzymatic activity and decreased 20-HETE metabolization in the 

kidneys (Stec et al., 2007). Computational analysis indicated that this decreased 

enzymatic activity of T allele carriers might have resulted in the size of mutant 

amino acid. Methionine is larger than the wild-type amino acid Valine, and 

possibly Methionine does not fit in the protein structure. Plus, the polymorphic 

enzymes have more open structures than the native ones. This variant affects the 

stability, and dynamics of CYP4F2 enzyme by diminishing the compactness, and 

stability of protein structure, which results in overall structural and conformational 

changes (Farajzadeh-Dehkordi et al., 2023). 

Furthermore, the CYP4F2*3 variant have been associated with metabolic 

syndrome, ischemic stroke, adrenoleukodystrophy, a neurodegenerative disease in 

which very long-chain fatty acids are accumulated, coronary heart disease, type II 

diabetes, and chronic obstructive pulmonary disease (Alvarellos et al., 2015; Fava 

et al., 2012; Liao et al., 2016; van Engen et al., 2016, Yu et al., 2014, Park et al., 

2019; Ding et al., 2020).  

Table 1.3 summarizes the genome locations of SNPs, arachidonic acid 

intermediates of selected CYPs, conformational, structural, and enzyme activity 

changes accompanied with each SNP, and minor allele frequencies according to 

dbSNP, and gnomAD. 
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Table 1. 3 Genome locations, arachidonic acid intermediates, conformational, 

structural, and enzyme activity changes, and minor allele frequencies of selected 

genes. 

SNP 
Genome 

Location 
Enzyme Product(s)  

Structural & 

Conformational Changes 

Enzyme 

Activity 

MAF 

(dbSNP; 

GnomAD) 

CYP1A2 

(rs762551) 

(A > C) 

Intron 

20-HETE (ω-

hydroxylation) 

 

5,6-EET, 8,9-EET, 

11,12-EET, 14,15-EET 

(epoxidation) 

-mRNA level and protein 

expression decreases 
↓ 0.32; 0.29 

CYP2C9 

(rs1799853) 

(C > T) 

Exon  

(R144C) 

8,9-EET, 11,12-EET, 

14,15-EET 

(epoxidation) 

-Active site volume 

decreases 

-Distance between the active 

site and heme center 

increases 

-Substrate entry channel size 

decreases 

↓ 0.11; 0.09 

CYP2D6  

(rs16947) 

(G > A) 

Exon 

(R296C) 

5,6-EET, 8,9-EET, 

11,12-EET, 14,15-EET 

(epoxidation) 

-Active site volume 

decreases (11 % shrinkage) 

-Number of active sites 

decreases 

↓ 0.32; 0.34 

CYP3A4 

(rs2740574) 

(T > C) 

Promoter 

20-HETE (ω-

hydroxylation) 

 

5,6-EET, 8,9-EET, 

11,12-EET, 14,15-EET 

(epoxidation) 

-mRNA level and protein 

expression decreases 

-transcriptional regulation is 

affected 

↓ 0.11; 0.21 

CYP4F2 

(rs2108622) 

(C > T) 

Exon 

(V433M) 

20-HETE (ω-

hydroxylation) 

-Methionine does not fit in 

the protein structure 

-Polymorphic enzyme has a 

more open structure 

-Compactness of the enzyme 

decreases 

↓ 0.29; 0.27 



 

 

 

 25   

1.4 Genetic Polymorphism 

The human genome comprises two sets of 23 chromosomes, and the whole 

genome consists of more than 3 billion base pairs (Levy et al., 2007; Karki et 

al., 2015). Evolutionarily, the human genome has been very well conserved, and 

any two human genomes on earth are at least 99.5% identical. Genetic 

polymorphism is the variations in the DNA sequences among individuals in a 

population that occurs with a frequency of 1 % or higher. The high frequency of 

a polymorphism in a particular population indicates that polymorphism is 

naturally existing, with neutral or advantageous effects. (Karki et al., 2015). 

Several sources of genetic polymorphism include single 

nucleotide polymorphisms (SNPs), sequence repeats, insertions, deletions, 

inversions, duplications, and translocations (Bull, 2013; Karki et al., 2015). In 

general, polymorphisms can be grouped into two, synonymous and non-

synonymous. In synonymous polymorphisms, encoded amino acid does not 

change and are called silent variations. So far, they have been thought to be 

neutral. However, recent evidence show that these silent variations might affect 

the protein expressions and functions, so they should not be considered as 

neutral or silent. They are associated with mRNA stability, splicing, translation 

efficiency, protein folding, and function (Edwards et al., 2012). On the other 

hand, non-synonymous variations change the amino acid sequence of the 

encoded proteins, leading to alterations in the protein structures and functions 

(Chu and Wei, 2019; Albert, 2011). 

1.4.1 Single Nucleotide Polymorphism (SNP) 

Over the last two decades, advancements in molecular biology techniques such as 

high-throughput sequencing, computational analysis methods, and human genome 

project have contributed to the understanding of human genome nature (Levy et al., 

2007). These tools have reaccelerated the single nucleotide polymorphism (SNP) 
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studies. SNPs are single nucleotide substitutions with a population frequency of 

>1% (Edwards et al., 2012). They are the most common type of genetic variation 

among individuals, which exists in every 300-2000 base pairs and can be seen 

either in the coding, non-coding, or intergenic regions (Alwi, 2005).  

Most SNPs do not directly affect an individual’s health or development. However, 

some of these genetic variations have been determined to be important in human 

health. SNPs have been linked with susceptibility to environmental factors such as 

toxins, drug response (sensitivity or resistance to certain drugs), and risk of 

developing particular diseases (Alwi, 2005; Sripichai and Fucharoen, 2007).  

1.5 Aim of the Study 

MS is a complex, autoimmune, central nervous system disease affecting young 

adults. The average age of individuals suffering from MS is around 30. Since 

people at the most productive time of their life are affected by MS, and the physical 

capabilities of individuals with MS have gradually diminished, patients’ 

participation in the general workforce has been interrupted. This brings a 

substantial socioeconomic burden to individuals and society.  

On the other hand, it is very well known that polymorphisms are associated with 

susceptibilities to certain diseases. Besides their essential functions in drug 

metabolism, CYPs are considered immunologically significant for their roles in 

arachidonic acid metabolism. A balance between CYP ω-hydroxylase and CYP 

epoxygenase activities has been highly associated with NF-κB. This transcription 

factor induces the expression of pro-inflammatory genes including cytokines and 

chemokines. Disrupted regulation of NF-κB may contribute to the development of 

autoimmune responses, as in the case of MS, by stimulation of cytokines 

production such as IL-2, 6, and 17, TNF-α, interferon γ. These cytokines have been 

shown to inhibit the activity of CYPs. Furthermore, CYPs constantly generate ROS 

in their regular catalytic cycle. These ROS can activate inflammatory molecules in 
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MS or other autoimmune disorders. Therefore genetic variations in CYPs may alter 

the NF-κB, pro-inflammatory cytokine, and ROS levels, thereby affecting the 

individuals’ susceptibility to MS.  

Several in vivo studies including different animal models and case-control human 

subjects concluded that fatty acid metabolism is significantly altered in MS onset 

or during the progress of MS, especially in relapses. AA metabolism has been 

found to be overactivated in MS patients, and AA metabolites have been shown to 

take part in neuroinflammation, demyelination, motor dysfunctions, axonal 

damage, and oligodendrocyte loss. So, COX and LOX pathways of AA metabolism 

have been intriguing targets for new MS treatments. However, CYP-dependent AA 

metabolism and its potential role in MS have been undervalued. Although 

polymorphisms in vitamin D metabolizing CYPs such as CYP2R1, 24A1, 27A1, 

and 27B1 have been widely studied in different populations of MS patients, there is 

a limited number of polymorphism studies regarding the CYPs involving in AA 

metabolism. What is more important is that no polymorphism study related to these 

CYPs in MS patients in the Turkish population has been reported so far. Our main 

motivation in this study was to determine the possible effects of polymorphisms in 

CYP1A2, 2C9, 2D6, 3A4, and 4F2 in MS onset.  

Therefore, we aimed to investigate the relationships between SNPs in AA-

metabolizing CYP1A2, 2C9, 2D6, 3A4, and 4F2, and MS. By doing so, we also 

aimed to propose the possible protective or disease causing effects of SNPs in 

CYP1A2, 2C9, 2D6, 3A4, and 4F2.  

This study also gives insight into the effectiveness of the specific MS treatment 

strategies since selected CYPs are responsible for the biotransformation of 

Siponimod, Teriflunomide, Fingolimod, Laquinimod, Ozanimod, and Ponesimod. 

This study will contribute to MS knowledge by adding of valuable and novel data. 
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CHAPTER 2  

2 MATERIALS AND METHODS 

2.1 Materials 

2.1.1 Blood Sampling 

Blood samples were collected from 179 MS patients and 102 healthy control 

subjects at Gülhane Education and Research Hospital, Ankara, Türkiye. All of the 

participants (patients and healthy controls) were Caucasians and they were from 

Central Anatolia of Türkiye. MS patients were diagnosed based on the 2010 

McDonald Criteria, including neurological examinations, brain MRI scans, 

Lumbar puncture, and blood tests. In order to avoid any interferences, patients 

with other diseases such as cancer, neurological disorders, 

cerebrovascular diseases, cardiovascular diseases, rheumatological diseases, blood 

clotting defects, and hepatic and renal failure were eliminated. Healthy controls 

without any neurological disorders were selected randomly. 

Blood samples were taken for the previously conducted “Association of the 

Vitamin D Metabolizing CYP24A1, CYP27A1, CYP27B1 and Vitamin D 

Receptor Genetic Polymorphisms with Multiple Sclerosis Risk in Turkish 

Population” titled study which was approved by the Ethical Committee of 

Gülhane Education and Research Hospital with the document number 

of 50687469-1491-31-16/1648.4-04. This thesis study was a continuation of the 

previous work and previously collected blood samples were used in this study. 

Current study was also approved by the Ethical Committee of the University of 

Health Sciences (Appendix A), and the principles of the Declaration of Helsinki 

were followed (World Medical Association, 2014).  

callto:50687469-1491-31-16
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2.1.2 Chemicals and Enzymes 

Prona Agarose Biomax (HS-8000), 2-amino-2(hydroxymethyl)-1,3-propanediol 

(Tris) (T1503-1), and ethanol (24105) were purchased from Sigma-Aldrich 

Chemical Company, Saint Louis, Missouri, USA. Ethylenediaminetetraacetic acid 

(EDTA) (108421) was bought from E. Merck, Darmstadt, Germany. ClearBand 

SAFE DNA Gel Stain Solution (20000x) (SDGS1) was brought from Ecotech 

Biotechnology, Türkiye. WizPrep™ gDNA Mini Kit (Blood) (W71050) was 

purchased from Wizbiosolutions, Republic of Korea. Taq DNA polymerase 

(EP0402), dNTP set (R0181), and GeneRuler 1 kb DNA Ladder (SM0311) were 

the products of Thermo Fisher Scientific, Waltham, Massachusetts, USA. 

