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ABSTRACT 

 

 

DRUG METABOLISM AND APOPTOSIS IN HEPG2 CELL LINE 

 

Rustam, Samir 

M.S., Department of Biology 

Supervisor : Prof. Dr. N. Tülin GÜRAY 

Co-supervisor : Dr. Deniz IRTEM KARTAL 

 

February 2017, 105 pages 

 

 

The liver is the principal site of drug metabolism. Drugs and other 

chemicals are all metabolized in the liver through the drug-metabolizing 

enzyme system. Metabolized drugs can have an effect on one another 

through crosstalk between drug metabolism pathways. Herbs used in folk 

and mainstream medicine, when taken together with drugs, can affect the 

rate at which drugs are processed by the liver. Salvia species are one of 

many herbal remedies which can be used together with prescribed drugs as 

part of alternative traditional medicine. Therefore, it is important to learn the 

effects of Salvia extracts on drug metabolism, and how it affects the 

metabolism of other drugs and their therapeutic ability when consumed 

together. Previously, we have characterized the water and methanol extracts 

of a Salvia species, S. absconditiflora, in our lab. In this study, we examine 

the effects of these extracts on gene expression of phase I and phase II 

enzymes by using quantitative real-time PCR panel microplates containing 

primers targeting these enzyme gene transcripts, and also further investigate 

the effects of S. absconditiflora extracts on ROS generation and the 

expression of genes associated with apoptosis. Web based Kyoto 
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Encyclopedia of Genes and Genomes (KEGG) database was used for the 

analysis of pathway panel results. Analysis of changes in the metabolism 

pathways in response to S. absconditiflora extracts have revealed important 

ramifications for the metabolism of carcinogens and drugs involved in 

cancer therapy. S. absconditiflora extracts alter expression of key enzymes 

involved in the metabolism of carcinogens. Extracts also demonstrated the 

ability to affect potency and effectiveness of co-administered drugs. Further, 

the decrease in expression of key genes involved in apoptosis and the 

upregulation of genes associated with necrosis showed that inhibition of cell 

proliferation due to treatment is achieved by the induction of necrosis in 

HepG2 cells. 

 

Keywords: Drug metabolism, S. absconditiflora, HepG2 cell line, 

Apoptosis 
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ÖZ 

 

 

 

HEPG2 HÜCRE HATTINDA İLAÇ METABOLİZMASI VE 

APOPTOZ 

 

Rustam, Samir 

Yüksek Lisans, Biyoloji Bölümü 

Tez Yöneticisi  : Prof. Dr. N. Tülin GÜRAY 

Ortak Tez Yöneticisi : Dr. Deniz İRTEM KARTAL 

 

Şubat 2017, 105 sayfa 

 

 

Karaciğer ilaçların metabolizmasında önemli bir organdır. İlaçlar ve diğer 

kimyasal maddeler karaciğerde ilaç metabolize eden enzim sistemi 

vasıtasıyla metabolize edilir. Genellikle metabolize edilen ilaçlar, ilaç 

metabolizması yolakları ile diğer ilaçlar üzerinde etkiye sahiptirler. 

Alternatif ve genel tıp alanında kullanılan bitkiler, ilaçlarla birlikte 

alındığında ilaçların karaciğer tarafından metabolizma oranını 

etkileyebilirler. Salvia türleri, geleneksel tıbbın bir parçası olarak, reçete 

edilen ilaçlarla birlikte kullanılabilen birçok bitkisel ilaçtan biridir. Bu 

nedenle Salvia ekstraktlarının ilaç metabolizması üzerindeki etkileri ve diğer 

ilaçların metabolizmasını ve birlikte tüketildiğinde onların terapötik 

kapasitelerini nasıl etkilediğini öğrenmek önemlidir. Daha önce, 

laboratuvarımızda bir Salvia türü olan S. absconditiflora su ve metanol 

ekstraktları karakterize edildi. Bu çalışmada, bu ekstraktların, faz I ve faz II 

enzimlerinin gen ekspresyonu üzerindeki etkileri, bu enzimlerin gen 

transkriptlerini hedefleyen primerler içeren kantitatif gerçek zamanlı PZR 

panel mikro plakları kullanarak incelendi. Buna ek olarak, S. absconditiflora 
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ekstraktlarının ROS üretimi ve apoptoz ile ilişkili genlerin ekspresyonu 

üzerindeki etkisi incelendi. Panel sonuçlarının analizi için web tabanlı 

Kyoto Genetik ve Genomik Ansiklopedisi (KEGG) yazılımı kullanıldı. S. 

absconditiflora ekstraktlarına tepki olarak metabolizma yollarındaki 

değişikliklerin analizi, kanserojenler ve kanser tedavisinde rol oynayan 

ilaçların metabolizması için önemli etkileri ortaya çıkarmıştır. S. 

absconditiflora, kanserojenlerin metabolizmasıyla ilişkili temel enzimlerin 

ekspresyonunu değiştirmektedir. Ekstraktlar ayrıca, birlikte uygulanan 

ilaçların gücünü ve etkililiğini etkileme becerisini göstermiştir. Ayrıca, 

apoptoz ile ilgili önemli genlerin ekspresyonundaki azalma ve nekrozla 

ilişkili genlerin upregülasyonu, tedavi sonucunda hücre proliferasyonunun 

inhibisyonunun HepG2 hücrelerinde nekroz indüksiyonu ile sağlandığını 

göstermiştir. 

 

 

 

Anahtar kelimeler: İlaç metabolizması, S. absconditiflora, HepG2 hücre 

hattı, Apoptoz.  
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CHAPTER 1 

 

 

 

INTRODUCTION 

 

 

 

 

1.1 Drug Metabolism 

Drug Metabolism is the biotransformation of drug and other xenobiotics 

into more hydrophilic metabolites that are readily excreted from the body 

through urine or feces. For the major part, the metabolism of ingested 

xenobiotics occurs in the liver by specialized enzymes. These xenobiotics 

go through two distinct phases of metabolism and then eliminated. The 

phase I reactions are functionalization reactions that serve to expose the 

functional group of the parent molecule for subsequent transformations, 

often resulting in its activation or inactivation (Figure 1). The phase II 

reactions are conjugation reactions in which the metabolized derivatives are 

combined with molecules such as glucuronic acid, sulfate or acetyl groups, 

resulting in the formation of highly polar compounds that can be readily 

excreted from the body (Sahoo et al., 2015). 
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Figure 1 Phase I and phase II drug metabolism 

 

 

1.1.1 Phase I Drug Metabolism 

The main function of phase I metabolism is to prepare the compounds for 

phase II metabolism. It transforms the parent compound to a more polar 

metabolite through introducing or exposing functional groups (-OH, - NH2, 

-SH). Thus, the final product usually contains a reactive functional group 

such as COOH, OH, NH2 or SH. This functional group can be acted upon by 

the phase II or conjugative enzymes. Expression of phase I oxidative 

enzymes is generally confined to the endoplasmic reticulum (Lakehal et al., 

1999; Nicoli et al., 2008).  

Phase I reactions are broadly grouped into three categories: oxidation, 

reduction, and hydrolysis. Typically, oxidation is the most common phase I 

reaction. These reactions are catalyzed by phase I enzyme systems which 

are categorized into 2 groups: Microsomal mixed function oxidases (MFO) 
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and non-cytochrome oxidizing enzymes. MFO include enzyme families 

such as flavoproteins, NADPH-monooxygenases and Cytochrome P450s. 

Non-cytochrome oxidizing enzymes include xanthine oxidase and 

alcohol/aldehyde dehydrogenase enzyme families (Marchitti et al., 2008). 

Cytochrome P450 (CYP) system in the liver is the most significant amongst 

phase I oxidation systems. It plays a critical role in determining 

bioavailability, half-life and metabolism-mediated toxicity. The five major 

human hepatic CYP isozymes are CYP1A2, CYP2C9, CYP2C19, CYP2D6 

and CYP3A4, involved in the metabolism of approximately 90 % of the 

drugs in clinical use (Nicoli et al., 2008).  

CYP enzymes are a family of heme-containing proteins that are membrane-

bound. CYP was first characterized as a pigment in liver extracts (Pelkonen 

et al., 2008). The name P450 was coined from the term “pigment-450” as 

the characterized pigment, when reduced in the presence of carbon 

monoxide, absorbs light at 450 nm. This is an unusual case because all 

known heme-containing proteins, such as hemoglobin, absorb light at 420 

nm. This is because in CYP’s fifth ligand to the heme is formed by a 

cysteine residue, but in hemoglobin and alike it is formed with histidine 

(Furge & Guengerich, 2006; Omura & Sato, 1964). 

CYPs can be mitochondrial or microsomal, both of which require NADPH 

and electron transfer chain to function. Mitochondrial CYP system contain 

cytochrome P450, ferredoxin and ferredoxin reductase. On the other hand, 

microsomal CYP system contains NADPH-cytochrome P450 reductase and 

cytochrome P450. In both cases, the cycle starts with the binding of 

substrate to heme (ferric) of cytochrome P450. After, in the microsomal 

system, an electron is transferred from NADPH to cytochrome P450-

substrate complex with the help of NADPH cytochrome P450 reductase. 

This electron transfer is carried out by ferredoxin and ferredoxin reductase 

in the mitochondrial system. Thus, ferric iron in the heme group is reduced 



4 

 

to ferrous. Subsequently, molecular oxygen binds to this reduced complex, 

forming unstable iron dioxygen. This newly-formed iron dioxygen is 

converted to short-lived peroxo state by the transfer of electron from either 

cytochrome P450 reductase or ferredoxin. The peroxo group formed is then 

rapidly protonated twice, releasing one molecule of water and leaving iron 

double-bonding with oxygen, a highly reactive state (Figure 2). After the 

product is released from the active site, the enzyme returns to its original 

state, with a water molecule returning to occupy the position of the iron 

nucleus (Guengerich et al., 1991; Norlin, 2000). 

 

 

 

 

Figure 2 The CYP catalytic cycle in hydroxylation (Feiters et al., 2000) 
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In humans, CYPs are encoded by 57 putatively functional genes and 58 

pseudogenes (Nelson et al., 2004). Human CYP genes are grouped into 18 

families and 44 subfamilies based on their sequence similarity. CYPs 

belonging to these families mostly have specific endogenous functions, such 

as biosynthesis of prostaglandins, bile acids, steroid hormones, and others 

(Nebert & Russell, 2002). Only certain enzymes which are in CYP family’s 

1, 2 and 3 are involved in the metabolism of the majority of drugs and other 

xenobiotics. Figure 3 shows the percentage of CYP enzyme involvement in 

drug metabolism (Zanger & Schwab, 2013). 

 

 

 

 

Figure 3 Fraction of clinically used drugs metabolized by CYP isoforms. 

The data is for a total of 248 drug metabolism pathways analyzed with 

known CYP involvement (Zanger & Schwab, 2013) 
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The CYP1 family has three functional members which are divided into two 

subfamilies. CYP1A1 and CYP1A2 are highly conserved genes which are 

located on chromosome 15q24.1 and are made up of seven exons and six 

introns. On the other hand, the CYP1B1 gene located on chromosome 

2p22.2 has only three exons, but this gene encodes the largest human CYP 

with respect to both mRNA size and amino acid number (Murray et al., 

2001). In humans CYP1A2 enzyme is mostly expressed in the liver 

(Kawakami et al., 2011) (Figure 4). On the contrary, both CYP1A1 and 

CYP1B1 are primarily extrahepatically-expressed enzymes and are 

expressed in the liver at lower levels (Ding & Kaminsky, 2003; Hakkola et 

al., 1997; Stiborová et al., 2005; Zanger & Schwab, 2013). 

 

 

 

 

Figure 4 Crystal structure of human microsomal CYP1A2 in complex with 

alpha-naphthoflavone (PDB) 
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CYP1A1 and CYP1A2 genes share a 23 kb promoter containing at least 13 

Ah-receptor (AhR) response elements. This provides coordinated 

transcription regulation for both genes to some extent (Ueda et al., 2006). 