Restriction enzymes Apa I (R0114S), Ava II (R0153S), Fsp I (R0135S), Mbo II 

(R0148S), and Pvu II (R0151S) and their buffers were purchased from New 

England Biolabs, Ipswich, Massachusetts, USA. Only analytical grade, highest 

level purity chemicals were used in this work. 

2.1.3 Primers 

NCBI and Ensembl database were used to design suitable primers. Primers were 

purchased from Oligomer Biotechnology, Ankara, Türkiye, stored at -20oC, and 

diluted to 10 µM before use. The sequences of forward and reverse primers for 

rs762551 (A → C) polymorphism of CYP1A2, rs1799853 (C → T) 

polymorphism of CYP2C9, rs16947 (G → A) polymorphism of CYP2D6, 

rs2740574 (T → C) polymorphism of CYP3A4, and rs2108622 (C → T) 

polymorphism of CYP4F2 are given in Table 2.1. 
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Table 2. 1 Sequence information of forward and reverse primers for selected gene 

regions 

Region Primers (5’ → 3’) 
Product 

Size (bp) 

CYP1A2  

(rs762551) 

Forward Primer CAAGGGTGCTGTCCTTGG 

 

Reverse Primer ATCCTTGACAGTGCCAGGTG 

541 

CYP2C9  

(rs1799853) 

Forward Primer GGAGGATGGAAAACAGACTAGCAGAGC 

 

Reverse Primer ACTCCAAATAAAAGATATGGCCACC 

378 

CYP2D6  

(rs16947) 

Forward Primer TGGACAGACATGCGTCC 

 

Reverse Primer GACAGGTGCAGAATTGGAG 

420 

CYP3A4  

(rs2740574) 

Forward Primer GAGGCTTCTCCACCTTGGAAGTTGGCAA 

 

Reverse Primer GGAATGAGGACAGCCATAGAGACAAGGGGA 

219 

CYP4F2  

(rs2108622) 

Forward Primer CCATCAACCCGTTCCCACCTCAG 

 

Reverse Primer TTAGGGACGACCTGGCCCATTTG 

596 

2.2 Methods 

2.2.1 Genomic DNA isolation 

Blood samples of the patients and control group were stored at -80°C until use. 

gDNA isolation from these blood samples was performed using WizPrep™ 

gDNA Mini Kit (Blood) according to in the manufacturer's instructions.  

200 µl of whole blood sample was transferred to a 1.5 ml microcentrifuge tube. 

200 µl of GB buffer and 20 µl of proteinase K were added to the blood sample 

and vortexed. This mixture was incubated at 56°C for 10 minutes. During 

incubation, the microcentrifuge tube was inverted at every 5 minutes. After 

incubation, 200 µl of absolute ethanol was added to the mixture and vortexed 
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briefly. Then, the mixture was transferred to the spin column supplied with the kit 

and centrifuged for 1 minute at 13.000 rpm by iFuge M08 Smart Personal Micro 

Centrifuge. The collection tube with flow-through was discarded, and the spin 

column was transferred to the new collection tube. 500 µl of W1 buffer was added 

to the spin column and centrifuged for 1 minute at 13.000 rpm. The flow-through 

solution was discarded, and the spin column was reconnected with the collection 

tube. 500 µl of W2 buffer was added to the spin column and centrifuged for 1 

minute at 13.000 rpm. Again, the flow-through was discarded, and the spin 

column was reconnected with the collection tube and centrifuged for 2 minutes at 

13.000 rpm. After centrifugation, the spin column was transferred to a new 1.5 ml 

tube. In order to elute gDNA from the column, 40 µl of elution buffer was added 

to the center of the spin column, incubated at room temperature for 1 minute, and 

centrifuged for 1 min at 13.000 rpm. Then, 30 µl of the elution buffer was added 

to the spin column. After 1 minute of incubation at room temperature, the tube 

was centrifuged for 1 min at 13.000 rpm. The spin column was discarded, and 

isolated DNA was taken to a new 1.5 ml Eppendorf tube. Isolated gDNA samples 

were stored at -20°C until further analysis. 

The concentration and purity of gDNA were measured using Thermo Scientific™ 

NanoDrop™ Spectrophotometer.  

2.2.2 Qualification of Genomic DNA Samples by Agarose Gel 

Electrophoresis 

Biorad horizontal gel electrophoresis system (Wide Mini-Sub Cell GT Cell) was 

used to determine the intactness of isolated DNA samples. 10X TBE (Tris-Borate-

EDTA) buffer is diluted to 0.5X. The final concentrations of Tris, Boric Acid, and 

EDTA were 45 mM, 45 mM, and 1mM, respectively. Then, 1 g agarose was 

added to 100 ml of 0.5X TBE buffer. The final mixture was microwaved until 

fully dissolved (no solid particle remained). While the solution was cooling down, 

it was stirred to provide homogenous cooling. After enough cooling down, 5 µl 
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SAFE DNA Gel Stain Solution (20000X) was added. Before pouring the solution 

into the tray, the equipment was cleaned with 70 % ethanol. The solution was 

poured into the tray by avoiding air bubbles, and let to solidify completely. Then, 

the solid gel was placed in an electrophoresis tank, and covered with 0.5X TBE 

buffer. 

1 µl 10X orange dye was added to 5 µl of DNA samples, and 4 µl of MB grade 

water completed the total volume to 10 µl. Solution mixed well by pipetting, and 

loaded into the gel. DNA ladder was also loaded into the gel to determine the 

approximate sizes of DNA samples. After loading, the gel ran for 30 minutes at 

120V. Then, the gel was visualized with Amersham™ Imager 680. Single DNA 

bands indicate that DNA samples are intact. If there had been any degradation, 

smear formation should have been seen. 

2.2.3 Polymerase Chain Reactions (PCR) 

PCR was performed to amplify the gene regions under investigation. The reaction 

mixture was prepared in a 1.5 mL Eppendorf tube, and each PCR tube contained 5 

μl Thermo’s Taq Buffer (10X) (with NH4
+), 1 μl 10 mM dNTPs, 4 μl 25 nM 

MgCl2, 2 μl forward primer, 2 μl reverse primer, 0.25 μl Taq Polymerase, and 

35.75 μl MB grade water (Table 2.2) . After preparing the reaction mixture, 70 ng 

gDNA (~8 μl) was transferred into a PCR tube and 42 μl of the reaction mixture 

was added.  
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Table 2. 2 PCR mixture contents 

Contents Volume 

  

Thermo’s Taq Buffer (10X)  5 μl 

dNTPs 1 μl 

25 nM MgCl2 4 μl 

Forward primer 2 μl 

Reverse primer 2 μl 

Taq Polymerase 0.25 μl  

MB grade water 35.75 μl 

  
Total 50 μl  

 

Since each primer has different GC content, a different reaction condition was 

employed. The final reaction conditions are given in Table 2.3. The product size 

of each reaction was confirmed by agarose gel electrophoresis, as explained in 

section 2.2.2.  

Table 2. 3 PCR conditions of selected genes 

 

CYP1A2 (rs762551) 
CYP2C9 (rs1799853) 

CYP2D6 (rs16947) 

CYP3A4 (rs2740574) 

CYP4F2 (rs2108622) 

 Temperature Time Temperature Time Temperature Time 

Pre-denaturation 95 oC 4 min 95 oC 4 min 95 oC 4 min 

Denaturation  

(35 Cycles) 
95 oC 30 sec 95 oC 30 sec 95 oC 30 sec 

Annealing  

(35 Cycles) 
56 oC 30 sec 60 oC 30 sec 67 oC 30 sec 

Extension  

(35 Cycles) 
72 oC 40 sec 72 oC 30 sec 72 oC 40 sec 

Final Extension 72 oC 5 min 72 oC 5 min 72 oC 5 min 
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2.2.4 Sanger Sequencing 

Amplified gene regions were verified with sanger sequencing. PCR products of 

each gene were shipped to Macrogen Europe, Amsterdam, Netherlands, and the 

DNA sequences of amplified gene regions were validated.  

2.2.5 Restriction Endonuclease Reactions 

The Restriction Fragment Length Polymorphism (RFLP) method can be defined 

as determining of differences in DNA sequences by detecting the lengths of DNA 

fragments after restriction enzyme digestion. In this study, five restriction enzyme 

reactions were performed for five different genes. Restriction enzyme digestions 

were performed according to the manufacturer’s instructions.  

For each PCR product, 5 μl buffer (supplied with restriction enzymes), 1 μl MB 

grade water, and 0.2 μl restriction enzyme were added into PCR tubes containing 

PCR product. Samples were mixed, spun down and incubated at 37°C (rs762551 

PCR product was incubated at 30°C) for 4 hours in a water bath. After incubation, 

20 μl from each sample were mixed with 2 μl orange dye (10X), and loaded into 2 

% agarose gel. The gel ran for 1 hour at 100 V, and was visualized with 

Amersham™ Imager 680. 

SNPs, restriction enzymes, their recognition sites, and expected DNA fragment 

numbers and sizes are given in Table 2.4. 
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Table 2. 4 SNPs, restriction enzymes, their recognition sites, wild-type (WT), and 

polymorphic (PM) alleles, DNA fragment numbers and sizes after restriction 

enzyme digestion. 

SNP 
Restriction 

Enzyme 
Recognition Site 

WT 

Allele 
Number of 

DNA 

Fragments 

DNA 

Fragment 

Size 
PM 

Allele 

CYP1A2 

(rs762551) 
ApaI 

 

A 1 541 

C 2 369/176 

CYP2C9 

(rs1799853) 
AvaII 

 

C 2 221/154 

T 1 378 

CYP2D6 

(rs16947) 
FspI 

 

G 2 305/115 

A 1 420 

CYP3A4 

(rs2740574) 
MboII 

 

T 1 219 

C 2 179/40 

CYP4F2 

(rs2108622) 
PvuII 

 

C 2 316/280 

T 1 596 

 Genotyping of rs762551 with ApaI 

ApaI was used for identifying the nucleotide change of rs762551 on the CYP1A2 

gene. In rs762551, Adenine (A) is replaced with Cytosine (C) in polymorphic 

individuals. After replacing C with A, the ApaI recognition site shows up. 

Therefore, polymorphic alleles can be cut by ApaI. Wild-type allele with the 

GGGCAC sequence does not carry ApaI recognition site, and remains uncut 

(Figure 2.1).  
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Figure 2. 1 Schematic representation of amplified gene region, forward and 

reverse primers, and ApaI recognition site of rs762551 (CYP1A2). 

Wild-type genotype (AA) is expected to give one band, homozygous polymorphic 

genotype (CC) is expected to give two bands, and heterozygous genotype (AC) is 

expected to give three bands on the gel (Figure 2.2). 
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Figure 2. 2 Schematic representation of homozygous wild-type, heterozygous, and 

homozygous polymorphic genotypes for rs762551 (CYP1A2). 

 Genotyping of rs1799853 with AvaII  

AvaII was used for determining the nucleotide change of rs1799853 on the 

CYP2C9 gene. In rs1799853, Cytosine (C) is replaced with Thymine (T) in 

polymorphic individuals. Wild-type individuals carry the AvaII recognition site 

(GGACC), whereas polymorphic individuals do not. The polymorphic allele 

becomes GGACT, after C replaces T (Figure 2.3).  

541 bp 

369 bp 

176 bp 
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Figure 2. 3 Schematic representation of amplified gene region, forward and 

reverse primers, AvaII recognition site of rs1799853 (CYP2C9). 

Wild-type genotype (CC) is expected to have two bands, homozygous 

polymorphic genotype (TT) is expected to have a single band, and heterozygous 

genotype (CT) is expected to have three bands on the gel (Figure 2.4). 
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Figure 2. 4 Schematic representation of homozygous wild-type, heterozygous, and 

homozygous polymorphic genotypes for rs1799853 (CYP2C9). 

 Genotyping of rs16947 with FspI  

FspI was used to identify the nucleotide change of rs16947 on CYP2D6. In 

rs16947, Guanine (G) replaces Adenine (A) in polymorphic individuals. After the 

replacement of G with A, the cut site of the FspI enzyme disappers. Wild-type 

alleles carry the FspI recognition site (TGCGAC). FspI cuts wild-type alleles, 

whereas polymorphic alleles remain uncut (Figure 2.5).  

 

378 bp 

221 bp 

154 bp 
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Figure 2. 5 Schematic representation of amplified gene region, forward and 

reverse primers, FspI recognition site of rs16947 (CYP2D6). 

Wild-type genotype (GG) is expected to give two bands, homozygous 

polymorphic genotype (AA) is expected to give one band, and heterozygous 

genotype (GA) genotype is expected to give three bands as given in Figure 2.6. 
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Figure 2. 6 Schematic representation of homozygous wild-type, heterozygous, and 

homozygous polymorphic genotypes for rs16947 (CYP2D6). 

 Genotyping of rs2740574 with MboII  

MboII was used to determine the nucleotide change of rs2740574 on CYP3A4. In 

rs2740574, Thymine (T) replaces Cytosine (C) in polymorphic individuals. After 

T is replaced with C, the cut site of MboII appears. Polymorphic alleles carry the 

MboII recognition site (GAAGA(N)8), and are cut by restriction enzyme, whereas 

wild-type alleles remain uncut (Figure 2.7).  

420 bp 

305 bp 

115 bp 
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Figure 2. 7 Schematic representation of amplified gene region, forward and 

reverse primers, MboII recognition site of rs2740574 (CYP3A4). 

Wild-type genotype (TT) is expected to be seen as a single band, homozygous 

polymorphic genotype (CC) is expected to be seen as two bands, and 

heterozygous genotype (TC) is expected to be seen as three bands as given in 

Figure 2.8. 
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Figure 2. 8 Schematic representation of homozygous wild-type, heterozygous, and 

homozygous polymorphic genotypes for rs2740574 (CYP3A4). 

 Genotyping of rs2108622 with PvuII  

PvuII was used to determine the nucleotide change of rs2108622 on the CYP4F2 

gene (Figure 2.9). In rs2108622, Cytosine (C) is replaced with Thymine (T) in 

polymorphic individuals. Wild-type individuals have an AvaII recognition site 

(CAGCTG). Nevertheless, polymorphic individuals do not carry the recognition 

site of AvaII, since polymorphic allele becomes TAGCTG, after T replacement 

with C.  

219 bp 

179 bp 

40 bp 
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Figure 2. 9 Schematic representation of amplified gene region, forward and 

reverse primers, PvuII recognition site of rs2108622 (CYP4F2). 

Wild-type genotype (CC) is expected to have two bands, homozygous 

polymorphic genotype (TT) is expected to have a single band, and heterozygous 

(CT) genotype is expected to have three bands on the gel (Figure 2.10). 
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Figure 2. 10 Schematic representation of homozygous wild-type, heterozygous, 

and homozygous polymorphic genotypes for rs2108622 (CYP4F2). 

2.2.6 Statistical Analysis 

SNPStats (Institut Català d'Oncologia) was used for statistical analysis. SNPStats 

is a web-based, free, and useful software to analyze association studies based on 

SNPs. The software was designed to perform multiple analysis in only one session 

(Solé et al., 2006). All the statistical calculations and comparisons were provided 

by SNPStats software. Allele frequency indicates how an allele is common in a 

population, and is calculated by number of certain allele divided by the total 

number of alleles. 

P-value was used to evaluate the significance of the results. If the p-value is less 

than 0.05, then it was accepted that the results are statistically significant. Higher 

p-values were regarded as statistically insignificant. 

596 bp 

316 bp 

280 bp 
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CHAPTER 3  

3 RESULTS 

3.1 Study Population 

The population of this study comprised 179 MS patients and 102 healthy controls. 

The age of the patients and healthy control subjects differ from 24 to 74. Even 

though age is a significant factor for the onset of MS, it was focused on somatic 

cells in which the same genetic information from birth has been preserved. 

Therefore, the ages of the individuals in both groups were not compared, and the 

possible variations due to age were neglected. The gender distributions, the 

population means, and the median age are given in Table 3.1. Significant difference 

in gender distribution between patients and controls has been observed (p=0.028). 

As indicated previously, women are more prone to MS than men. Higher risk of 

having MS in women is directly related to the number of female participants 

recruited in patient group. On the other hand, the gender distribution of control 

group is more homogenous with respect to patient group.  

Table 3. 1 Demographic data of the study population 

 Patients (n:179) Controls (n:102) p value 

Age (years) 
Mean  ± SD: 43.8 ± 9.9 

Median ± IQR: 44 ± 14.0 

Mean  ± SD: 41.1 ± 8.7 

Median ± IQR: 39.5 ± 10.0 
0.063 

Gender, n (%) 
Female: 125 (%69.8) 

Male: 54 (%30.2) 

Female: 58 (%56.9) 

Male: 44 (%43.1) 
0.028 
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3.2 Genotyping of SNPs 

SNPs were genotyped according to the PCR-RFLP method. Gene regions having 

the polymorphic site were amplified by PCR, and these PCR products were 

subjected to restriction enzyme digestion. Digestion products were visualized with 

agarose gel electrophoresis.  

After visualization, genotypes of patient and control groups were identified, and the 

results were analyzed according to Additive Model (AM), Dominant Model (DM), 

and Recessive Model (RM). The additive model is widely used for SNP studies. 

This model assumes that wild-type and mutant alleles have equal genetic 

contributions to heterozygous genotype, which means phenotype is linearly related 

to the number of minor alleles. In the dominant model, it is accepted that 

polymorphic alleles have dominant characteristics for wild-type alleles. So that, 

free from copy number (1 or 2), polymorphic allele produces an equal effect on 

phenotype. In the recessive model, it is assumed that polymorphic alleles have 

recessive characters concerning wild-type alleles. Therefore, the phenotype is 

directly related to the presence or absence of two copies of polymorphic alleles 

(Kitsche et al., 2016). Table 3.2 summarizes the numerical scores of additive, 

dominant, and recessive models. 

Table 3. 2 Numerical scores of additive, dominant, and recessive models. A 

designates wild-type allele, and a designates polymorphic allele (Kitsche et al., 

2016). 

Genetic Model AA Aa aa 

Additive 0 0.5 1 

Dominant  0 1 1 

Recessive 0 0 1 
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As seen in Table 3.2., there are three different groups to be compared in the 

additive model. However, in the dominant and recessive models, there are two 

different groups.  

The odds ratio (OR) was calculated to assess the risk factor between distinct groups 

in each model.  

OR =  
All patients with risky allele / All patients without risky allele 

All controls with risky allele / All controls without risky allele 

 

If OR is 1.0 or close to 1.0, it means that SNP under investigation has no real effect 

on disease onset, while OR being higher than 1.0 suggests that related SNP might 

be a risk factor for the disease. On the other hand, OR less than 1.0 indicates that 

related SNP might have a protective effect.  

In the additive model, homozygous and heterozygous polymorphic subjects were 

evaluated individually. Homozygous wild-type subjects were assumed to be non-

risky. In the first round of additive model analysis, only homozygous polymorphic 

subjects were considered to have risky alleles. Subjects with heterozygous 

polymorphic and homozygous wild-type allele were accepted as non-risky groups. 

In the second round of analysis, heterozygous polymorphic subjects were 

considered to have risky alleles. Homozygous wild-type and homozygous 

polymorphic subjects were grouped as non-risky. 

In the dominant model, subjects carrying polymorphic alleles were considered as 

risky groups. Homozygous wild-type individuals were included in the non-risky 

group. 

In the recessive model, homozygous polymorphic subjects were evaluated in the 

risky group. Homozygous wild-type, and heterozygous individuals were grouped as 

non-risky. 
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In multiple comparisons, p-value correction methods can be applied. The corrected 

p-value is calculated as (α) / (number of polymorphisms), and can be used to 

determine the significance of the results (Lopes et al., 2015). 

3.2.1 Genotyping and Analysis of rs762551 on CYP1A2 Gene 

rs762551, also known as CYP1A2*1F, is one of the most studied SNPs on 

CYP1A2. It is an intron variant, and Adenine replaces with Cytosine in rs762551. 

Global minor allele frequency (MAF) of rs762551 is 0.32 according to dbSNP 

database, and 0.29 according to gnomAD, whereas MAF of Turkish population 

was slightly higher than global MAF, and calculated as 0.34 (Arici and Özhan, 

2017; Yucesoy et al., 2017). 

Initially, gDNA was amplified with the primers given in Table 2.1. PCR product of 

this amplified gene region is 541 nucleotides long (Figure 3.1).  
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Figure 3. 1 Representative agarose gel (1%) electrophoresis image of rs762551 

PCR products. L stands for GeneRuler 1 kb DNA Ladder. 1, 2, 3, and 4 are PCR 

products. 