Thus, AhR ligands such as β-naphthoflavone, dioxins, methylcholanthrene 

and other polycyclic aromatic hydrocarbons act as inducers for both genes 

(Nebert et al., 2004). Additionally, omeprazole and primaquine induce 

transcription through the same response elements, but they do not directly 

bind to the AhR (Yoshinari et al., 2008). AhR activators also include 

exogenous sources such as combustion products, dietary constituents and 

some manufacturing by-products. For example, CYP1A2 is induced by a 

variety of things like cigarette smoking, dioxins, cauliflower, cabbages and 

broccoli consumption (Ghotbi et al., 2007; Dobrinas et al., 2011; Nelson et 

al., 2004). CYP1B1 is also regulated in a similar fashion, even though it has 

a promoter, which is different from CYP1A1 and CYP1A2 genes. CYP1B1 

also contains AhR binding sites to which heterodimers formed between 

hypoxia response factor Hif-1α and ARNT can bind (Schults et al., 2010). 

CYP2D6 is another common CYP that is involved in the metabolism of 

approximately 20 % of the most marketed drugs. It oxidizes a number of 

drugs such as of anti-depressant, anti-psychotic and anti-arrhythmic drugs 

(Wang et al., 2009). CYP2D6 is primarily expressed in the liver and has a 

lower level of expression in the intestines which is thought to be 

unimportant. CYP2D6 gene consists of nine exons and is made up of 1,491 

base pairs, it is located at chromosome 22q13.1. Figure 5 shows the crystal 

structure of human CYP2D6 protein consisting of 497 amino acids 

(Eichelbaum et al., 1987). 

CYP2C9 is another important drug metabolizing CYP enzyme expressed in 

the liver. CYP2C9 is involved in the metabolism of anticoagulant warfarin, 

anticonvulsant phenytoin, the diuretic torsemide, antidiabetic drugs 

tolbutamide and glipizide, the antihypertensive drug losartan, and numerous 
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nonsteroidal anti-inflammatories, including flurbiprofen, ibuprofen, and 

diclofenac (Goldstein et al., 1994; Lee et al., 2002; Miners & Birkett, 1998). 

 

 

 

 

Figure 5 Crystal structure of human CYP2D6 (PDB) 

 

 

CYP3A4 is mostly expressed in the liver and gastrointestinal tract. CYP3A4 

gene is located on chromosome 7 and codes for CYP3A4 protein (Figure 6). 

It is involved in the metabolism of many drugs and xenobiotics. In addition 

to this, oxidative metabolism of several endogenous compounds such as bile 

acids or estrogens are also catalyzed by CYP3A4. (Guengerich, 2006; Chen 

et al., 2014). CYP3A4 is involved in the metabolism of drugs such as 

acetaminophen, codeine, ciclosporin, diazepam, and erythromycin. It is also 

involved in the metabolism of some carcinogens. Most drugs are directly 
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deactivated by CYP3A4. Also, many substances are bio-activated by 

CYP3A4, and many protoxins are converted to toxins (Nolin et al., 2006; 

Ferron et al., 2016; Šemeláková et al., 2016). CYP3A4 gene is located on 

chromosome 7 and codes for CYP3A4. 

 

 

 

 

Figure 6 Crystal structure of the midazolam-bound human CYP3A4 (PDB) 
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1.1.2 Phase II Drug Metabolism 

Phase II enzymes generally achieve true detoxification of drugs by 

converting products of phase I metabolism to highly polar, usually inactive 

the compound which are readily excreted from body. This is achieved by 

covalently linking endogenous substrates such as glucuronic acid, sugar, 

glutathione, sulfate, acetate, or an amino acid to a functional group on the 

parent compound. Phase II metabolism reactions mostly occur in cytosol 

and include sugar conjugation, sulfation, methylation, acetylation, amino 

acid conjugation, and glutathione conjugation (Jakoby & Ziegler, 1990; 

Salleh et al., 2016). Two major phase II enzymes are 

UDP‑glucuronosyltransferases (UGTs) and glutathione S-transferases 

(GSTs), both of which are involved in catalyzing glucuronidation and 

glutathione (GSH) conjugation, respectively. Other enzymes involved in 

phase II metabolism are Sulfotransferases, N–acetyltransferases, and 

methyltransferases (Jancova et al., 2010). 

UGTs are involved in the metabolism of 40–70 % clinically used drugs, and 

in the glucuronidation of dietary chemicals, carcinogens and other various 

environmental chemicals (Wells et al., 2004). Also, some endogenous 

compounds such as bile acids and hydroxysteroids are regulated by UGTs, 

this is facilitated by their inactivation with glucuronidation (Jancova et al., 

2010). UGTs facilitate the addition of the UDP-hexose to nucleophilic atom 

on a target molecule (Mackenzie et al., 2008). Figure 7 illustrates the 

transfer of glucuronic acid from UDP-glucuronic acid to an oxygen, 

nitrogen, or sulfur atom in a drug substrate by UGT. 
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Figure 7 UGT is illustrated catalyzing the transfer of glucuronic acid from 

UDP-glucuronic acid to an oxygen, nitrogen, or sulfur atom in a drug 

substrate (Atkinson, 2012) 

 

 

The UGTs are a superfamily of membrane-bound enzymes localized in the 

lumenal part of the endoplasmic reticulum. Four UGT families have been 

identified in humans: UGT1, UGT2, UGT3 and UGT8. UGT1 and UGT2 

family enzymes glucuronidate endogenous compounds and xenobiotics, but 

UGT8 and UGT3 family enzymes seems to have different functions. For 

example, UGT8 enzymes are associated with the biosynthetic role in the 

nervous system (King et al., 2000). In humans twenty-two UGT proteins 

have been identified. Of these UGT1A1, 1A3, 1A4, 1A6, 1A9, 2B7 and 

2B15 enzymes are thought to be most important for drug metabolism in the 

liver. 

Another major phase II detoxification enzymes are glutathione 

S‑transferases (GSTs). They also play a crucial role in cellular protection 

against oxidative stress (Van Bladeren, 2000). GSTs are a family of 

enzymes that catalyze the formation of thioether conjugates between the 

xenobiotic compounds and glutathione. Figure 8 illustrates the formation of 

glutathione conjugate. GSTs have an important role in the detoxification of 

alpha-beta unsaturated ketones and epoxides derived from polycyclic 
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aromatic hydrocarbons. Glutathione conjugation also play a role in the 

metabolism of prostaglandins and steroids. GSTs inactivate reactive 

intermediates formed by catecholamine peroxidation (aminochrome, 

dopachrome, and adrenochrome), nucleotide peroxidation (adenine 

propenal) and lipid peroxidation (4–hydroxynonenal) (Dagnino–Subiabre et 

al., 2000). On the other hand, GSTs are also involved in the activation of 

some compounds that can be potentially dangerous to cells (Sherratt et al., 

1997).  

 

 

 

 

Figure 8 Formation of glutathione conjugate (Jancova et al., 2010) 

 

 

Human GST enzymes are classified into 5 families, Alpha (A1-A4), Mu 

(M1-M5), Pi (P1), Kappa (K1) and Theta (T1, T2). GSTs are widely 

distributed throughout the human body and are found in the liver, kidney, 

pancreas, small intestine, spleen, brain, heart, testis, lung, skeletal muscles 

and prostate (Hayes & Strange, 2000). Substrates of some GSTs have been 

identified. For example, GSTP1 was shown to metabolize ethacrynic acid 

and GSTM1 is involved in metabolism of trans–stilbene oxide (van 

Bladeren, 2000). Conjugation of halogenated compounds is carried out by 

GSTT1 enzyme, forming reactive electrophilic metabolites which are 

potentially mutagenic and carcinogenic (Landi, 2000). Structure of GSTT1 

enzyme is illustrated in Figure 9. An example of these compounds is 

ethylene–dibromide, a gasoline additive and a fumigant. It is considered to 
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be carcinogenic for humans because it is transformed by GSTT1 to DNA–

reacting episulfonium ion (van Bladeren, 2000).  

 

 

 

Figure 9 Structure of GSTT1 (PDB) 

 

 

Sulfoconjugation phase II pathway is catalyzed by sulfotransferase (SULT) 

enzymes. These enzymes catalyze reaction (Figure 10) in which Sulfonate 

(–SO3
−) from sulfonate donor 3‘–phosphoadenosine 5‘– phosphosulfate 

(PAPS) is transferred to the hydroxyl or amino group of an acceptor 

molecule (Klaassen & Boles, 1997). Identified SULTs are organized into 

two major groups: membrane-bound and cytosolic. Membrane-bound 

enzymes localized in the Golgi apparatus do not demonstrate xenobiotic 

metabolizing activity. They seem to be involved in the metabolism of 
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endogenous peptides, proteins, lipids and glycosaminoglycans (Jancova et 

al., 2010). Cytosolic SULTs are involved in the conjugation of endogenous 

compounds such as iodothyronines, eicosanoids, catecholamines, retinol, 

vitamin D and steroid hormones, but they also play an important role in the 

conjugation of a broad range of xenobiotics including drugs, environmental 

chemicals and natural compounds (Gamage et al., 2006;Glatt & Meinl, 

2004). 

 

 

 

 

Figure 10 General reaction catalyzed by SULT (Jancova et al., 2010) 

 

 

Although sulfoconjugation is mostly associated with drug detoxification and 

inactivation of xenobiotics, in some cases it can lead to the formation of 

compounds that are more active compared to the parent molecule. Such 

cases are observed for the hair follicle stimulant minoxidil and diuretic 

agent triamterene (Buhl et al., 1990; Mutschler et al., 1983). In humans 13 

distinct SULT members have been identified which are organized into 4 

families: SULT1, SULT2, SULT4 and SULT6. SULTs are expressed in a 
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wide variety of tissues. The members of SULT1A subfamily have been 

described in the liver, intestine, brain, kidney, breast, lung, placenta, adrenal 

gland and blood platelets. Among all SULT1 enzymes, SULT1A1 exhibits 

the highest level of expression in the liver. SULT1A3 is not expressed in the 

liver but it is expressed in most of the other tissues. Enzymes SULT1B1, 

SULT2A1 and SULT1E1 have been shown to be expressed in the liver 

(Falany et al., 2000; Weinshilboum et al., 1997). 

Acetylation describes a reaction that introduces an acetyl functional group 

into a chemical compound. Acetyl coenzyme A primarily functions as acetyl 

donor. N-acetyltransferases (NATs) catalyze the transfer of acetyl group to 

the free amino group of the parent compound. While O-acetylation 

catalyzed by NATs activate aromatic and heterocyclic amines, N-acetylation 

of the parent amines generally serves the purpose of detoxification (Hein et 

al., 2000). 

 

 

 

 

Figure 11 Acetylation of arylamines by NATs (Jancova et al., 2010) 

 

 

In humans, two isoenzymes of NATs are known, NAT1 and NAT2. Genes 

coding for them are located on chromosome 8 pter–q11, and share 87 % 

coding sequence homology (Blum et al., 1990). NATs are cytosolic 
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enzymes with distinct organ and tissue distribution. Expression of NAT2 

protein mostly seems to be restricted to the liver and intestine (Grant et al., 

1990; Hickman et al., 1998). On the other hand, expression of human NAT1 

has been detected in the liver, digestive system, bladder, placenta, blood 

cells, skin, skeletal muscles, mammary tissue, prostate, and lung (Dupret & 

Rodrigues-Lima, 2005; Sim et al., 2008). 

Acetylation is a major route for the metabolism of many drugs and 

carcinogens present in diet, cigarette smoke or car exhaust fumes. 

Aminoglutethimide (an inhibitor of adrenocortical steroid synthesis), 

nitrazepam (a benzodiazepine), procainamide (anti–arrhythmic drug), 

isoniazid (an anti–tuberculotic drug), dapsone (anti–inflammatory drug), 

hydralazine and endralazine (anti–hypertensive drugs), and sulphonamides 

(anti–bacterial drugs) are examples of drugs that are detoxified by human 

NAT2 enzyme (Butcher at al., 2002; Ginsberg et al., 2009; Kawamura et 

al., 2005).  

A number of compounds inhibit activity of NATs. It has been demonstrated 

that inhibition of NAT activity could potentially assist organisms in the 

defense against cancer. Major components of garlic, such as diallyl sulfide 

and diallyl disulfide, have inhibitory effects on NAT activity (Chen et al., 

1998; Lin et al., 2002). The polyphenolic compounds have been described 

to have an inhibitory effect on human NATs. Caffeic acid, kaemferol, 

quercetin, genistein and esculetin inhibits NAT1 whereas scopuletin and 

coumarin inhibits NAT2 (Kukongviriyapan et al., 2006). 

Although it is common, methylation is a minor pathway compared to other 

xenobiotic biotransformation pathways. Different from other conjugation 

reactions methylation of xenobiotics often does not alter activity of a 

compounds. Mostly methylation is involved in metabolism of small 

endogenous compounds, but it also has a role in the biotransformation of 
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certain drugs. S–adenosylmethionine (SAM) functions as methyl donor and 

it is a required co–factor for methylation enzymes. Methylation enzymes 

expressed in liver include Nicotinamide N–methyltransferase (NNMT), 

Histamine N–methyltransferase (HNMT), Phosphatidylethanolamine N–

methyltransferase (PEMT), Phenol O–methyltransferase (POMT), Catechol 

O–methyltransferase (COMT) and Thiol methyltransferase (TMT) 

(Taskinen et al., 2003; Tessitore et al., 2003; Zhang et al., 2010). 

1.2 Apoptosis 

Apoptosis is a type of programmed cell death which is defined by specific 

morphologic and biochemical properties (Elmore, 2007). It is characterized 

by a series of morphological changes such as: condensation of the 

cytoplasm and nucleus, mitochondria, shrink, and cellular fragmentation 

into membrane apoptotic bodies (Czabotar et al., 2014; Steller, 1995). 

Apoptosis being a vital component for an organism’s development and 

survival, is a homeostatic mechanism that maintains cell populations in 

tissues. It is also a defense mechanism for an organism against cells 

damaged by disease or noxious agents. This characteristic makes apoptosis a 

vital tool in the fight against cancer (Ouyang et al., 2012). 

Mitochondrial outer membrane permeabilization (MOMP) is considered a 

key step in the intrinsic cell death pathway. After this point cells are 

committed to cell death. Signals such as growth factor deprivation, DNA 

damage, ER stress, oncogene activation and microtubule disruption are 

communicated through the intrinsic cell death pathway. BCL-2 family of 

proteins control intrinsic cell death pathway and regulate commitment to 

cell death through the mitochondria (Yang et al., 1997). All members of 

BCL-2 family share BCL-2 homology (BH) domains. Of those domains, 

BH3 is crucial for dimerization ability, which is necessary for interaction 

among BCL-2 family members (Figure 12). Pro-survival proteins BCL-2 



18 

 

and BCL-X prevent MOMP. Normally there is a balance in cell between 

pro-apoptotic and pro-survival BCL-2 family members, thus avoiding 

MOMP. Apoptotic stimuli disrupts this equilibrium, increasing BAX and 

BID concentration through intracellular localization. Activity of both pro-

survival and pro‑apoptotic BCL-2 proteins is controlled by BH3 domain 

only BCL-2 members, which can respond directly to apoptotic stimuli 

(Webster et al., 2012). After initiation of MOMP, various proteins are 

released from mitochondrial intermembrane space. These proteins promote 

caspase activation and apoptosis. Cytochrome C released from the 

mitochondria binds apoptosis protease-activating factor 1 (APAF-1), 

inducing formation of apoptosome which recruits and activates an initiator 

caspase 9. Caspases (cysteine-aspartic acid protease) are a family of 

protease enzymes playing essential roles in programmed cell death. After 

activation caspase 9 cleaves and activates the executioner caspases, caspase 

3 and 7, leading to apoptosis (Fesik & Shi, 2001). 

A cell’s commitment to apoptosis may also be necessary due to external 

factors. Extrinsic cell death pathway is activated following the ligands 

binding to “death receptors” on the cell surface. Ligands of “death 

receptors” include Fas, TNF-α and TRAIL proteins belonging to the tumor 

necrosis factor (TNF) family. TNFs are small cytokines released from cells 

to produce a response in cells with the ability to interact with them. They are 

part of an innate immune system. Generally TNFs are type II small 

transmembrane proteins with extracellular domains which can be cleaved to 

generate soluble cytokines. The TNF superfamily contains 19 members, 

which bind to one or several members of the 29 tumor necrosis factor 

receptor (TNFR) superfamily. After TNF binds to TNFR, TNFR interacts 

with and recruits other adaptor molecules such as caspase 8 and 

Fas‑associated death domain protein (FADD). These recruited adaptor 

molecules then directly cleave and activate the executioner caspases, 
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caspase 3 and caspase 7, leading to apoptosis (Guoqing & Goeddel, 2002; 

Wajant, 2002). 

 

 

 

 

Figure 12 BCL-2 family members. (a) Classification and structural 

homology. (b) Pro-survival BCL-X protein. (c) Cytosolic BAX with 

transmembrane domain. (d) BIM BH3 peptide bound to MCL1 (Czabotar et 

al., 2014) 
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Apoptosis and cancer are two phenomena that generally work opposite to 

one another. Interestingly, Reactive oxygen species (ROS) have been linked 

to both. It is clear that ROS damage to DNA leads to carcinogenesis. Also, 

ROS are thought to contribute to carcinogenesis by interfering with 

apoptosis signaling. Mitogen-activated protein kinases (MAPKs), c-Jun 

kinase, activated protein-1 (AP-1), phospholipase A2 and nuclear 

transcription factor kappa B (NFKB) are examples of some important 

signaling complexes that are affected by ROS (Manna et al., 1998; Musonda 

& Chipman, 1998; Sreetama et al., 2016).  

Mitochondria is the main site of ROS production in cell. During respiration, 

electron is transferred through electron transport chain. Normally, final 

acceptor oxygen is transferred to water but 1-2% of the reactions superoxide 

radical is formed instead. Some of the formed superoxide is converted to 

hydrogen peroxide in cell. Cells produce enzymes such as catalase and 

superoxide dismutase to neutralize highly reactive superoxide and hydrogen 

peroxide molecules to water and oxygen (Rigoulet et al., 2011). 

In response to increased ROS, cell arrest growth, stop gene transcription, 

and start repair. Depending on the cell’s response, it is then determined 

whether the cell will go through apoptosis, necrosis, and senescence or 

continue proliferation. Blocking antioxidant enzymes in cells has been 

shown to increase TNF expression. ROS are also part of the signaling 

mechanism in apoptosis. In some cases, increased ROS may also be because 

of apoptosis not the cause of it (Matés, J. M., & Sánchez-Jiménez, 2000).  

1.3 Salvia Genus 

Nearly 25 % of modern drugs are estimated to be directly or indirectly 

originating from plants. One of pharmacologically important plant groups is 

Genus Salvia L. (Lamiaceae). Genus Salvia L. contains around 900 species 

throughout the world (Imanshahidi & Hosseinzadeh, 2006). 
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The name Salvia originates from the Latin word salvare meaning ‘to save’ 

or ‘to heal’ which indicates the importance of Salvia genus in traditional 

medicine (Tan et al., 2016). 

Plants belonging to genus Salvia L. are aromatic plants that have been used 

by traditional medicine since the time of Romans due to their antiseptic, 

anti-inflammatory, antidiabetic, antioxidant and other properties (Xavier & 

Pereira-Wilson, 2016). For example, S. miltiorrhiza is widely used to treat a 

variety of conditions such as coronary disease, chronic renal failure, 

hepatitis, hepatocirrhosis, cerebrovascular disease, dysmenorrhea, 

amenorrhea, carbuncles and ulcers (Du & Zhang, 2004). S. officinalis is 

used to treat conditions such as Alzheimer’s and diabetes, and has also been 

reported to be effective in increasing life quality of patients (Akhondzadeh 

et al., 2003; Lima et al., 2006). S. multicaulis growing in Eastern and 

Central Asia have been used for its anti-inflammatory, antimicrobial and 

analgesic effects. In parts of Turkey and Iran it is used to treat wounds, both 

to speed up recovery and to prevent infections (Salimikia et al., 2016). S. 

przewalskii growing in Gansu province of China is used as traditional 

Chinese herbal medicine by the local population. It has been shown to have 

antimicrobial activity (Wang et al., 2014). 

In-vitro studies carried out on S. cilicica, S. fruticosa, S. officinalis and S. 

tomentosa extracts have revealed high antifungal activity. Investigation of 

antimycobacterial activity revealed strong ability to combat mycobacteria 

activity in Salvia species such as S. aucheri, S. aramiensis, S. tomentosa, S. 

fruticose and S. verticillata (Tan et al., 2016). 

1.3.1 Salvia Species in Turkey 

Turkey is one of the richest countries in the world in terms of plant diversity 

with an endemicity rate as high as 30 % (Polat & Satil, 2012). Anatolia is 

the major gene center in Asia and the Mediterranean for Salvia species. 
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Salvia L. (Lamiaceae) is represented in Turkey with 89 species and 94 taxa, 

approximately half of these species are endemic (Walker & Sytsma, 2007).  

Called “adaçayı” in Turkey, Salvia L. is used in traditional medicine for the 

treatment of a variety of ailments and also frequently consumed as tea by 

the local population. Different Salvia species are used as stimulants, 

antiseptics, diuretics and for treating wounds in Turkish traditional 

medicine. S. tomentosa and S. fruticosa, which have similar chemical 

composition and effects with S. officinalis, are used in Turkey along with S. 

officinalis. Essential oils present in S. fruticosa is used traditionally as 

stomachic, carminative, antiperspirant and diuretic (Baytop et al., 1999; 

Demirci et al., 2003; Tepe et al., 2005). 

Salvia species also have economic value for Turkey. Turkey exports 

approximately 1200 tons of salvia. The bulk majority of this is made up of 

S. fruticosa but also includes other Salvia species such as S. absconditiflora, 

S. multicaulis, S. sclarea and S. tomentosa (Ipek & Gurbuz, 2010). 

S. absconditiflora is a perennial plant that is endemic to Turkey. It mostly 

grows on hillsides and is widely distributed throughout central Anatolian 

region, in Ankara, Afyonkarahisar, Çorum, Erzincan, Niğde, Kayseri, 

Konya, Sivas, Ordu region (Figure 13). In these areas it is also recognized 

under local names such as kara salba, kara ot, kara salva and kara sapla 

(Kartal, 2015). 
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Taxonomic Hierarchy: 

Kingdom: Plantae 

Subkingdom: Tracheobionta 

Division: Magnoliophyta 

Class: Magnoliopsida 

Subclass: Asteridae 

Order: Lamiales 

Family: Lamiaceae 

Genus: Salvia 

Species: Salvia absconditiflora 

 

 

 

 

Figure 13 S. absconditiflora distribution in Turkey (Turkish Plants Data 

Service) 

 

 

1.4 Aim of the Study 

Salvia species are medically valuable plants rich in phytochemicals. They 

are used as an herbal remedy throughout the world. S. absconditiflora is an 
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endemic species in Turkey. It is used by the local population to treat many 

ailments. These remedies are often used together with prescribed drugs 

which makes herb-drug interactions an important area of research. In some 

cases, herb-drug interactions are more crucial than drug–drug interactions, 

because herbs contain a mixture of many pharmacologically active 

compounds compared to drugs which generally contain a single active 

compound. By altering the expression of drug metabolism enzymes, herb 

components can increase or decrease the amount of drug in the blood. 

HepG2 cells and their derivatives are suitable in vitro model systems which 

are widely used for studies of liver metabolism and toxicity of xenobiotics. 

Aim of this study is to explore the effects of S. absconditiflora water and 

methanol extracts on expression of drug metabolism, namely on phase I and 

II enzymes in HepG2 cell line. 