Then, PCR products were digested with ApaI enzyme. Wild-type allele does not 

carry the ApaI recognition site, whereas the polymorphic allele was cut by the 

enzyme which produced 369, and 176 nucleotide DNA fragments (Figure 3.2). 
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Figure 3. 2 Representative agarose gel (1 %) electrophoresis image of rs762551 

restriction enzyme digestion. L stands for GeneRuler 1 kb DNA Ladder. 1 is wild-

type (AA), 2 and 3 are heterozygous polymorphic (AC), and 4 is homozygous 

polymorphic (CC) genotypes. 

Gel images after restriction enzyme digestion were used for genotyping of the 179 

patients, and 102 control subjects. Statistical analysis regarding three different 

models, and the allele distribution of patients, and controls are shown in Table 3.3. 

There were 70 AA (39.1 %), 82 AC (45.8 %), 27 CC (15.1 %) individuals in the 

patient group, and 47 AA (46.1 %), 49 AC (48 %), 6 CC (5.9 %) individuals in the 

control group. Adenine and Cytosine frequencies were 0.65, 0.35 in patients, and 

0.70, 0.30 in control subjects, respectively. Wild-type and polymorphic allele 

frequencies of both groups were found to be statistically insignificant (p=0.054). 

In the additive model, the wild-type genotype (AA) was individually compared 

with the genotypes having at least one copy of polymorphic allele (AC or CC). 

Between compared groups (AA vs. AC and AA vs. CC), a statistically borderline 

significant difference (p=0.049) was observed. In the dominant model, at least one 

copy of polymorphic allele carriers (AC and CC) were grouped, and compared with 

wild-type individuals (AA). No statistically significant difference was observed 

(p=0.260). In the recessive model, at least one copy of wild-type allele carriers (AA 

and AC) were grouped, and compared with homozygous polymorphic individuals 
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(CC). As in the additive model, a statistically significant difference was obtained 

between compared groups (p=0.016).  

 

 

 

 

 



 

  

54 

T
ab

le
 3

. 
3
 A

ll
el

e 
fr

eq
u
en

cy
 d

is
tr

ib
u
ti

o
n
s 

an
d
 a

ll
el

ic
 m

o
d
el

 r
es

u
lt

s 
o
f 

C
Y

P
1
A

2
 r

s7
6
2
5
5
1
 f

o
r 

p
at

ie
n
ts

 a
n
d
 c

o
n
tr

o
ls

. 

G
en

o
ty

p
e/

A
ll

el
e 

P
a
ti

en
ts

 

(n
:1

7
9
) 

(n
, 
%

) 

C
o
n

tr
o
ls

 

(n
:1

0
2
) 

(n
, 
%

) 

M
o
d

el
 

O
R

 

(9
5
%

 C
I)

 

(n
:2

8
1
) 

p
-v

a
lu

es
 

(n
:2

8
1
) 

A
g
e 

A
d

ju
st

ed
  

O
R

 

(9
5
%

 C
I)

  

(n
:2

4
8
) 

A
g
e 

A
d

ju
st

ed
  

p
-v

a
lu

es
  

(n
:2

4
8
) 

A
A

 
7
0
 (

3
9
.1

 %
) 

4
7
 (

4
6
.1

 %
) 

A
d
d
it

iv
e 

R
ef

er
en

ce
 

R
ef

er
en

ce
 

R
ef

er
en

ce
 

R
ef

er
en

ce
 

A
C

 
8
2
 (

4
5
.8

 %
) 

4
9
 (

4
8
 %

) 
1
.1

2
 

(0
.6

7
-1

.8
7
) 

0
.0

4
9
 

1
.4

3
  

(0
.8

2
-2

.5
0
) 

0
.0

1
3
 

C
C

 
2
7
 (

1
5
.1

 %
) 

6
 (

5
.9

 %
) 

3
.0

2
 

(1
.1

6
-7

.8
8
) 

4
.1

8
  

(1
.4

6
-1

1
.9

5
) 

A
A

 
7
0
 (

3
9
.1

 %
) 

4
7
 (

4
6
.1

 %
) 

D
o
m

in
an

t 
1
.3

3
  

(0
.8

1
-2

.1
8
) 

0
.2

6
0
 

1
.7

2
  

(1
.0

1
-2

.9
3
) 

0
.0

4
6
 

A
C

+
C

C
 

1
0
9
 (

6
0
.9

) 
5
5
 (

5
3
.9

 %
) 

A
A

+
A

C
 

1
5
2
 (

8
4
.9

 %
) 

9
6
 (

9
4
.1

 %
) 

R
ec

es
si

v
e 

2
.8

4
  

(1
.1

3
-7

.1
4
) 

0
.0

1
6
 

3
.4

4
  

(1
.2

6
-9

.4
1
) 

0
.0

0
8
 

C
C

 
2
7
 (

1
5
.1

 %
) 

6
 (

5
.9

 %
) 

A
 

0
.6

5
 

0
.7

0
 

A
ll

el
e 

F
re

q
u

en
cy

 

1
.4

4
 

(0
.9

9
-2

.0
8
) 

0
.0

5
4
 

1
.6

3
  

(1
.1

0
-2

.4
1
) 

0
.0

1
4
 

C
 

0
.3

5
 

0
.3

0
 

 



 

 

 

55 

 Female Subgroup Analysis of rs762551 on CYP1A2 Gene 

The female subgroup analysis of rs762551 covered 125 patients and 58 control 

subjects. Allele frequencies, and allelic model results are given in Table 3.4. In 

patients, 49 AA (39.2 %), 57 AC (45.6 %), 19 CC (15.2 %) subjects, and in 

controls, 22 AA (37.9 %), 32 AC (55.2 %), 4 CC (6.9 %) subjects were included. 

Adenine, and Cytosine frequencies were found to be 0.62, 0.38 in patients, and 

0.66, 0.34 in control subjects, respectively. No statistically significant difference 

was seen between wild-type, and polymorphic allele frequencies (p= 0.517). 

In the additive model, wild-type genotype (AA) was compared with the genotypes 

having at least one copy of polymorphic allele (AC or CC) individually. Between 

compared groups (AA vs. AC and AA vs. CC), no statistically significant 

difference was detected (p=0.200). In the dominant model, polymorphic allele 

carriers (AC and CC) were grouped, and compared with wild-type individuals 

(AA). Again, no statistically significant difference was observed under the 

dominant model (p=0.870). In the recessive model, wild-type allele carriers (AA 

and AC) were grouped, and compared with homozygous polymorphic individuals 

(CC). Like the other two models, recessive model gave a statistically insignificant 

difference (p=0.098).  
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 Male Subgroup Analysis of rs762551 on CYP1A2 Gene 

The male subgroup analysis of rs762551 covered 54 patients and 44 control 

subjects. Allele frequencies, and allelic model results are given in Table 3.5. There 

were 21 AA (38.9 %), 25 AC (46.3 %), 8 CC (14.8 %) genotypes in patients, and 

25 AA (56.8 %), 17 AC (38.6 %), 2 CC (4.5 %) genotypes in the control group. 

The frequency of Adenine was 0.62, 0.76, and Cytosine was 0.38, 0.24 in patients 

and controls, respectively. A statistically significant difference was seen between 

allele frequencies of patients and the control group (p= 0.004). 

In the additive model, wild-type genotype (AA) was compared with one copy of 

polymorphic allele (AC and CC) carriers, separately. No statistically significant 

difference was detected (p=0.095) between the compared groups (AA vs. AC and 

AA vs. CC). In the dominant model, individuals having at least one copy of 

polymorphic allele (AC and CC) were grouped, and compared with wild-type 

individuals. This comparison also produced statistically insignificant results 

(p=0.076). In the recessive model, individuals having at least one copy of wild-type 

allele (AA and AC) were compared with homozygous polymorphic individuals 

(CC), and the results under this model was statistically insignificant (p=0.082).  
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3.2.2 Genotyping and Analysis of rs1799853 on CYP2C9 Gene 

In rs1799853, CYP2C9*2, Cytosine at the 430th position in exon 3 transforms into 

Thymine. The global MAF of rs1799853 is 0.11 according to the dbSNP database, 

and 0.09 according to gnomAD, and Turkish population MAF is around 0.11 

(Aynacıoğlu et al., 1999; Arıcı and Özhan, 2017). 

Using the primers given in Table 2.1., gDNA was amplified. This amplified gene 

region has 378 bp (Figure 3.3). 

 

Figure 3. 3 Representative agarose gel (1%) electrophoresis image of rs1799853 

PCR products. L stands for GeneRuler 1 kb DNA Ladder. 1, 2, 3, and 4 are PCR 

products. 

Then, PCR products were treated with AvaII. Wild-type allele carries the AvaII 

recognition site. However polymorphic allele does not. In non-polymorphic 

subjects, 221 and 154 nucleotide DNA fragments were observed after restriction 

enzyme digestion (Figure 3.4). 
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Figure 3. 4 Representative agarose gel (1 %) electrophoresis image of rs1799853 

restriction enzyme digestion. L stands for GeneRuler 1 kb DNA Ladder. Lanes 1, 

2, 3 are heterozygous polymorphic (CT), and 4 is wild-type (CC) genotypes. 

After restriction enzyme digestion, genotyping of 179 patients, and 101 control 

subjects were performed. Statistical analysis, including three different models, and 

the distribution of alleles in both groups are given in Table 3.6. 176 CC (98.3 %) 

and 3 CT (1.7 %) genotypes in the patient group, 86 CC (85.2 %) and 15 CT (14.8 

%) genotypes in the control group were identified. Cytosine and Thymine 

frequencies were calculated as 0.99, 0.01 in patients, and 0.93, 0.07 in control 

subjects, respectively. Wild-type and polymorphic allele frequencies between both 

groups were found to be statistically significant (p<0.001). 

In the additive model, wild-type genotype (CC) was compared with CT and TT 

genotypes, separately. CC vs. CT comparison provided statistically significant 

(p<0.001) result. As mentioned earlier, in the dominant model, at least one copy of 

polymorphic allele carriers (CT and TT) were grouped, and compared with wild-

type individuals (CC). In the recessive model, individuals with wild-type allele (CC 

and CT) would be compared with TT. However, there were no homozygous 
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polymorphic individuals in both groups. Therefore, calculations under dominant, 

and recessive models could not be performed. 
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 Female Subgroup Analysis of rs1799853 on CYP2C9 Gene 

125 patients and 58 control subjects were included in the rs1799853 female 

subgroup analysis. Allele frequencies and allelic model results are given in Table 

3.7. There were 122 CC (97.6 %) and 3 CT (2.4 %) subjects in the patient group, 

and 48 CC (82.8 %) and 10 CT (17.2 %) subjects in the control group. Cytosine 

and Thymine frequencies were found to be 0.99, 0.01 in patients, and 0.91, 0.09 in 

controls, respectively with a significant allele frequency difference (p=0.001). 