In our previous studies, S. absconditiflora extracts were characterized and 

preliminary studies on drug metabolism were carried out. Our results also 

showed the induction of apoptosis and change in the expression of 

antioxidant enzymes were observed. In this study we further investigate the 

effects of S. absconditiflora extracts on drug metabolism together with the 

ROS generation and the expression of genes associated with apoptosis. 
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CHAPTER 2 

 

 

 

MATERIALS AND METHODS 

 

 

 

 

2.1 Materials 

2.1.1 Cell Line 

Effects of S. absconditiflora extracts on expression of drug metabolism 

enzymes and apoptosis genes were studied on HepG2 cells obtained from 

the American Type Culture Collection (ATCC; USA). HepG2 cells are 

adherent epithelial hepatocellular carcinoma cells expressing liver enzymes 

and are commonly used in metabolism studies. 

2.1.2 Plant Materials 

Detailed characterization of S. absconditiflora was carried out previously in 

our lab as a part of PhD thesis by Kartal (2015). Leaves were harvested 

from S. absconditiflora plants growing in METU Campus during April, 

May and June 2013. Plant identification was performed and the voucher 

specimen was preserved in the Plant Systematic Laboratory of Middle East 

Technical University Biological Science Department. The herbarium 

number is FCelep 1773. Extracts were frozen at - 80 ºC and dried using 

Freeze Dryer (Kartal, 2015). Dry methanol and water extracts prepared in 

this work were used in this study. 

2.1.3 Chemicals and Materials 

The following materials were used in this study: T75 cell culture flask 

(Corning Inc, USA), 65x15 mm culture dish (Sarstedt, Germany), 96 well 
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flat bottom black cell culture microplate (Greiner Cellstar, Germany), white 

bottom thin wall Hard-Shell 96-Well PCR Plates (Bio-Rad Laboratories, 

USA), Polypropylene centrifuge tubes; 50 mL, 15 mL (Isolab, Germany), 

cryotubes (Grenier-Bio, Germany), Scilogex Levo Plus Motorized Pipette 

Filler (Scilogex, USA ), Serological pipettes; 25, 10, 5, 2 mL (Sarstedt, 

Germany and Greiner Bio-One, Germany), Micro pipettes; 1000, 200, 100, 

10, 2.5 μL (Eppendorf, Germany), Multichannel Pipette 1-10 μL (Corning 

Inc Axygen, USA), Sterile Filtered Pipette Tips; 10, 100, 200 and 1000 μL 

(Greiner Bio-One, Germany and Axygen, USA), Pipette Tips 20 μL 

(BRAND, Germany), Syringe 10 mL (Ayset, Turkey), BrightLine 

Hemacytometer (Marienfeld, Germany), Enjector filter (Millipore, 

Germany) and Minisart filter (Sartorius Stedim Biotech, Germany). All 

materials used in this study were cell culture grade and sterilized. 

The following chemicals were used in this study: DMEM medium Low 

Glucose without L-Glutamine and with Sodium Pyruvate (Biowest , 

France), L-Glutamine, Phosphate Buffered Saline (Lonza, Switzerland), 

Trypsin-EDTA 10X (Lonza, Switzerland) , 2′,7′-Dichlorofluorescin 

diacetate , Fetal Bovine Serum , Ethanol absolute (Sigma-Aldrich, USA), 

Dimethyl Sulfoxide cell culture grade (Panreac AppliChem, Germany), 

Trypan blue solution 5 % (Biochrom, Germany), Molecular Biology Grade 

Water (Hyclone, USA), Penicillin-Streptomycin Solution and Dulbecco's 

Phosphate Buffered Saline (Biowest, France). All chemicals used in this 

study were cell culture grade and sterilized. 

Commercially available kits used in this study: GeneJET RNA Purification 

Kit (Thermo Scientific, USA), iScript cDNA Synthesis Kit and 

SsoAdvanced Universal SYBR Green Supermix (Bio-Rad Laboratories, 

USA). 
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2.1.4 Instruments 

The instruments used in this study were: CFX Connect Real-Time PCR 

Detection System (Bio-Rad Laboratories, California, USA), 8000Series 

Water-Jacketed CO2 Incubator (Thermo Scientific, USA), Microbiological 

Safety Cabinets (NUVE, Turkey), Olympus CKX41 Inverted phase contrast 

microscope (Olympus, Japan), FLUOstar OPTIMA Microplate Reader 

(BMG Labtech, Germany), NF 1200 Centrifuge (NUVE, Turkey), Thermal 

Cycler (Eppendorf, Germany), MyCycler Thermal Cycler (Bio-Rad 

Laboratories, California, USA), Eppendorf Centrifuge 5810 R (Eppendorf, 

Germany), EBA 12 centrifuge (Hettich Lab Technology, Germany), 

WiseMix Vortex (Wisd Laboratory Instruments, Germany), -80 °C freezer 

(Sanyo -86C ULT Freezer, Japan), BJ 1000C Precision Balance (Precisa, 

Switzerland), WiseBath Water Bath (Wisd Laboratory Instruments, 

Germany), Ultrasonic Cleaner (Alex Machine, Malaysia), Autoclave OT 

032 (Nüve, Turkey), NanoDrop 2000 Spectrophotometer (Thermo 

Scientific, USA), Vortex Mixer (Thermo Scientific, USA) and Mini 

Centrifuge M-6 (BOECO, Germany). 

2.1.5 Primers 

Primers were purchased from RealTimePrimers.com (Pennsylvania, USA), 

a company specializing in making PCR Arrays for analyzing the expression 

of a focused panel of genes. Microplate panels contain 88 primer sets 

directed against target genes and 8 housekeeping gene primer sets (20 µL 

per well, 10 µM concentration). Three panel of genes were chosen targeting 

RNA expression: Human Apoptosis Primer Library, Human Drug 

Detoxication I and Human Drug Detoxication II. The list of genes targeted 

by primers in each panel is specified in Table 1, 2 and 3 respectively. 
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Table 1 Genes targeted by primers in Human Apoptosis Primer Library 
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Table 1 (continued) 
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Table 2 Genes targeted by primers of Human Drug Detoxication I 
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Table 2 (continued) 
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Table 3 Genes targeted by primers of Human Drug Detoxication II 
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Table 3 (continued) 
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2.2 Methods 

2.2.1 Preparation of Salvia Extracts for HepG2 Treatment 

S. absconditiflora extracts from three different months (May, April and 

June) were mixed to obtain stock solutions. This procedure was performed 

both for methanol and water extracts. Twenty mg of each extract (May, 

April and June) was weighted and separately dissolved inside a 15 mL 

falcon tube with 10 mL of complete growth medium containing 0.2 % 

DMSO. After tubes were mixed by vortexing, they were sonicated for 30 

minutes. After sonication, samples were passed through syringe filters. The 

obtained solutions, with extracts from three different months, were mixed 

together in the same volume. Thus, methanol and water extract stock 

solutions with 2 mg/mL concentrations were obtained (Kartal, 2015). 

Half maximal inhibitory concentration (IC50) indicates how much of a 

particularly inhibitory substance is needed to inhibit biological process by 

half. IC50 values for HepG2 treatment were calculated by Kartal (2015), 

based on cell viability using 0.1 % DMSO containing medium treatment as 

control. In Table 4, IC50 values are given for water and methanol extracts for 

both 48 and 72 hour treatments.  

 

 

Table 4 IC50 values of S. absconditiflora extracts (Kartal, 2015) 
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2.2.2 Cell Culture 

2.2.2.1 Cell Culture Conditions 

HepG2 cells obtained from American Type Cell Culture Collection (ATCC; 

USA) were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) 

supplemented with 10 % fetal bovine serum (FBS), 1 % 

penicillin‑streptomycin, and 1 % L-glutamine. Formulation of DMEM 

medium is shown in Table 5. Cells were incubated at 37°C with 5 % carbon 

dioxide (CO2) in a humidified incubator (Thermo Scientific, USA). MN 090 

Safety Cabinet (NUVE, Turkey) was used for cell culture studies. The 

culture medium was renewed every 2-3 days for suitable growth conditions. 
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Table 5 DMEM medium formulation 

 

 

 

 

2.2.2.2 Cell Thawing  

Before starting, the complete cell culture medium is warmed to 37°C in a 

water bath. Cells frozen in cryotubes were defrosted at 37°C up to 2 minutes 

in water bath after retrieving them from liquid nitrogen. After cells are 

partially thawed, cryotubes and all other necessary instruments were 

sterilized with 70 % ethanol and transferred into a laminar flow cabinet. 
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Thawed cells were slowly diluted using 9 mL of pre-warmed growth 

medium. After careful pipetting to avoid cell clustering, cells were 

transferred to T75 cell culture flask. Newly seeded cells were incubated in a 

CO2 incubator at 37°C. To eliminate DMSO in freezing media, 24 hours 

after incubation, growth medium was changed. Growth medium was 

aspirated, then cells were washed twice with 5 mL of 10 mM Phosphate 

Buffered Saline (PBS) and a new complete medium warmed up to 37°C was 

added. 

2.2.2.3 Subculturing the Cell Lines 

Upon reaching 80 % confluency cells were passaged. Before starting 

passaging, growth medium and trypsin were warmed to 37°C in water bath. 

After warming, they were sterilized with 70 % ethanol and transferred into a 

laminar flow cabinet. Cells were examined under a microscope to observe 

growth and then transferred into a laminar flow cabinet. The old medium 

was removed and then cells were washed with 5 mL of 10 mM PBS 

solution. Following washing, 2 mL of warm trypsin was added and cells 

were placed in a CO2 incubator for 2 to 3 minutes to let trypsin work and 

dissociate cells. Sometimes gentle tapping may be necessary to increase 

efficiency of dissociation. Cells were observed under the microscope for 

detachment. Enzyme activity was stopped by adding 3 mL of pre-warmed 

growth medium for every 1 mL of used trypsin enzyme. The content of T75 

flask was mixed with pipetting to avoid clustering and then divided into 

three. Subsequently, cell suspensions were transferred into new T75 flasks. 

The amount of medium in flask was completed to 10 mL and the culture 

was placed in the CO2 incubator at 37°C. 

2.2.2.4 Cell Freezing 

Cells reaching 80 % confluency can be transferred to cryotubes and frozen 

for use in future studies. The following procedure was used to freeze cells. 
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Initially, growth medium and trypsin were warmed to 37°C in the water 

bath. Then, the growth medium was aspirated and cells were washed with 5 

mL of 10 mM PBS. 2 mL of pre-warmed trypsin was added to a T75 flask 

to induce dissociation. After 3 minutes of incubation at 37°C in the CO2 

incubator cells were taken out and observed under a microscope. To 

deactivate trypsin, 3 mL growth medium was added for every 1 mL of 

trypsin. Next, the mixture was transferred into a 15 mL falcon tube and 

centrifuged at 1000xg for 5 minutes. Supernatant was discarded and cell 

pellet was resuspended in the freezing medium. A Pasteur pipette was used 

to pipette the pellet and avoid cell clustering. HepG2 cell freezing medium 

contains 90 % FBS and 10 % DMSO. The prepared cell suspension was 

divided and transferred to cryotubes. Cryotubes were placed into Mr Frosty 

Freezing Container which contains isopropanol. Mr. Frosty Freezing 

Container is used to provide slow change in temperature during freezing. 

This provides cells with enough time so they can expel water out of the cell 

by help of DMSO. If cells can not expel water before they freeze, crystals 

forming inside would burst cells. Mr. Frosty was immediately placed in the 

-80°C freezer and after a day cryotubes were transferred to a liquid nitrogen 

tank for long term storage. 

2.2.2.5 Viable Cell Counting 

Viable cell counts have been performed before seeding cells for treatment. 

After cells were dissociated with the help of trypsin, 0.5 mL of suspended 

cell solution was transferred to a 1.5 mL Eppendorf tube. Then, cell 

suspension was transferred to another Eppendorf tube and 10x diluted by 

using trypan blue solution (0.25 M). After gently mixing 100 µL of trypan 

blue, cell suspension was applied to hemocytometer. Hemocytometer was 

then transferred under a light microscope and viable cell count was 

performed. Living cells export trypan blue dye out of the cell so they appear 
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uncolored. On the other hand dead cells can not export trypan blue so they 

appear blue in color. 

The hemocytometer (Figure 14) contains 9 squares which are also divided 

into 16 smaller squares (Figure 15). Each 16 corner square has a length and 

width of 1 mm. The depth under coverslip is 0.1 mm. Considering these 

dimensions, the volume of cell suspension in each 16 corner square is 

1x10−4 mL. Cell counts are performed on 16 corner squares and the average 

of counts is taken. The count of cells in each 16 corner square gives us the 

amount of cells in 1x10−4 mL suspension. To find the amount of cells in 1 

mL of cell suspension, this number must be corrected for initial dilution and 

multiplied by 10−4. 

 

Cell density (Cells/mL) = Average Cell Counted per square x Dilution 

Factor x 10−4 

 

 

 

 

Figure 14 Hemocytometer 
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Figure 15 Hemocytometer counting grid 

 

 

2.2.3 Total RNA Isolation 

2.2.3.1 Treatment of HepG2 Cells 

Cells growing in a T75 flask were trypsinized and cell count was performed 

on cell suspension. Cells were seeded into 60x15 mm tissue culture dishes at 

a density of 25x104 cells/ mL with a total volume of 5 mL. After 24-hour 

incubation, the medium was aspirated and cells were washed with PBS. 

Cells were treated with methanol and water extracts at their corresponding 

IC50 concentrations. Two incubation periods were used, 48 and 72-hour, 

each having its own IC50 value (Kartal, 2015). Thus, 4 samples were treated 

with different IC50 concentrations and 2 controls were treated with a 

complete medium containing 0.1 % DMSO. Cells were incubated 48 or 72 

hours at 37ºC in a CO2 incubator with respect to their IC50 values. 
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2.2.3.2 RNA Isolation 

RNA isolation was performed by using GeneJET RNA Purification Kit 

according to protocol described by the manufacturer. The medium was 

aspirated and cells were rinsed with PBS. Cells were trypsinized and then 

enzyme was stopped by adding growth medium. Cell suspension was 

transferred to 15 mL falcon tubes and centrifuged at 1000xg for 5 minutes. 

Supernatant was discarded and cells were resuspended in PBS. Suspension 

was centrifuged and supernatant was discarded. 600 µL of Lysis Buffer 

supplemented with β-mercaptoethanol was added to pelleted cells. After 

adding Lysis Buffer, cells were resuspended by pipetting and vortexing. 

Then 360 µL of ethanol (96-100 %) was added by pipetting. 700 µL of cell 

lysate was transferred to GeneJET RNA Purification Column inserted in a 

collection tube. Column was centrifuged at 12000 × g for 1 minute. The 

flow-through was discarded and the remaining lysate was transferred into 

the column in the same manner. After centrifuging all of lysate, the column 

was transferred into a new 2 mL collection tube. 700 µL of Wash Buffer 1 

was added to the column and centrifuged at 12000 × g for 1 minute. The 

flow-through was removed and the column was placed into the same 

collection tube. The second wash was performed with 600 µL of Wash 

Buffer 2. After centrifuging at 12000 × g for 1 minute, the column was 

transferred to a new collection tube. Final wash was performed by adding 

250 µL of wash Buffer 2 and centrifuging the column at 12000 × g for 2 

minutes. Collection tube containing flow-through solution was discarded 

and the column was transferred to 1.5 mL RNase-free microcentrifuge tube. 

100 µL of nuclease-free water was added to the center of the column and it 

was centrifuged at 12000 × g. Flow-through containing total RNA was 

taken to -80ºC storage for downstream use and the column was transferred 

to a new collection tube. Any remaining RNA was eluted second time with 

50 µL of nuclease-free water. 
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2.2.3.3 Determination of RNA Concentration and Quality 

Quality control and quantification of isolated RNA was carried out by using 

NanoDrop™ 2000 spectrophotometer. Concentration of isolated RNA was 

calculated by measuring the absorbance at 260 nm. Calculation of 

concentration is carried out by the device. Also, measurements were taken 

to obtain OD260/OD280 and OD260/OD230 ratios, while PCR grade water was 

used as a blank. Pure RNA samples must have an OD260/OD280 ratio of 

approximately ~2.0. Very low OD260/OD280 ratio indicates protein and 

phenol contamination. OD260/OD280 ratio of ~1.8 is characteristic of DNA 

because Thymine in DNA has a lower absorbance at 260nm compared to 

Uracil in RNA. Pure RNA samples must have OD260/OD230 ratio in the 

range of 2.0-2.2. Low OD260/OD230 ratio can be caused by contaminants 

such as phenolate ion, thiocyanates, and other organic compounds that 

absorb light at 230nm wavelength. 

2.2.4 cDNA Synthesis 

cDNA was synthesized from isolated total RNA by the reverse transcription 

process using iScrip cDNA Synthesis Kit. One μg of total RNA isolated 

from HepG2 cell line was used as template. The volume of template RNA 

was calculated based on a measured concentration of each sample. 

Calculated volume of 1 μg total RNA was added to PCR tube and 

completed to 15 μL with PCR grade water. Then, 4 μL of 5x iScript reaction 

mix was added to PCR tube. iScript reaction mix contains a blend of 

oligo(dT) and random hexamer primers. Finally, 1 μL iScript reverse 

transcriptase was added to the tube. The solution was gently mixed and spun 

down by microfuge. PCR tubes were placed into the thermal cycler and 

incubated for 5 minutes at 25°C, 30 minutes at 42°C and 5 minutes at 85°C. 

After samples were taken out of the thermal cycler they were stored at -

20°C for use in downstream applications. 
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2.2.5 Real-Time Polymerase Chain Reaction (qRT-PCR) 

The effects of S. absconditiflora water and methanol extracts on gene 

expressions was analyzed by using CFX Connect™ Real-Time PCR 

Detection System and SsoAdvanced Universal SYBR Green Supermix. 

Three primer sets loaded to different microplates were used, each containing 

88 primers targeted for a specific panel of genes and 8 for housekeeping 

genes (20 µL per well, 10 µM concentration). Primers were diluted as 

shown in Figure 16. 

 

 

 

 

Figure 16 Diluting primer microplates (realtimeprimers.com) 
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Twenty µL of molecular biology grade water was added to each well by 

pipetting, to dissolve primers. Then, 1 µL of primer was transferred to a new 

96 well microplate containing 19 µL of molecular grade water. This plate 

was used as a working primer plate, which was later used to prepare PCR 

reactions. The final concentration of primers in working plates was at 0.5 

µM. Figure 16 shows how to perform serial dilutions. The prepared working 

primer plates were sealed with adhesive plate film and stored at -20ºC. 

PCR reaction mixture in each well was prepared containing 2.5 µL SYBR 

Green Master mix, 1.5 µL of fifteen times diluted cDNA and 1 µL primer 

mix (0.5µM). In order to reduce pipetting mistakes SYBR Green mix and 

cDNA were mixed together before distribution to wells. 250 µL SYBR 

Green Master mix and 150 µL of diluted cDNA were thoroughly mixed 

inside an Eppendorf tube. The prepared solution was vortexed and spun 

down. The solution containing SYBR Green and cDNA was then distributed 

to 96-Well PCR Plates (Bio-Rad Laboratories, USA) (4 µL/well). After, 

PCR plates and a thawing primer plate were centrifuged together at 500xg 

for 3 minutes. Then, 1 µL of primer was added to each well in PCR plate. 

The plate was centrifuged at 500xg for 3 minutes and then placed in Real-

Time PCR Detection System. Cycling protocol used for qRT-PCR is 

displayed in Table 6. qRT-PCR reactions were done in triplicates and the 

average of results were used in calculations. 
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Table 6 qRT-PCR cycling conditions 

 

 

 

 

2.2.6 Reactive Oxygen Species (ROS) Assay 

Cellular level of ROS was measured by using 2,7-dichlorofluorescein 

diacetate (DCFDA). DCFDA is de-esterified intracellularly and turns to 

highly fluorescent 2′,7′-dichlorofluorescein (DCF) upon oxidation. Both 

compounds are shown in Figure 17 (Rosenkranz et al., 1992). 

 

 

      

 

Figure 17 2,7-dichlorofluorescein diacetate (on left) and 

2′,7′‑dichlorofluorescein (on right) 
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Cells (104 cells per/well) were seeded in a 96-well black flat bottom plate 

and allowed to stabilize for 24 hours before the treatment. After 24 hours, 

cells were aspirated and subsequently washed with 200 µL of PBS. Cells 

were treated with complete medium containing S. absconditiflora water and 

methanol extracts according to IC50 values and incubated for 48 and 72 

hours. Control cells were incubated with complete medium containing 1 % 

DMSO. 96-well plate representation of ROS assay is shown in Table 7. 

After treatment (48 and 72 hours) medium containing S. absconditiflora 

extracts was aspirated and cells were washed twice with PBS. Then, 

DCFDA dissolved in complete culture medium was added to each well. 

DCFDA solubility in water is very low so to prepare DCFDA complete 

medium, DCFDA is dissolved in Dimethyl sulfoxide (DMSO) in a 

concentration of 2.5 mM. The obtained solution is diluted 100 times with 

complete cell culture medium to obtain final DCFDA concentration of 25 

µM. After adding DCFDA, the plate was incubated for 30 minutes at 37ºC. 

Following incubation, the medium containing DCFDA was discarded and 

200 µL PBS was added to each well. Fluorescence intensity was measured 

by using FLUOstar OPTIMA Microplate Reader at excitation and emission 

wavelengths of 485 and 530 nm, respectively. 200 µL of PBS was added to 

wells without cells to measure blanks. All of the experiment was carried in 

triplicate with complete biological replicates. 
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Table 7 96-well plate representation of ROS assay. (DC: DMSO Control 

treatment, TW: Total Water extract treatment, TM: Total Methanol extract 

treatment) 

 

. 1 2 3 4 5 6 7 8 9 10 11 12 

A DC48 DC48 DC48 DC48 DC48 Blank Blank Blank         

B TW48 TW48 TW48 TW48 TW48 Blank Blank Blank         

C TM48 TM48 TM48 TM48 TM48 Blank Blank Blank         

D                         

E                         

F DC72 DC72 DC72 DC72 DC72 Blank Blank Blank         

G TW72 TW72 TW72 TW72 TW72 Blank Blank Blank         

H TM72 TM72 TM72 TM72 TM72 Blank Blank Blank         

 

 

 

Percentage of ROS generation was calculated according to formula below: 

 

ROS %   =    
( 𝐹485/530𝑠𝑎𝑚𝑝𝑙𝑒− 𝐹485/530𝑠𝑎𝑚𝑝𝑙𝑒 𝑏𝑙𝑎𝑛𝑘)

(𝐹485/530𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐹485/530𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑏𝑙𝑎𝑛𝑘)
  x 100 

 

 

2.2.7  Statistical Analysis 

GraphPad Prism Version 6 statistical software package was used to perform 

statistical analysis. Results were presented as means ± standard deviation 

(SD). Unpaired, two-tailed student’s t test was used and p<0.05 was chosen 

as the level for significance. 
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CHAPTER 3 

 

 

 

RESULTS 

 

 

 

 

3.1 Total RNA Concentration and Purity 

In order to synthesize cDNA, concentration of total RNA samples was 

measured beforehand. Also OD260/OD230 and OD260/OD280 ratios were 

determined to assess quality of isolated RNA. Only isolated RNA samples 

with OD260/OD230 ratio of approximately ~2.0 were selected to be used for 

synthesis of cDNA. All isolated RNA samples selected for cDNA synthesis 

had OD260/OD230 ratio in the range of 2.0-2.2. Purity and concentration of 

isolated total RNA samples is illustrated in Table 8. 