In the additive model, CC vs. CT comparison was made, and a statistically 

significant difference was observed (p<0.001). However, dominant, and recessive 

models could not be performed due to the lack of TT genotype in the female 

subgroup of patients and controls. 
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 Male Subgroup Analysis of rs1799853 on CYP2C9 Gene 

54 patients and 43 control subjects were included in the rs1799853 male subgroup 

analysis. Allele frequencies and allelic model results are given in Table 3.8. Only 

54 CC (100 %) genotypes were present in the patient group, and 38 CC (88.4 %) 

and 5 CT (11.6 %) genotypes were present in the control group. The frequency of 

Cytosine was 1.00, 0.94 and the frequency of Thymine was 0, 0.06 in patients and 

controls, respectively. No significant allele frequency difference was observed 

between the two groups (p=0.071). 

Since the male subgroup of patients was only comprised of wild-type individuals, 

allelic model results were “not applicable”. 
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3.2.3 Genotyping and Analysis of rs16947 on CYP2D6 Gene 

CYP2D6*2, an allele commonly known as rs16947 is an exon variant, where 

Guanine replaces Adenine in rs16947. The global MAF of rs16947 is 0.32 

according to the dbSNP database and 0.34 according to gnomAD. Turkish 

population MAF is slightly higher than the global MAF, which is 0.35 (Aynacioglu 

et al., 1999; Taskin, et al., 2016). 

gDNA was amplified with suitable primers, and the gene region has 420 bp (Figure 

3.5). 

Figure 3. 5 Representative agarose gel (1%) electrophoresis image of rs16947 PCR 

products. L stands for GeneRuler 1 kb DNA Ladder. 1, 2, 3, and 4 are PCR 

products. 

FspI was used to digest the PCR product. Only the wild-type allele carries the FspI 

recognition site. Therefore, polymorphic alleles remained uncut after FspI 

digestion. Restriction enzyme treatment produced 305 and 115 bp long DNA 

fragments in wild-type alleles (Figure 3.6). 
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Figure 3. 6 Representative agarose gel (1 %) electrophoresis image of rs16947 

restriction enzyme digestion. A) L stands for GeneRuler 1 kb DNA Ladder. Lanes 

1-3 are wild-type (GG), 4 is heterozygous polymorphic (GA) genotypes. B) 5 is 

heterozygous polymorphic (GA), and 6 is homozygous polymorphic (AA) 

genotypes. 

After restriction enzyme digestion, gel images were evaluated for genotyping of 

179 patients and 100 controls. Three different models, and the allele distribution of 

patients and controls were analyzed statistically (Table 3.9). There were 69 GG 

(38.5 %), 109 GA (60.9 %) and 1 AA (0.6 %) individuals in the patient group, and 

39 GG (39 %) and 61 GA (61 %) individuals in the control group. Guanine and 

Adenine frequencies were 0.69, 0.31 in both groups. Observed allele frequency 

difference was insignificant (p=0.901). 

Since the control group did not have at least one homozygous polymorphic 

individual, only GG vs. GA comparison in additive model and GG vs. GA+AA 

comparison in the dominant model could be performed. No statistically significant 

results were obtained in any analysis. 
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 Female Subgroup Analysis of rs16947 on CYP2D6 Gene 

The female subgroup analysis of rs16947 covered 125 patients and 58 control 

subjects. Allele frequencies and allelic model results are illustrated in Table 3.10. 

In patients, 48 GG (38.4 %), 76 GA (60.8 %) and 1 AA (0.8 %) subjects, in 

controls, 23 GG (39.7 %) and 35 GA (60.3 %) subjects were included. The 

frequency of Guanine was 0.69, 0.70, and the frequency of Adenine was 0.31, 0.30 

in patients, and controls respectively. The p-value for allele frequency was found to 

be 0.843. 

GG vs. GA comparison was conducted in the additive model. Between compared 

groups, there was no statistically significant difference observed (p=0.680). GG vs. 

GA+AA comparison in the dominant model also did not generate a significant 

difference (p=0.870). Due to the lack of homozygous polymorphic individuals in 

the female subgroup of controls, the recessive model was “not applicable”. 
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 Male Subgroup Analysis of rs16947 on CYP2D6 Gene 

The male subgroup analysis of rs16947 covered 54 patients and 42 control subjects. 

Allele frequencies and allelic model results are given in Table 3.11. There were 21 

GG (38.9 %) and 33 GA (61.1 %) genotypes in patients, and 16 GG (38.1 %) and 

26 GA (61.9 %) genotypes in the control group. Homozygous polymorphic 

individuals were not involved in both groups. The frequency of Guanine was 0.69, 

0.68, and the frequency of Adenine was 0.31, 0.32 in patients and controls, 

respectively. The p-value for allele frequency was found to be 0.952. 

Only GG vs. GA comparison could be calculated in the additive model, due to the 

lack of homozygous polymorphic (AA) individuals in both groups. We failed to 

observe statistically significant results (p=0.940) 
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3.2.4 Genotyping and Analysis of rs2740574 on CYP3A4 Gene 

CYP3A4*1B allele, also known as rs2740574, is located in the promoter region of 

CYP3A4 gene, and Thymine replaces with Cytosine. The global MAF of 

rs2740574 is 0.11 according to dbSNP and 0.21 according to gnomAD. On the 

other hand, the Turkish population MAF is much lower than the global MAF. The 

MAF of the Turkish population was calculated as 0.01 (Sayitoğlu et al., 2006; Arici 

and Özhan, 2016). 

For the analysis of rs2740574, gDNA was amplified with the suitable primers 

given in Table 2.1. The amplified gene region comprises 219 bp (Figure 3.7). 

Figure 3. 7 Representative agarose gel (1%) electrophoresis image of rs2740574 

PCR products. L stands for GeneRuler 1 kb DNA Ladder. 1, 2, 3, and 4 are PCR 

products. 

MboII was used to digest PCR product having rs2740574. Wild-type allele does 

not carry a restriction enzyme recognition site. However, polymorphic allele does. 

After MboII digestion, 179 bp and 40 bp long DNA fragments were observed in 

polymorphic subjects (Figure 3.8). 
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Figure 3. 8 Representative agarose gel (1 %) electrophoresis image of rs2740574 

restriction enzyme digestion. A) L stands for GeneRuler 1 kb DNA Ladder. Lanes 

1 and 2 are wild-type (TT) genotypes. B) L stands for GeneRuler 1 kb DNA 

Ladder. Lanes 3 and 4 are heterozygous polymorphic (TC) genotypes 

After restriction enzyme digestion, 178 patients and 101 control subjects were 

genotyped. Statistical analysis, including three different models, and the 

distribution of alleles in both groups were illustrated in Table 3.12. In patient 

group, 166 TT (93.3 %), 12 TC (6.7 %) genotypes, and in control group 99 TT (98 

%), 2 TC (2 %) genotypes were determined. Thymine and Cytosine frequencies 

were calculated as 0.97 and 0.03 in patients and 0.99 and 0.01 in the control group, 

respectively. Wild-type and polymorphic allele frequencies of both groups were 

found to be statistically insignificant (p=0.104). 

There was no homozygous polymorphic individual in both groups. Therefore, only 

TT vs. TC comparison could be made. In the additive model, TT vs. TC testing did 

not give statistically significant results (p=0.061).  
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 Female Subgroup Analysis of rs2740574 on CYP3A4 Gene 

125 patients and 58 control subjects were included in the rs2740574 female 

subgroup analysis. Allele frequencies and allelic model results are given in Table 

3.13. There were 119 TT (95.2 %), 6 TC (4.8 %) genotypes in patients, and 56 TT 

(96.5 %), 2 TC (3.5 %) genotypes in controls. The frequency of Thymine and 

Cytosine was 0.98, 0.02 in both groups. The p-value for allele frequency was found 

to be 0.682. 

TT vs. TC comparison in the additive model did not give a statistically significant 

difference (p=0.670). Since patients and controls in the female subgroup did not 

have at least one CC genotype, dominant and recessive model calculations could 

not be performed. 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

78 

T
ab

le
 3

. 
1
3
 A

ll
el

e 
fr

eq
u
en

cy
 d

is
tr

ib
u
ti

o
n
s 

an
d
 a

ll
el

ic
 m

o
d
el

 r
es

u
lt

s 
o
f 

th
e 

fe
m

al
e 

su
b
g
ro

u
p
 o

f 
C

Y
P

3
A

4
 r

s2
7
4
0
5
7
4
 f

o
r 

p
at

ie
n
ts

 a
n
d
 

co
n
tr

o
ls

. 

G
en

o
ty

p
e/

A
ll

el
e 

P
a
ti

en
ts

 (
n

:1
2
5
) 

(n
, 
%

) 

C
o
n

tr
o
ls

 (
n

:5
8
) 

(n
, 
%

) 
M

o
d

el
 

O
R

 

(9
5
%

 C
I)

 

(n
:1

8
3
) 

p
-v

a
lu

es
 

(n
:1

8
3
) 

 
T

T
 

1
1
9
 (

9
5
.2

 %
) 

5
6
 (

9
6
.5

 %
) 

A
d
d
it

iv
e 

R
ef

er
en

ce
 

R
ef

er
en

ce
 

 

T
C

 
6
 (

4
.8

 %
) 

2
 (

3
.5

 %
) 

1
.4

1
  

(0
.2

8
-7

.2
2
) 

0
.6

7
0
 

 
C

C
 

0
 (

0
.0

 %
) 

0
 (

0
.0

 %
) 

N
A

 
 

T
T

 
1
1
9
 (

9
5
.2

 %
) 

5
6
 (

9
6
.5

 %
) 

D
o
m

in
an

t 
N

A
 

N
A

 
 

T
C

+
C

C
 

6
 (

4
.8

 %
) 

2
 (

3
.5

 %
) 

 
T

T
+

T
C

 
1
2
4
 (

9
9
.2

 %
) 

5
8
 (

1
0
0
 %

) 
R

ec
es

si
v
e 

N
A

 
N

A
 

 
C

C
 

0
 (

0
.0

 %
) 

0
 (

0
.0

 %
) 

 
T

 
0
.9

8
 

0
.9

8
 

A
ll

el
e 

F
re

q
u

en
cy

 

1
.4

0
 

(0
.2

8
-7

.0
5
) 

0
.6

8
2
 

 
C

 
0
.0

2
 

0
.0

2
 

 
 



 

 

 

79 

 Male Subgroup Analysis of rs2740574 on CYP3A4 Gene 

53 patients and 43 control subjects were included in the rs2740574 male subgroup 

analysis. Allele frequencies and allelic model results are given in Table 3.14. Only 

43 TT (100 %) genotypes were present in the control group, and 47 TT (88.7 %) 

and 6 TC (11.3 %) genotypes were present in the patient group. The frequency of 

Thymine was 0.94, 1.00, and the frequency of Cytosine was 0.06 and 0 in patients 

and controls, respectively. No significant allele frequency difference was 

monitored between the two groups (p=0.102). 