 

 

Table 8 RNA Purity and Concentration 

 

Treatment 
Incubation 

(hour) 

RNA 
concentration 

(ng/µL) 
OD260/OD230 OD260/OD280 

DMSO 
(control) 

48 1450.6 2.12 2.01 

72 1545.8 2.18 2.00 

Water 
48 2035.7 2.02 2.03 

72 1472.2 2.16 2.02 

Methanol 
48 708.4 2.03 2.03 

72 605 2.03 2.03 
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3.2 Gene Expression Analysis Using Pathway Panels in HepG2 Cell 

Line 

The effects of Salvia treatment on the gene expression in HepG2 cell line 

was determined using qRT-PCR. Cycle threshold (Ct) values were used to 

calculate fold changes in gene expression due to treatment. The Ct value is 

the cycle number at which the fluorescent signal of the reporter dye crosses 

an arbitrarily placed threshold. The amount of amplification in the reaction 

is inversely related to the numerical value of the Ct. The method used to 

obtain Ct value can show variation between different qRT-PCR software 

products. For this reason, obtained Ct values should be normalized against 

internal control genes to be meaningful indicators. The fold changes in gene 

expression were calculated by using comparative Ct method. The equation 

shown below was used to calculate fold changes: 

 

ΔΔCt = [(Ct gene of interest - Ct internal control) treatment sample- (Ct 

gene of interest - Ct internal control) control sample] 

 

Fold Change due to treatment = 2𝑎𝑏𝑠(𝛥𝛥𝐶𝑡) x 
𝑎𝑏𝑠(𝛥𝛥𝐶𝑡)

−𝛥𝛥𝐶𝑡
 

 

abs: absolute value 

 

Fold changes were expressed as minus (-) and plus (+) numbers. Minus 

meaning decrease in gene expression at the amount of absolute value of the 

number, and the plus sign meaning increase in gene expression at the 

amount of absolute value of the number. 
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3.2.1 Effects of Salvia Extracts on mRNA Expression of Phase I and 

Phase II Drug Metabolism Enzymes 

mRNA expression of phase I and phase II Drug metabolizing enzymes was 

analyzed in HepG2 cell treated with water and methanol extracts of Salvia 

for a duration of 72 hours. 

3.2.1.1 Effects of Salvia Extracts on mRNA Expression of Phase I Drug 

Metabolism Enzymes 

Table 9 shows the fold changes in expression of phase I drug metabolism 

enzymes due to treatment with Salvia extracts compared to DMSO control. 

ACTB gene was used as internal control. 

3.2.1.2 Effects of Salvia Extracts on mRNA Expression of Phase II Drug 

Metabolism Enzymes 

Table 10 shows the fold changes in expression of phase II drug metabolism 

enzymes due to treatment with Salvia extracts compared to DMSO control. 

GAPDH gene was used as internal control. 
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Table 9 Fold changes in phase I gene expression due to Salvia treatment 

(water and methanol extracts) 
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Table 10 Fold changes in phase II gene expression due to Salvia treatment 

(water and methanol extracts) 
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3.2.2 Effects of Salvia Extracts on Expression of Genes Associated with 

Apoptosis after 48 and 72 hour Treatments 

Expression of genes associated with apoptosis was analyzed in HepG2 cell 

treated with water and methanol extracts of Salvia. Two different exposure 

times were used, 48 and 72 hours, to investigate both long term and short 

term effects of Salvia extracts on apoptosis. 

3.2.2.1 Effects of Salvia Extracts on Expression of Genes Associated 

with Apoptosis after 48 hour Treatment 

Table 11 shows the fold changes in expression of genes associated with 

apoptosis due to 48 hour treatment with Salvia extracts compared to DMSO 

control. ACTB gene was used as internal control. 

3.2.2.2 Effects of Salvia Extracts on Expression of Genes Associated 

with Apoptosis after 72 hour Treatment 

Table 12 shows the fold changes in expression of genes associated with 

apoptosis due to 72 hour treatment with Salvia extracts compared to DMSO 

control. ACTB gene was used as internal control. 
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Table 11 Fold changes in expression of genes associated with apoptosis due 

to 48 hour Salvia treatment (water and methanol extracts) 
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Table 12 Fold changes in expression of genes associated with apoptosis due 

to 72 hour Salvia treatment (water and methanol extracts) 
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3.3 Effects of Salvia Extracts on Cellular ROS Production 

The production of ROS was examined using DCF-DA by florometric 

analysis. DCF-DA is converted to DCF in presence of ROS. Quantification 

of ROS production was done by measuring DCF florescence after exposing 

samples to DCF-DA. Figure 18 shows ROS levels after 48 hour treatment. 

In comparison with DMSO control, both water and methanol extract 

treatments increased ROS level in HepG2 cells. ROS generation was 167 % 

for 48 hour treatment with water extract of Salvia. ROS generation for 

control cells was considered as 100 %. ROS generation was 254 % for 48 

hour treatment with methanol extract of Salvia.  
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Figure 18 Comparison of ROS production between DMSO control (DC), 

water (TW) and methanol (TM) treated HepG2 cells after 48 hour treatment. 
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Error bars indicate ± SD. Graph represents data of three independent 

experiments. *** P≤0.001 

Figure 19 shows ROS levels after 72 hour treatment. In comparison with 

DMSO control, both water and methanol extract treatments increased ROS 

level in HepG2 cells. ROS generation was 234 % for 72 hour treatment with 

water extract of Salvia. ROS generation for control cells was considered as 

100 %. ROS generation was 244 % for 72 hour treatment with methanol 

extract of Salvia. Increase in ROS production for all Salvia extracts was 

statistically significant. 
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Figure 19 Comparison of ROS production between DMSO control (DC), 

water (TW) and methanol (TM) treated HepG2 cells after 72 hour treatment. 

Error bars indicate ± SD. Graph represents data of three independent 

experiments. **** P≤0.0001 
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CHAPTER 4 

 

 

 

DISCUSSION 

 

 

 

 

S. absconditiflora is used in traditional medicine for the treatment of various 

ailments. Salvia species contain many phytochemicals with high 

pharmacological activity, such as phenols, flavonoids (caffeic acid, 

quercetin and luteolin), triterpenoids, steroids (β-sitosterol, β-amirin) and 

cinnamic derivatives (Benkherara et al., 2015). Studies show that these 

compounds are capable of modulating phase I and phase II enzymes 

(Androutsopoulos et al., 2010; Breinholt et al., 1999; Szaefer et al., 2003). 

Naturally occurring enzyme inducers and inhibitors have the potential to 

alter the metabolism of xenobiotics and ROS generation, and both processes 

are linked to carcinogenesis. Since the liver plays a major role in the 

metabolism of xenobiotics entering the body and the biosynthesis of many 

vital compounds, HepG2 cell line was used in this study. HepG2 cell line is 

characterized as suitable in vitro model for studies of liver metabolism. Two 

different extracts of S. absconditiflora were used, which were aqueous and 

methanol extracts. The effects of water and methanol extracts were 

investigated separately since their chemical composition might be different 

because of solubility of constituents. Some phytochemicals in Salvia 

extracts have limited solubility in water. Therefore, DMSO was used to 

increase solubility of less hydrophilic compounds and facilitate their entry 

into the cell. The final concentration of DMSO in medium used for 

treatment was 0.1 % (v/v). Controls used for this study also, were treated 

with complete medium containing 0.1 % DMSO. Although DMSO at this 
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low concentrations is not cytotoxic, it has been shown to affect gene 

expressions (Czysz et al., 2015; Sumida et al., 2011). DMSO also acts to 

alter the expression of drug metabolizing enzymes (Choi et al., 2009; 

Wilkening & Bader, 2004). For these reasons, it is crucial to use DMSO 

control to negate the effects on gene expression caused by DMSO. 

The results of pathway panels demonstrated a strong effect of Salvia 

extracts on expression of phase I and phase II drug metabolism enzymes. 

Findings reveal that changes in expression of each Cytochrome P450 

(CYPs) enzymes in response to Salvia treatment seem to vary. Expression 

of CYP1A1, CYP24A1, CYP26C1, CYP4A22, CYP2S1, CYP3A43 and 

CYP7A1 enzymes was upregulated in response to both methanol and water 

extracts. Of those enzymes, expressions of CYP1A1, CYP24A1, CYP2S1 

and CYP26C1 were upregulated more due to methanol extracts, compared 

to water extracts. This may be from the presence of a higher content of 

constituents such as flavonoids and phenols in the ethanol in comparison to 

their content in the water extract. Expression of CYP1A2, CYP21A2, 

CYP26B1, CYP2A13, CYP2C9, CYP2E1 and CYP4F8 enzymes was 

downregulated in response to both methanol and water extracts. In 

consistency with upregulated CYP enzymes, expression of downregulated 

CYP enzymes were higher in methanol extracts compared to water. 

CYP11A1 expression was downregulated only in water and there was no 

significant change in response to methanol extract. In contrast, CYP26A1 

expression was upregulated in water extracts and downregulated in 

methanol. Overall changes in expression of CYP enzymes was consistent 

between methanol and water extracts with a few exceptions.  

Contrary to changes in expression of phase I enzymes, changes in 

expression of phase II enzymes was more uniform. Expression of most 

phase II enzymes was downregulated. Considering that conjugation 

reactions play an important role in the detoxification of xenobiotics, this 
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may seriously impede detoxification and lead to accumulation of toxins in 

the body. 

In order to further investigate the effects on xenobiotic metabolism, Web 

based Kyoto Encyclopedia of Genes and Genomes (KEGG) software was 

used for analyzing the results of pathway panels. Figure 20 shows how 

chemical carcinogenesis of aromatic amines and aromatic hydrocarbons is 

affected by treatment. Enzymes involved in the metabolism of aromatic 

amines were downregulated by water extract treatment. The effects were not 

as sharp for methanol treatment (shown in Appendix B). Downregulation of 

CYP1A2 and NATs slow down formation of DNA adducts and ROS 

production. On the other hand, expression of CYPs involved in the 

metabolism of aromatic hydrocarbons was upregulated while expression of 

GSTs was downregulated. Upregulation of CYPs increase formation of 

mutagenic secondary metabolites. While decreased expression of GSTs 

cause accumulation of mutagenic metabolites thus result in increased 

cytotoxicity. This was observed for both water and methanol extracts. In 

consistence with previous observations, increase in CYP expression due to 

methanol extract was higher compared to water extract. Figure 21 shows 

changes in the metabolism of olefins and paraffins/ethers due to water 

extract treatment. Expression of enzymes involved in the formation of 

carcinogenic metabolites was reduced with treatment. In the case of 

trichloroethylene, enzymes involved in metabolism and excretion are 

upregulated while enzymes involved in formation of carcinogenic secondary 

metabolites are downregulated. This would facilitate more readily removal 

of compound from system and reduce carcinogen effects. 
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In this study our major aim is to see how metabolism of drugs in the liver is 

affected by Salvia extracts. As we have mentioned before most of the drugs 

were consumed together with herbal teas. Analysis of drug metabolism 

pathways was performed using KEGG Pathway database. We choose 

chemotherapeutic drugs. Our results showed that, metabolism of several 

drugs used for cancer treatment was modified by Salvia extracts. Changes in 

the metabolism of fluorouracil is shown in Figure 22. Fluorouracil is a 

cancer drug administered by injection into a vein. It is a uracil analogue 

which mainly acts as an inhibitor of thymidylate synthase. This in turn 

prevents synthesis of deoxythymidine monophosphate, leading to inhibition 

of DNA synthesis. Apart from interfering with DNA synthesis, fluorouracil 

is also incorporated into all newly synthesized RNA, causing a variety of 

cytotoxic effects (Kubota et al., 2002). Because of their rapid division, these 

cytotoxic effects have a higher impact on cancer cells (Longley et al., 2003). 

Fluorouracil is internalized by the cell using the same pathways as Uracil, 

after which it is converted into cytotoxic metabolites fluorodeoxyuridine 

monophosphate and fluorouridine triphosphate.  
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Figure 22 Changes in expression of enzymes involved in the metabolism of 

fluorouracil after treatment with water extract of Salvia. Fold changes in 

gene expression of enzymes involved is indicated with appropriate colors. 

(1.3.1.2) - DPYD; (3.1.1.1) -CES 1. (KEGG Pathway database) 

 

 

The rate limiting enzyme for fluorouracil is dihydropyrimidine 

dehydrogenase (DPYD). Up to 90% of fluorouracil in circulation is 

metabolized in the liver, where DPYD enzyme is richly expressed (Milano 

& Etienne1994). The expression of DPYD has decreases after treatment 

with water extract of Salvia. This would increase potential toxic effects of 

the drug by slowing down its removal from the body while accumulating 

cytotoxic secondary metabolites. Dose adjustment is very important when 

dealing with fluorouracil because there is a very narrow gap between the 

dose at which it is effective and at which it is fatal (Felici et al., 2002). 

Because of difficulties in calculating exact dosage, majority of patients are 

underdosed, leading to suboptimal treatment or overdosed leading to 

excessive toxicity (Capitain et al., 2012). Overall, fluorouracil has low 

bioavailability because it is rapidly metabolized by DPYD. So it is used in 

combination with enzyme inhibitors to increase its effectiveness. 
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Fluorouracil administered in the form of prodrug Capecitabine is modified 

by carboxylesterase 1 (CES1) and then converted to its active form. 

Expression of CES1 enzyme is downregulated due to Salvia treatment. 

Overall, these effects impede the metabolism of fluorouracil. Thus 

increasing the bioavailability of the drug, making it necessary to adjust the 

most effective dose at which it must be administered. 

Irinotecan is another drug used to treat cancer patients. Like fluorouracil, 

irinotecan is administered in inactive prodrug form which is then activated 

by CES1 enzyme activity (Drummond et al., 2006). The activated form of 

irinotecan, SN-38, can be up to a thousand fold more potent than its prodrug 

form. Irinotecan is an analogue of camptothecin, a cytotoxic alkaloid 

obtained from the Chinese medicinal tree Camptotheca acuminate (Sharma 

& Sharma, 2016). SN-38 prevents DNA from unwinding by inhibiting 

activity of topoisomerase I. This action blocks access of enzymes to DNA, 

thus disrupting both DNA replication and transcription. These effects 

impact cancer cells most but there are also severe side effects to irinotecan 

(Tsai et al., 2011). Changes in expression of enzymes involved in 

metabolism of irinotecan is illustrated in Figure 23. 
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Figure 23 Changes in expression of enzymes involved in metabolism of 

irinotecan after treatment with water extract of Salvia. Fold changes in gene 

expression of enzymes involved is indicated with appropriate colors. 

(3.1.1.1) –CES 1; (2.4.1.17) –UGT; (3.2.1.31) –GUSB. (KEGG Pathway 

database) 

 

 

SN-38 is inactivated by UDP glucuronosyltransferases (UGTs). Salvia 

extracts decrease expression of UGTs. This results in increased 

bioavailability of drug, causing more amplified physical effects. Similar 

effects are observed with patients carrying mutated UGT1A1 gene, which 

has low enzyme activity. Appropriate precautions should be taken to 

compensate for decreased enzyme activity. In particular, homozygous 

carriers of mutated UGT1A1 gene are at high risk of neutropenia, and their 

dosage for treatment should be decreased to compensate for higher SN-38 

availability (Etienne-Grimaldi et al., 2015). 
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Figure 24 shows changes in expression of enzymes involved in the 

metabolism of tamoxifen. Tamoxifen is a preventive drug used by patients 

in higher risk group for breast cancer. It is characterized as a selective 

estrogen receptor modulator. Preventive effects of tamoxifen originate from 

its action in mammary tissue as a competitive estrogen inhibitor.  

 

 

 

 

Figure 24 Changes in expression of enzymes involved in the metabolism of 

tamoxifen after treatment with methanol extract of Salvia. Fold changes in 

gene expression of enzymes involved is indicated with appropriate colors. 

(KEGG Pathway database) 

 

 

Tamoxifen itself is a prodrug which is activated by CYPs into its active 

forms N‑desmethyltamoxifen and N-desmethyl-4-hydroxytamoxifen 

(Jordan, 2006). There was a small amount of increase observed in 
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expression of CYP3A4 and CYP2D6. These small changes can not be 

accepted as definite due to limitations of technique. The only significant 

change in gene expression of CYPs involved in tamoxifen metabolism was 

CYP2C9. This was the case for both water and methanol extracts. Studies 

show that, CYP2C9 plays only a minor role in the metabolism of tamoxifen 

and changes in CYP2C9 expression does not affect concentration of active 

metabolites of tamoxifen (Lim et al., 2011). Consequently, treatment with 

Salvia extracts do not affect tamoxifen’s conversion into active secondary 

metabolites. However, deactivation of tamoxifen metabolites through 

conjugation is affected by treatment. UGTs (UGT1A8, UGT1A10 and 

UGT2B7) and SULT1A1 are primary enzymes converting tamoxifen 

metabolites to a form that can be excreted (Cronin-Fenton et al., 2014). 

Expression of SULT1A1 decreased up to 7 fold due to methanol extract 

treatment, but there was no significant change due to water extract 

treatment. Also expression of UGT1A10 and UGT2B7 was downregulated 

up to three-fold in response to treatment with water extract, but there was no 

significant change in expression due to methanol treatment. Expression of 

UGT1A8 also did not show any significant changes. Decrease in expression 

of phase II enzymes would lead to the accumulation of active metabolites, 

thus increasing drug bioavailability. However these effects would be very 

mild because of redundancy in the number of enzymes involved. 

The metabolism of cyclophosphamide and ifosfamide is illustrated in Figure 

25. They are both chemotherapy drugs used to treat a wide range of cancers, 

also used to suppress the immune system in patients with autoimmune 

diseases. Cyclophosphamide is highly toxic and generally used for short 

periods, intermittently with less toxic drugs (Hall & Tilby, 1992). The main 

active metabolite of cyclophosphamide is phosphamide mustard. 

Phosphamide mustard forms both interstrand and intrastrand cross-links on 

DNA, preventing transcription and translation.  
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Figure 25 Changes in expression of enzymes involved in the metabolism of 

cyclophosphamide and ifosfamide after treatment with methanol extract of 

Salvia. Fold changes in gene expression of enzymes involved is indicated 

with appropriate colors. (1.1.1.1) -ADH; (1.2.1.5) -ADLH, (2.5.1.18) - GST. 

(KEGG Pathway database) 

 

 

Tissues expressing aldehyde dehydrogenase (ADLH) and alcohol 

dehydrogenase (ADH) enzymes in high concentrations are relatively less 

affected by these toxic effects. ADLH and ADH converts aldophosphamide 

to alcophosphamide and carboxyphosphamide, which are less toxic in 

comparison to phosphamide mustard (Emadi et al., 2009). The expression of 

both ADLH and ADH increased in response to Salvia extracts. This 

negatively impacts formation of phosphamide mustard metabolite, 

decreasing overall toxicity of drug but also therapeutic value. Increased 

expression of ADLH and ADH also decreases formation of another toxic 

metabolite acrolein. Cyclophosphamide is converted to 4-

hydroxycyclophosphamide with the assistance of CYP2B6, CYP3A4 and 
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CYP2C. CYP3A4 is also involved in the formation of cytotoxic metabolite 

chloroacetaldehyde. Acrolein and chloroacetaldehyde are two of the major 

causes of renal failure during chemotherapy (Aleksa et al., 2004). Treatment 

with Salvia extracts did not cause any changes in expression of CYP2B6 

and CYP3A4, but expression of CYP2C9 was downregulated more than 100 

fold for both methanol and water extracts. This would funnel increased 

amounts of prodrug through CYP3A4 pathway, thus causing an upsurge in 

chloroacetaldehyde formation. Ifosfamide is a synthetic analog of 

cyclophosphamide. Toxic metabolites acrolein and chloroacetaldehyde are 

also produced during ifosfamide metabolism, often leading to renal failure. 

In contrast to cyclophosphamide, three enzymes are involved in the 

formation of chloroacetaldehyde during ifosfamide metabolism. Decrease in 

CYP2C9 expression would cause more amplified effect here resulting in the 

production of excess toxic metabolites. These results indicate the complex 

effects of Salvia extracts on cyclophosphamide and ifosfamide metabolism, 

which can potentially impact formation of several cytotoxic metabolites. 

This is a serious implication, considering dose sensitivity and high toxicity 

of both drugs. 

Analysis of changes in metabolism pathways in response to Saliva extracts 

have revealed important ramifications for metabolism of carcinogens and 

drugs involved in cancer therapy. Salvia extracts alter expression of key 

enzymes involved in the metabolism of carcinogens. Extracts also 

demonstrated ability to affect potency and effectiveness of co-administered 

drugs. 

Growth inhibitory effects of S. absconditiflora extracts on HepG2 cells were 

shown previously (Kartal, 2015). On this premise, pathway analysis of 

apoptosis was performed to investigate the mechanism behind growth 

inhibition. qRT-PCR was performed using apoptosis panel containing genes 
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associated with apoptosis. Results are given in Figure 26 which shows 

changes in expression of TNFs and TNFRs. 

 

 

 

 

Figure 26 Fold changes in expression of ligands and related receptors. Fold 

changes in gene expression of enzymes involved is indicated with 

appropriate colors. (KEGG Pathway database) 
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As shown in the figure, expression of investigated TNFs and the receptors 

which they are associated with were downregulated due to Salvia treatment 

with the exception of TNFSF7 and TNFSF9. 

Apoptosis pathway analysis was performed using KEGG databae. Changes 

in expression of genes associated with apoptosis after treatment with water 

extract is illustrated in Figure 27. Expression of CASP6, CASP7 and 

CASP10 was significantly downregulated and no significant increase was 

observed in expression of other caspases. This would indicate that apoptosis 

using caspase executioners was not responsible for growth inhibition ability 

of Salvia extracts. Also, expression of other genes associated with apoptosis 

was downregulated in small quantities. Downregulation of apoptotic genes 

was also observed after 48 hour treatment with Salvia extracts. 

Pro-apoptotic genes were also downregulated after treatment with methanol 

extract. The analysis of methanol treatment is illustrated in Figure 28. After 

treatment with both extracts, expression of pro-survival genes BCL-2 and 

BCL-2 related gene A1 was downregulated. BCL-2 is known to have a 

hindering effect on apoptosis, but also have been shown to control necrosis 

(Galluzzi & Kroemer, 2008). Another anti-apoptosis gene, CAD, an 

inhibitor of DNA fragmentation enzyme, was also downregulated. Relying 

on these results we can infer that even though apoptotic processes in HepG2 

cells was downregulated, there must be another mechanism of cell death 

occurring. Death-associated protein kinase 1 and 2 expressions were also 

upregulated; this reaffirms our previous statement. 
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Moreover, significant increase was observed in the expression of BRE gene. 

Recent studies show BRE as an important suppressor of apoptosis (Chui et 

al., 2014; Qing et al., 2004). It has been revealed as the main cause of 

chemotherapy resistance in lung cancer cells by inhibiting caspase-mediated 

apoptosis pathway (Li et al., 2016). Controlled necrosis has been 

demonstrated to occur in cells resistant to normal apoptosis pathways 

(Golstein & Kroemer, 2005). Thus inhibition of caspase-mediated apoptosis 

by BRE upregulation may force cells to go through necrosis pathway. 

Likewise, expression of BNIP3 was also upregulated significantly in 

response to Salvia treatment. This is also characteristic of controlled 

necrosis. BNIP3 has been shown to induce cell death which was 

characterized as necrotic due to downregulation of caspase activity, loss in 

membrane integrity and formation of mitochondrial permeability transition 

pore (Vande Velde et al., 2000). 

Formation of mitochondrial permeability transition pore protein on 

mitochondrial membrane increases mitochondrial permeability, thus 

allowing more readily molecule exchange with cytosol. With mitochondria 

being the main site of ROS generation, increased membrane permeability 

results in elevated ROS levels in cell. This can be further supported by 

results of ROS assay. Treatments with Salvia extracts yielded increased 

ROS production for all samples. ROS production increased 67 %, 154 %, 

134 % and 144 % due to 48 hour water, 48 hour methanol, 72 hour water 

and 72 hour methanol treatment respectively. Increased ROS levels are 

particularly deleterious to cells treated with Salvia extracts because of the 

decreased expression of GSTs. GSTs are important for cell’s resistance to 

ROS. Inhibition of GST activity results in the death of cells which ROS 

production was induced in (Veal et al., 2002). 