The control group was only comprised of wild-type individuals. Therefore allelic 

model results were “not applicable”. 

 

 

 

 

 

 

 

 

 

 



 

 

 

80 

T
ab

le
 3

. 
1
4
 A

ll
el

e 
fr

eq
u
en

cy
 d

is
tr

ib
u
ti

o
n
s 

an
d
 a

ll
el

ic
 m

o
d
el

 r
es

u
lt

s 
o
f 

th
e 

m
al

e 
su

b
g
ro

u
p
 o

f 
C

Y
P

3
A

4
 r

s2
7
4
0
5
7
4
 f

o
r 

p
at

ie
n
ts

 a
n
d
 c

o
n
tr

o
ls

. 

G
en

o
ty

p
e/

A
ll

el
e 

P
a
ti

en
ts

 (
n

:5
3
) 

(n
, 
%

) 

C
o
n

tr
o
ls

 (
n

:4
3
) 

(n
, 
%

) 
M

o
d

el
 

O
R

 

(9
5
%

 C
I)

 

(n
:9

6
) 

p
-v

a
lu

es
 

(n
:9

6
) 

 
T

T
 

4
7
 (

8
8
.7

 %
) 

4
3
 (

1
0
0
 %

) 

A
d
d
it

iv
e 

R
ef

er
en

ce
 

R
ef

er
en

ce
 

 
T

C
 

6
 (

1
1
.3

 %
) 

0
 (

0
.0

 %
) 

N
A

 
N

A
 

 
C

C
 

0
 (

0
.0

 %
) 

0
 (

0
.0

 %
) 

N
A

 
 

T
T

 
4
7
 (

8
8
.7

 %
) 

4
3
 (

1
0
0
 %

) 
D

o
m

in
an

t 
N

A
 

N
A

 
 

T
C

+
C

C
 

6
 (

1
1
.3

 %
) 

0
 (

0
.0

 %
) 

 
T

T
+

T
C

 
5
3
 (

1
0
0
 %

) 
4
3
 (

1
0
0
 %

) 
R

ec
es

si
v
e 

N
A

 
N

A
 

 
C

C
 

0
 (

0
.0

 %
) 

0
 (

0
.0

 %
) 

 
T

 
0
.9

4
 

1
.0

0
 

A
ll

el
e 

F
re

q
u

en
cy

 

1
1
.1

9
 

(0
.6

2
-2

0
1
.4

9
) 

0
.1

0
2
 

 
C

 
0
.0

6
 

0
 

 

  



 

 

 

81 

3.2.5 Genotyping and Analysis of rs2108622 on CYP4F2 Gene 

rs2108622, which is also known as CYP4F2*3 allele, is an exon variant located in 

11th exon. In rs2108622, Cytosine replaces Thymine, and the global MAF of 

rs2108622 is 0.29 according to dbSNP, and 0.27 according to gnomAD. The 

Turkish population MAF has been reported as 0.35 (Ongun et al., 2023). 

Initially, gDNA was amplified with the suitable primers, and this amplified gene 

region is composed of 596 bp (Figure 3.9). 

Figure 3. 9 Representative agarose gel (1%) electrophoresis image of rs2108622 

PCR products. L stands for GeneRuler 1 kb DNA Ladder. 1, 2, 3, and 4 are PCR 

products. 

Then, PvuII was used to digest PCR products expected to produce 316 bp and 280 

bp DNA fragments. Wild-type allele carries the PvuII recognition site, but 

polymorphic alleles do not. After restriction enzyme digestion, 316 and 280 bp 

DNA fragments were obtained from wild-type subjects (Figure 3.10). 
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Figure 3. 10 Representative agarose gel (1 %) electrophoresis image of rs2108622 

restriction enzyme digestion. L stands for GeneRuler 1 kb DNA Ladder. Lanes 1 

and 6 are heterozygous polymorphic (CT), 2-4 are wild-type (CC), 5 is 

homozygous polymorphic (TT) genotypes. 

After restriction enzyme digestion, 179 patients and 101 control group subjects 

were genotyped using gel images,. Three different models and the allele 

distribution of patients and controls were analyzed statistically (Table 3.15). In the 

patient group, 53 CC (29.6 %), 109 CT (60.9 %), 17 TT (9.5 %) genotypes, and in 

the control group 37 CC (36.6 %), 48 CT (47.5 %), 16 TT (15.8 %) genotypes were 

identified. Cytosine and Thymine frequencies were found to be 0.60, 0.40 in both 

groups. Wild-type and polymorphic allele frequencies were also statistically 

insignificant (p=0.937). 

CC vs. CT and CC vs. TT comparisons (p=0.074) in the additive model, CC vs. 

CT+TT comparison (p=0.230) in the dominant model, and CC+CT vs. TT 

comparison (p=0.120) in the recessive model did not produce statistically 

significant results.  
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 Female Subgroup Analysis of rs2108622 on CYP4F2 Gene 

The female subgroup analysis of rs2108622 covered 125 patients and 57 control 

subjects. Allele frequencies and allelic model results are illustrated in Table 3.16. 

In patients, 37 CC (29.6 %), 77 CT (61.6 %) and 11 TT (8.8 %) individuals, in 

controls, 21 CC (36.8 %), 27 CT (47.7 %) and 9 TT (15.8) subjects were included. 

The frequency of Cytosine was 0.60, 0.61, and the frequency of Thymine was 0.40, 

0.39 in patients and controls, respectively. The p-value for allele frequency was 

found to be 0.982. 

CC vs. CT and CC vs. TT comparison were conducted in the additive model. 

Between compared groups, no statistically significant difference was observed 

(p=0.160). Also, CC vs. CT+TT in the dominant model and CC+CT vs. TT in the 

recessive model did not produce significant differences with the p-values of 

p=0.330, and p=0.170, respectively. 
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 Male Subgroup Analysis of rs2108622 on CYP4F2 Gene 

The male subgroup analysis of rs2108622 covered 54 patients and 44 control 

subjects. Allele frequencies and allelic model results are given in Table 3.17. In 

patients, 16 CC (31.5 %), 32 CT (57.4 %) and 6 TT (11.1 %) individuals, in 

controls, 16 CC (36.4 %), 21 CT (47.7 %) and 7 TT (15.9) subjects were included. 

The frequency of Cytosine was 0.59, 0.60 and the frequency of Thymine was 0.41, 

0.40 in patients and controls, respectively. The p-value for allele frequency was 

found to be 0.891. 

CC vs. CT and CC vs. TT comparisons in the additive model, CC vs. CT+TT 

comparison in the dominant model, and CC+CT vs. TT comparison in the recessive 

model were performed. Between compared groups in each model, no statistically 

significant difference was found with the p-values of p=0.510, p=0.480, and 

p=0.490, respectively. 
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CHAPTER 4  

4 DISCUSSION 

MS is a chronic inflammatory and neurodegenerative disease displaying 

demyelination of neurons, which results in the deterioration of neuron impulses 

(Ahmadi et al., 2020; Bakr et al., 2021). 

The global prevalence of MS has been increasing rapidly. Walton and her co-

workers estimated that the prevalence of MS had risen 30 % from 2013 to 2020. 

2.1 persons per 100.000 population increment had observed in a yearly manner. 

Walton’s research group predicted that every 5 minutes, someone gets an MS 

diagnosis in the world. Also, the number of MS patients under 18 years of age has 

been increasing dramatically (Walton et al.,2020).  

MS usually affects people at their highly productive stage of life. From this point of 

view, MS has a huge impact on young adults who are planning to start families and 

trying to build their careers. This brings an extraordinary burden to the patients’ 

families and society. The advances in MS therapies are still offering only reduction 

in the disabilities and extending the survival of patients. Nonetheless, no known 

cure for MS exits, and the etiology still remains unsolved (Walton et al.,2020).  

Since MS is an autoimmune disorder, inflammatory metabolites of AA metabolism 

including eicosanoids, leukotrines, prostaglandins, prostacyclin, and thromboxane 

play an important role in MS onset, or progression (Hoxha et al., 2022; Sonnweber 

et al., 2018). AA metabolites posses either pro-inflammatory or anti-inflammatory 

properties and produced via lipooxygenase, cyclooxygenase, and cytochrome P450 

pathways. Lipooxygenase and cyclooxygenase pathways of AA have been paid 

much attention in MS. These pathways are shown to be overactivated in MS 

patients, which is resulted in increased concentrations of prostaglandins, 

thromboxanes, and leukotrienes. It is predicted that increased concentration of AA 
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metabolites have been linked with demyelination and autoimmunity of 

oligodendrocytes (Hoxha et al., 2022). On the other hand, CYP-dependent AA 

pathways and CYPs responsible for metabolism of AA have been mostly left 

behind in MS studies.  

CYPs are responsible for the metabolism of various exogenous (drugs, alcohols, 

antioxidants, organic solvents, anaesthetic agents, dyes, environmental pollutants 

and chemicals) and endogenous (steroids, bile acids, fatty acids, including AA, 

prostaglandins, biogenic amines and retinoids) compounds (McMillan and 

Tyndale, 2018). This study investigated the polymorphisms in inflammation-

related CYP1A2, CYP2C9, CYP2D6, CYP3A4, and CYP4F2 genes due to their 

roles in AA metabolism. In addition to their roles in the AA pathway, CYP2C9, 

CYP3A4 and CYP4F2 are the main enzymes that take part in biotransformation of 

MS treatment drugs such as siponimod, teriflunomide, fingolimod, laquinimod, 

ozanimod, and ponesimod (Glaenzel et al., 2018; Carazo et al., 2018; Thöne and 

Linker, 2016; Surapaneni et al., 2021; Alnaif et al., 2022; David et al., 2012). There 

is a limited number of MS polymorphism studies regarding the selected genes 

taking part in AA metabolism and biotransformation of MS treatment drugs, and so 

far, no polymorphism study in the Turkish MS patients has been reported. 

179 MS patients and 102 healthy controls has been recruited for this study. There 

are 125 females and 54 males in the patient group, and 58 females and 44 males in 

the control group. The gender distribution difference between in case and control 

groups was found to be statistically significant (p=0.028). However, it is very well 

known that women are more susceptible to MS than men. Therefore, patient group 

with high number of women participant is somewhat expected. Conversely, control 

group exhibits more uniform gender distribution. Women’s higher risk of having 

MS is directly related to the significant difference of gender distribution between 

case and control groups. 
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These recruited healthy control subjects’ minor allele frequencies of selected 

variants are also compared with the results obtained from the Turkish population 

and other populations. Table 4.1 summarizes the MAFs of selected variants.  

Table 4. 1 Minor allele frequencies of selected variants in different populations 

 

Global1 European1 African1 Asian1 Caucasian 
Turkish 

Population2 

Present Study 

Control 

Group 

CYP1A2 

(rs762551) 
0.32 0.30 0.44 0.41 

0.29 

(Wang et al., 

2012) 

0.34 

(Arici and 

Özhan, 2017; 

Yucesoy et 

al., 2017) 

0.30 

CYP2C9 

(rs1799853) 
0.11 0.12 0.03 < 0.01 

0.14  

(Cavallari and 

Momary, 2013) 

0.11 

(Aynacioglu 

et al., 1999; 

Arici and 

Özhan, 

2017). 

0.07 

CYP2D6  

(rs16947) 
0.32 0.32 0.34 0.06 

0.17 

(Qiao et al., 

2019) 

0.35  

(Aynacioglu 

et al., 1999; 

Taskin, et al., 

2016) 

0.31 

CYP3A4 

(rs2740574) 
0.11 0.04 0.64 < 0.01 

0.03 

(Arici and 

Özhan, 2016) 

0.01  

(Sayitoğlu et 

al., 2006; 

Arici and 

Özhan, 2016) 

0.01 

CYP4F2 

(rs2108622) 
0.29 0.29 0.09 0.27 

0.24  

(Cavallari and 

Momary, 2013) 

0.35  

(Ongun et al., 

2023) 

0.40 

1:  dbSNP database minor allele frequencies  

2: Meta-analysis of given studies for CYP1A2, 2C9, 2D6 and 3A4 

Minor allele frequencies of selected variants in the control group are quite close to 

the previously conducted studies in Turkish population. MAFs of CYP1A2, 2C9, 

and 2D6 variants are slightly lower, MAF of CYP4F2 variant is slightly higher 
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than the previous Turkish population studies. This slight variation may arise from 

sampling location. Central anatolian residents were included in this study, but other 

Turkish population studies covered different regions of Türkiye. The racial and 

ethnic differences as well as sampling location may cause differences in allele 

frequencies and that is why our control group allele frequencies may differ from 

global, European, African, Asian and Caucasian populations.  

SNPs on CYP1A2, 2C9, 2D6, 3A4 and 4F2 were statistically analyzed under the 

additive, dominant and recessive allelic models with female and male subgroup 

analysis. 

The human liver expresses high levels of CYP1A2, comprising around 13-15 % of 

the total cytochrome P450 content. CYP1A2 metabolizes approximately 10 % of 

drugs used in clinical practices (Chen et al., 2017). The rs762551 variant has been 

studied extensively in neurodegenerative diseases such as Parkinson’s, and 

Alzheimer’s diseases and kidney dysfunction (Siokas et al., 2021; Kim et al., 2018; 

Siokas et al., 2022; Mahdavi et al., 2023). Researchers tried to correlate these 

diseases with caffeine intake since caffeine is capable of decreasing the 

inflammation in CNS (Madeira et al., 2017). Also, the rs762551 variant has been 

associated with certain types of cancer, such as breast and lung cancer. These 

studies concluded that the mutant C allele has increased the risk of cancer 

development (Tian et al., 2013; Khvostova et al., 2012). Zorlu et al., 2019 

investigated 8 SNPs in the German population, which were assumed to be the 

potential risk factors for MS. Only rs762551 gave significant nominal results under 

the additive and recessive models (Zorlu et al., 2019). However, male and female 

subgroup analysis did not exhibit statistically significant differences under three 

allelic models. Only, allele frequency between case and control groups in male 

subgroup gave significant difference. Most likely, this difference is due to the 

relatively small sample size of male subgroup. Our results under the additive model 

(p=0.049) and recessive model (p=0.016) supported the results obtained from 

German population. CYP1A2 is responsible for the production of 20-HETE, and 

EET regio-isomers from AA. Most probably, distrupted balance between ω-
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hydroxylase and epoxygenase activities of CYP1A2 may favor 20-HETE activity. 

Even though rs762551 variant has decreased enzyme activity, favored activity of 

pro-inflammatory 20-HETE with respect to anti-inflammatory EETs may 

upregulate  NF-κB and induce ROS generation. This activation of NF-κB increases 

the expression of pro-inflammatory cytokines and chemokines. However, disease 

causing effect of this variant needs to be investigated deeper in order to uncover the 

underlying molecular mechanisms. Unlike our findings, polymorphic C allele in 

rs762551 variant has been shown to have protective effect in another autoimmune 

disease, rheumatoid arthritis in Korean population (Cornelis et al., 2010).  

Around 20 % of the entire hepatic CYP content is constituted by CYP2C9, which is 

responsible for the metabolism of roughly 15-20 % of clinical drugs (Wang et al., 

2009). CYP2C9 has diverse roles in the biotransformation of exogenous and 

endogenous compounds. Because of its diverse nature and reduced enzymatic 

activities of CYP2C9 variants, the Association for Molecular Pathology Clinical 

Practice Committee in the USA recommends genotype testing for CYP2C9-related 

medications (Pratt et al., 2019; Sausville et al., 2018). As in the case of Siponimod, 

which is the first oral therapy alternative for patients with secondary progressive 

MS, CYP2C9 genotyping is required before the medication starts in different 

countries (Díaz-Villamarín et al., 2022; Zhou et al., 2023). CYP2C9 variants have 

been associated with warfarin dose prediction and bleeding complications in 

different populations, including the Turkish population (Sanderson et al., 2005; 

King et al., 2004; Lindh et al., 2009; Oner Ozgon et al., 2009; Kocael et al., 2019). 

Warfarin is an anticoagulant agent used to prevent thrombosis in patients with 

thromboembolism, atrial fibrillation, and heart valve implants (Lindh et al., 2009; 

Takeuchi et al., 2009). The CYP2C9*2 variant has also been linked with Hodgkin 

lymphoma in young adults, drug-resistant epilepsy in children, and colorectal 

adenoma in adults (Chang et al., 2009; Makowska et al., 2021, Barry et al., 2009). 

Also, the rs1799853 variant has been found possibly damaging in breast cancer 

development (Savas et al., 2006). To our knowledge, there is no polymorphism 

study conducted with rs1799853 in MS patients. Our results under additive and 
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dominant models were significant, and the OR values were 0.10 for both models. 

Also, female subgroup analysis gave a statistically significant difference under 

additive model with the OR value of 0.12. Relatively low OR values indicate that 

SNP under investigation might have protective effects on disease onset or 

decreased risk of having MS. Epoxygenase activities of different CYPs yield 

different amounts EET regio-isomers. CYP2C9’s epoxygenase activity mainly 

produces 14,15-EET and 11,12-EET. These two metabolites are the most potent 

PPARγ activators, while 11,12-EET is the most potent inhibitor of NF-κB 

signaling. PPARγ stimulates anti-inflammatory genes, and represses the formation 

pro-inflammatory cytokines, interleukins and chemokines, and inhibits NF-κB and 

NO release. Simultaneously, activation of PPARγ and deactivation of NF-κB may 

accomplish this protective effect. Nevertheless, our findings pointing to the 

protective effects of rs1799853 for MS needs to be confirmed with further analysis, 

and underlying molecular mechanisms need to be enlightened. 

The protective effect of rs1799853 has been demonstrated in mice with non-small 

cell lung cancer by Sausville et al., 2018. The rs1799853 variant exhibited 

diminished enzymatic activity, and individuals carrying rs1799853 allele 

metabolized drugs more slowly than wild-type individuals. Being a poor 

metabolizer might affect the drug response and change the risk of having certain 

diseases. Poor drug metabolizers (CYP2C9*2) also metabolized AA less 

efficiently, and leading to deficient EET biosynthesis. CYP2C9*2 variants, in turn, 

produced lower levels of EET, and the tumors developed were fewer, smaller, and 

less vascularized with respect to wild-type. Therefore, mice carrying rs1799853 

allele had increased survival rates (Sausville et al., 2018). In another study reported 

from Russia, a different CYP2C9 variant, rs4918758 was associated with the 

decreased risk of coronary heart disease (Polonikov et al., 2017). Unlike these 

protective effects of different CYP2C9 variants, including rs1799853 and 

rs4918758 in cancer and coronary heart disease, rs1799853 variant has been 

determined to be a risk factor for rheumatoid arthritis (Canet et al., 2019). 
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Furthermore, decreased enzyme activity of rs1799853 variant is highly associated 

with MS treatment strategy. CYP2C9 is the key enzyme responsible for the 

biotransformation of siponimod. Siponomid is an oral therapy alternative for 

secondary progressive MS, and dosage adjustments should be made for the 

individuals carrying polymorphic allele(s). Therefore, before siponimod treatment 

starts, CYP2C9 genotyping is recommended. 

CYP2D6 is a key pharmacogene engaged with the metabolizing approximately 

20% of clinical drugs and extensively expressed in the liver, brain, and intestine 

(Taylor et al., 2020). Mainly, CYP2D6 variants have been studied in 

neurodegenerative diseases. In Caucasians, CYP2D6 polymorphisms causing poor 

metabolizer phenotype significantly increased the genetic susceptibility to 

Parkison’s disease (Lu et al., 2014; Anwarullah et al., 2017). Parkinson’s disease 

patients had reduced CYP2D6 levels in different parts of their brains. Lower levels 

of CYP2D6 might diminish the ability to inactivate the disease causing 

neurotoxins, which eventually contributed disease onset (Mann et al., 2012). Also, 

the rs16947 variant has been associated with schizophrenia and epilepsy risk, and 

different cancer types development (Ma et al., 2020; Elsaid et al., 2022; Zhou et al., 

2012). Moreover, different CYP2D6 (CYP2D6*4 and CYP2D6*3) variants have 

been shown to possess disease causing effects in autoimmune diseases such as 

systemic lupus erythematosus and ankylosing spondylitis in Caucasians (Lee and 

Bae, 2017). Unlike these studies, our results pointed out that the rs16947 variant 

has no real effect on the genesis of MS. We failed to obtain significant differences 

between the case and control groups. Also, female and male subgroup analysis did 

not generate significant results. These findings are consistent with the results 

obtained in Sweden. Landtblom et al. suggested that CYP2D6 polymorphisms are 

not risk factors for MS development and have no pathogenic influence on Swedish 

population (Landtblom et al., 2003).  

Depression is a quite common disorder among MS patients. It is estimated that the 

prevalance of depression is around 25% in MS patients, and 86% of these patients 

receive antidepressant drugs (Stamoula et al., 2021). The neuroprotective effects of 
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antidepressant drugs are intriguing. For instance, a phosphodiesterase inhibitor, 

Ibudilast is capable of boosting remyelanation in oligodendrocytes (Ainatzoglou et 

al., 2021). Clomipramine, an another antidepressant, has been shown to reduce 

crucial MS pathogenesis determinants including T-cell proliferation, oxidative 

stress and B-cell activity. (Faissner et al., 2017). Also, antidepressants suppress the 

pro-inflammatory cytokines such as IL-2, IL-6, IL-17, TNF-α and IFNγ, and reduce 

the anti-inflammatory cytokine IL-4 and IL-10 serum levels (Stamoula et al., 

2021). Moreover, antidepressants are capable of ceasing the symptoms of MS. 

Escitalopram prevents stress-related relapses, and bupropion significantly reduces 

the fatique (Mitsonis et al., 2010; Siniscalchi et al., 2010). According to latest 

reports antidepressants can not only alter the course of MS, but also ease the MS 

symptoms. Therefore, study population with receiving antidepressant drugs may 

exhibit opposite results from our findings. One should keep in mind that CYP2D6 

is an essential enzyme for the metabolism of antidepressants and antipsychotics, 

together with CYP2C19 (Stamoula et al., 2021; Austin-Zimmerman et al., 2021). 

CYP3A4 is the most abundant cytochrome P450 enzyme in the liver and intestinal 

tract. It catalyzes a wide range of endogenous and exogenous compounds. It is 

responsible for the metabolism of half of the clinically used drugs. Therefore it is 

considered as one of the most essential CYPs (Chen et al., 2014; Zhou et al., 2011; 

Zhou et al., 2019). Generally, studies with CYP3A4 variants have focused on the 

risk of developing different cancer types. For instance, the rs2740574 variant 

(CYP3A4*1B) has been associated with ovarian cancer, breast cancer, small cell 

lung cancer, and prostate cancer (Zhou et al., 2013; Pearce et al., 2009; Kato et al., 

2009; Dally et al., 2003; Zeigler-Johnson et al., 2004; Fernandez et al., 2012). This 

variant has also been linked with the occurrence of acute promyelocytic leukemia 

in MS patients treated with mitoxantrone (Hasan et al., 2011). To the best of our 

knowledge, there is no polymorphism study regarding with CYP3A4*1B variant in 

MS. Nevertheless our results did not show statistically significant differences 

between patient and control groups. The age-adjusted p value was found to be 

significant (p=0.018). However, this is most probably due to the decreased sample 
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size of the age-adjusted population. Also, female subgroup analysis did not produce 

significant result under additive model. On the other hand, our findings supported 

the results obtained from rheumatoid arthritis patients. It has been concluded that 

CYP3A4*1B variant is not a risk factor for rheumatoid arthritis, as well (Canet et 

al., 2019). 

CYP3A4 is also one of the most prominent MS treatment drugs metabolizing 

enzyme. Teriflunomide, laquinimod, ozanimod and ponesimod are the substrates of 

CYP3A4. Considering the decreased enzyme activity of CYP3A4*1B variant, it 

may affect the biotransformation efficiency of these drugs. Therefore, dosage 

adjustments could be done for polymorphic allele(s) carriers with decreased 

enzymatic activity. 

CYP4F2 functions in the metabolism of various endogenous and exogenous 

molecules. Its role in the metabolism of endogenous compounds is much more 

prominent (Nebert and Russell, 2002; Al-Eitan et al., 2021; Mockute et al., 2021). 

It is expressed highly in the liver and kidney and catalyzes some metabolically 

important subrates such as eicosanoids, AA, vitamin K and vitamin E (Hardwick, 

2008; Nebert et al., 2013; Al-Eitan et al., 2021; Mockute et al., 2021). Mostly, 

CYP4F2 variants have been associated with metabolic syndrome-related disorders, 

including heart disease, stroke, and type II diabetes (Alvarellos et al., 2015; 

Hardwick, 2008). The CYP4F2*3 phenotypes have decreased enzyme levels, and 

this variant has also been determined as a risk factor for metabolic syndrome 

(Alvarellos et al., 2015; Fava et al., 2012). In addition, the rs2108622 variant has 

been linked with ischemic stroke, adrenoleukodystrophy, a neurodegenerative 

disease in which very long-chain fatty acids are accumulated, coronary heart 

disease, type II diabetes, and chronic obstructive pulmonary disease (Liao et al., 

2016; van Engen et al., 2016, Yu et al., 2014, Park et al., 2019; Ding et al., 2020). 

To our knowledge and understanding, no CYP4F2 polymorphism study in MS has 

been reported. And, our findings highlighted that rs2108622 has no real effect on 

MS development. We failed to obtain significant results between the case and 

control groups. Also, female and male subgroup analysis did not give significant 
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results. On the hand other, previously, rs2108622 variant has been significantly 

associated with Crohn’s disease (chronic inflammatory bowel disease) which is 

also assumed to be an autoimmune disorder (Costea et al., 2010).  

Fingolimod is an immune modulator used for MS treatment, and it is metabolized 

by CYP4F2. Due to the dimished activity of rs2108622 variant, dose adjustment 

may be required. 

Autoimmune diseases have complex nature with the multiple factors involved. 

Selected SNPs showed different effects on different autoimmune diseases. For 

instance, CYP1A2 variant has been found to be a risk factor for MS, whereas it has 

protective effect against rheumatoid arthritis. On the contrary, our results showed 

that CYP2C9 variant has protective properties for MS, while it has been 

determined to be a risk factor for rheumatoid arthritis. CYP2D6 variants bear 

disease causing effects in systemic lupus erythematosus and ankylosing spondylitis 

in Caucasians, but no real effect on MS. In a similar manner, CYP4F2 variant has 

been linked with chronic inflammatory bowel disease, yet it has no real effect on 

MS like CYP2D6 variant. These opposing results indicate the complicated etiology 

of each autoimmune disorder. There are various metabolites, intermediates and 

inflammation-related pathways with opposite physiological roles involved in the 

pathogenesis of these disorders. In addition to genetic factors, enviromental factors 

such as diet, sunlight exposure, and smoking also contribute the onset of 

autoimmune diseases. Diets rich in lineloic acid or arachidonic acid, and high 

caffeine consumption may alter the susceptibility of individuals to the autoimmune 

diseases. Therefore, genetic and enviromental factors together may affect the risk 

of having autoimmune diseases negatively, or positively. Also induction and/or 

reduction mechanisms of CYP-independent pathways, LOX and COX pathways, 

may alter the susceptibility of specific autoimmune disorders. 

In summary, we have obtained statistically significant results between case and 

control groups in CYP1A2 and CYP2C9 variants. CYP1A2 variant was found to 

possess disease causing effect, whereas CYP2C9 variant was found to have 
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protective effect on MS. Nevertheless, the remaining variants, CYP2D6, CYP3A4 

and CYP4F2, did not give statistically significant differences between compared 

groups. 

Despite our promising findings, this study also has limitations concerning the 

nature of polymorphism studies. Although a patient group with 179 individuals 

seems fair and enough for a rare disease, a larger population size would strengthen 

the results. Our study may give insights into future studies and can be regarded as 

the initial step. Studies with larger population sizes and individuals from different 

ethnicities should be encouraged. Moreover, findings pointing to the potential 

protective effect as in the case of rs1799853, and potential risk factors, such as 

rs762551 for MS, should be investigated further in more detail. Molecular 

mechanisms underlying these positive and negative effects should be enlightened. 

Also, the PCR-RFLP method itself may bring limitations to our study. Especially, 

heterozygous and homozygous polymorphic alleles carrying restriction enzyme 

recognition sites might cause misleading interpretations regarding the genotyping 

of recruited subjects. Since restriction enzymes recognize specific sequences in the 

genes under investigation, the presence of possible rare alleles would be missed. 

An individual might be genotyped incorrectly due to this specifity of restriction 

enzymes. For instance, despite an individual carrying a heterozygous or 

homozygous rare allele, he/she might be marked as wild-type because these rare 

alleles do not have restriction enzyme recognition/cut sites. On the other hand, 

results obtained from wild-type alleles having recognition site for restriction 

enzymes would be more accurate.   
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CHAPTER 5  

5 CONCLUSION 

Multiple sclerosis (MS) is a common autoimmune disorder of the central nervous 

system characterized by chronic inflammation, demyelination, and axonal loss. The 

etiology of MS remains unsolved, and its prevalance has been increasing 

worldwide dramatically. In our study, we have examined the relationship between 

MS and specific single nucleotide polymorphisms (SNPs) on inflammation related 

cytochrome P450 enzymes (CYPs), including CYP1A2 (rs762551), CYP2C9 

(rs1799853), CYP2D6 (rs16947), CYP3A4 (rs2740574), and CYP4F2 

(rs2108622). These CYPs are all involved in arachidonic acid (AA) metabolism 

and take part in the production of AA metabolites. AA and metabolites possess 

pro-inflammatory and anti-inflammatory roles in inflammation response. Unlike 

cyclooxygenase (COX) and lipooxygenase (LOX) pathways of AA metabolism, 

the CYP pathway has been undervalued. Much of the interest in MS has been 

directed to LOX and COX pathways. We considered that impaired AA metabolism 

would also be a critical target in MS. Therefore, polymorphisms in selected CYPs 

functioning inflammatory processes through the AA pathway were thought to be 

worth investigating. Our results supported this initial consideration. SNPs on 

CYP1A2 (rs762551) and CYP2C9 (rs1799853) gave significant differences 

between patient and control groups. Primarily, SNP on CYP2C9 was found to be 

significant even after multiple comparisons correction. Findings highlighting the 

protective effect of CYP2C9 and the disease causing effect of CYP1A2 carry the 

potential to bring new insights to MS studies. In order to reveal the exact 

mechanisms of these possible protective and disease causing effects, studies with 

deeper mechanistic approaches and larger population size with inviduals from 

different etnicities should be encouraged and conducted. 
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