The decrease in the expression of key genes involved in apoptosis and 

upregulation of genes associated with necrosis and cell death leads to a 
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conclusion that, inhibition of cell proliferation due to Salvia treatment is 

most probably achieved by inducing controlled necrosis in HepG2 cells. 
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CHAPTER 5 

 

 

 

CONCLUSION 

 

 

 

 

Salvia species are known for their therapeutic properties throughout the 

world. S. absconditiflora is a commonly found plant in Turkey, used for its 

therapeutic ability by local people. Plants often have a chance of being 

consumed together with prescribed drugs. This makes it important to learn 

the effects of S. absconditiflora extracts on drug metabolism, and how it 

affects the metabolism of other drugs and their therapeutic ability when 

consumed together. Results have shown that S. absconditiflora extracts can 

alter bioavailability and therapeutic value of several drugs used for 

chemotherapy treatment. S. absconditiflora extracts not only alter 

therapeutic value, but also impacts the rate of formation for several 

cytotoxic secondary metabolites formed as a result of metabolism of these 

drugs. These findings indicate the complex effects on drug metabolism, with 

serious implication, considering dose sensitivity and high toxicity of 

chemotherapy drugs. Overdosing and underdosing during chemotherapy are 

both common problems for cancer treatment.  

Impact on the expression of metabolic enzymes was similar in both 

methanol and water extracts, but overall stronger effects were observed with 

methanol extracts. Expression of CYP enzymes was higher for methanol 

extracts compared to water. Both water and methanol extracts downregulate 

the expression of phase II enzymes. Considering that conjugation reactions 

play an important role in the detoxification of xenobiotics, this may 

seriously impede detoxification and lead to accumulation of toxins in the 

body. 
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Also S. absconditiflora extracts showed ability to modify expression of key 

enzymes involved in the metabolism of carcinogens. It inhibits the 

metabolism of aromatic amines, decreasing the formation of DNA adducts 

and ROS production due to their metabolism. However, formation and 

subsequent accumulation of mutagenic secondary metabolites increased in 

the metabolism of aromatic hydrocarbons. On the other hand, formation of 

carcinogenic metabolites during olefins and paraffins/ethers metabolisms 

reduced with treatment. 

After investigation of genes associated with apoptosis, it is clear that, the 

ability of S. absconditiflora to inhibit cell growth is not mediated by 

apoptosis. Expression of genes associated with apoptosis were 

downregulated significantly. Based on previous knowledge on cancer cells 

we can conclude that there is inhibition of caspase mediated apoptosis, 

which forces cells under stress down the path of controlled necrosis. 

In summary, necrosis was identified as the mechanism behind the growth 

inhibitory ability of S. absconditiflora extracts. It also increases ROS 

production in these cells. The present study demonstrates that S. 

absconditiflora has profound effects on drug metabolism and its 

consumption would not be advised together with prescribed drugs. 
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The University Palacký, Olomouc, Czechoslovakia, 154(2), 103-116. 

 

Jordan, V. C. (2006). Tamoxifen (ICI46,474) as a targeted therapy to treat 

and prevent breast cancer. British Journal of Pharmacology, 147(1), 

269-276. 

 

Kartal, I. D. (2015). Antioxidant properties of Salvia absconditiflora extracts 

and their effects on phase I and phase II gene expressions in HEPG2 

cell line. Ph.D. Thesis. Middle East Technical University, Ankara 

Turkey. 

 

Kawakami, H., Ohtsuki, S., Kamiie, J., Suzuki, T., Abe, T., & Terakari, T. 

(2011). Simultaneous absolute quantification of 11 cytochrome P450 

isoforms in human liver microsomes by liquid chromatography tandem 

mass spectrometry with in silico target peptide selection. Journal of 

Pharmaceutical Sciences, 100(1), 341-352. 

 

Kawamura, A., Graham, J., Mushtaq, A., Sim, E., Tsiftsoglou, S., Vath, G., 

Hannah, P., & Wagner, C. (2005). Eukaryotic arylamine N-

acetyltransferase investigation of substrate specificity by high-

throughput screening. Biochemical Pharmacology, 69(2), 347-359. 

 

King, C. D., Rios, G. R., Green, M. D., & Tephly, T. R. (2000). UDP-

glucuronosyltransferases. Current Drug Metabolism, 1(2), 143-161. 

 

Klaassen, C., & Boles, J. (1997). Sulfation and sulfotransferases .5. The 

importance of 3'-phosphoadenosine 5'-phosphosulfate (PAPS) in the 

regulation of sulfation. Faseb Journal, 11(6), 404-418. 

 

Kubota, T., Watanabe, M., Otani, Y., Kitajima, M., & Fukushiuma, M. 

(2002). Different pathways of 5-fluorouracil metabolism after 

continuous venous or bolus injection in patients with colon carcinoma: 

Possible predictive value of thymidylate synthetase mRNA and 

ribonucleotide reductase for 5-fluorouracil sensitivity. Anticancer 

Research, 22(6), 3537-3540. 

 



89 

 

Kukongviriyapan, V., Phromsopha, N., Tassaneeyakul, W., 

Kukongviriyapan, U., Sripa, B., Bhudhisawasdi, V., & 

Hahnvajanawong, V. (2006). Inhibitory effects of polyphenolic 

compounds on human arylamine N-acetyltransferase 1 and 2. 

Xenobiotica, 36(1), 15-28. 

 

Lakehal, F., Wendum, D., Barbu, V., Becquemont, L., Poupon, R., Balladur, 

P., Hannoun, L., Ballet, F., Beaune, P., & Housset, C. (1999). Phase I 

and phase II drug-metabolizing enzymes are expressed and 

heterogeneously distributed in the biliary epithelium. Hepatology 

(Baltimore, Md.), 30(6), 1498-1506. 

 

Landi, S. (2000). Mammalian class theta GST and differential susceptibility 

to carcinogens: a review. Mutation Research-Reviews In Mutation 

Research, 463(3), 247-283. 

 

Lee, C., Goldstein, J., & Pieper, J. (2002). Cytochrome P4502C9 

polymorphisms: a comprehensive review of the in-vitro and human 

data. Pharmacogenetics, 12(3), 251-263. 

 

Li, Y., Qi, K., Zu, L., Wang, M., Wang, Y., & Zhou, Q. (2016). Anti-

apoptotic brain and reproductive organ-expressed proteins enhance 

cisplatin resistance in lung cancer cells via the protein kinase B 

signaling pathway. Thoracic Cancer, 7(2), 190-198. 

 

Lim, J. L., Chen, X. A., Singh, O., Yap, Y. S., Ng, R. H., Wong, N. S., 

Wong, M., Lee, E.J., & Chowbay, B. (2011). Impact of CYP2D6, 

CYP3A5, CYP2C9 and CYP2C19 polymorphisms on tamoxifen 

pharmacokinetics in Asian breast cancer patients. British Journal of 

Clinical Pharmacology, 71(5), 737-750. 

 

Lima, C. F., Azevedo, M. F., Araujo, R., Fernandes-Ferreira, M., & Pereira-

Wilson, C. (2006). Metformin-like effect of Salvia officinalis (common 

sage): is it useful in diabetes prevention. The British Journal of 

Nutrition, 96(2), 326-333. 

 

Lin, J. G., Chen, G. W., Su, C. C., Hung, C. F., Yang, C. C., Lee, J. H., & 

Chung, J. G. (2002). Effects of garlic components diallyl sulfide and 



90 

 

diallyl disulfide on arylamine N-acetyltransferase activity and 2-

aminofluorene-DNA adducts in human promyelocytic leukemia cells. 

The American Journal of Chinese Medicine, 30(2), 315-325 

 

Longley, D. B., Harkin, D. P., & Johnston, P. G. (2003). 5-Fluorouracil: 

mechanisms of action and clinical strategies. Nature Reviews Cancer, 

3(5), 330-338. 

 

Mackenzie, P., Rogers, A., Treloar, J., Jorgensen, B., Miners, J., & Meech, 

R. (2008). Identification of UDP glycosyltransferase 3A1 as a UDP N- 

acetylglucosaminyltransferase. Journal of Biological Chemistry, 

283(52), 36205-36210. 

 

Manna, S., Aggarwal, B., Zhang, H., Yan, T., & Oberley, L. (1998). 

Overexpression of manganese superoxide dismutase suppresses tumor 

necrosis factor-induced apoptosis and activation of nuclear 

transcription factor-κB and activated protein-1. Journal of Biological 

Chemistry, 273(21), 13245-13254. 

 

Marchitti, S. A., Brocker, C., Stagos, D., & Vasiliou, V. (2008). Non-P450 

aldehyde oxidizing enzymes: the aldehyde dehydrogenase superfamily. 

Expert Opinion on Drug Metabolism & Toxicology, 4(6), 697-720. 

 

Matés, J. M., & Sánchez-Jiménez, F. M. (2000). Role of reactive oxygen 

species in apoptosis: implications for cancer therapy. The International 

Journal of Biochemistry & Cell Biology, 32(2), 157-170. 

 

Milano, G., & Etienne, M. (1994). Dihydropyrimidine dehydrogenase 

(DPD) and clinical-pharmacology of 5-fluorouracil. Anticancer 

Research, 14(6), 2295-2297. 

 

Miners, J. O., & Birkett, D. J. (1998). Cytochrome P4502C9: an enzyme of 

major importance in human drug metabolism. British Journal of 

Clinical Pharmacology, 45(6), 525-538. 

 

Murray, G. I., Melvin, W. T., Greenlee, W. F., & Burke, M. D. (2001). 

Regulation, function, and tissue-specific expression of cytochrome 



91 

 

P450 CYP1B1. Annual Review of Pharmacology and Toxicology, 

41(1), 297-316. 

 

Musonda, C., & Chipman, J. (1998). Quercetin inhibits hydrogen peroxide 

(H2O2)-induced NF-κB DNA binding activity and DNA damage in 

HepG2 cells. Carcinogenesis, 19(9), 1583-1589. 

 

Mutschler, E., Gilfrich, H., Knauf, H., Mörke, W., & Völger, K. (1983). 

Pharmacokinetics of triamterene. Clinical and Experimental 

Hypertension, 5(2), 249-269. 

 

Nebert, D. W., & Russell, D. W. (2002). Clinical importance of the 

cytochromes P450. The Lancet, 360(9340), 1155-1162. 

 

Nebert, D. W., Dalton, T. P., Okey, A. B., & Gonzalez, F. J. (2004). Role of 

aryl hydrocarbon receptor-mediated induction of the CYP1 enzymes in 

environmental toxicity and cancer. The Journal of Biological 

Chemistry, 279(23), 23847-23850. 

 

Nelson, D. R., Zeldin, D. C., Hoffman, S. G., Maltais, L. J., Wain, H. M., & 

Nebert, D. W. (2004). Comparison of cytochrome P450 (CYP) genes 

from the mouse and human genomes, including nomenclature 

recommendations for genes, pseudogenes and alternative-splice 

variants. Pharmacogenetics, 14(1), 1-18. 

 

Nicoli, R., Bartolini, M., Rudaz, S., Andrisano, V., & Veuthey, J. (2008). 

Development of immobilized enzyme reactors based on human 

recombinant cytochrome P450 enzymes for phase I drug metabolism 

studies. Journal of Chromatography A, 1206(1), 2-10. 

 

Nolin, T., Appiah, K., Kendrick, S., Le, P., McMonagle, E., & Himmelfarb, 

J. (2006). Hemodialysis acutely improves hepatic CYP3A4 metabolic 

activity. Journal of The American Society of Nephrology, 17(9), 2363-

2367. 

 

 



92 

 

Norlin, M. (2000). Cytochrome P450 Enzymes in the Metabolism of 

Cholesterol and Cholesterol Derivatives. Comprehensive Summaries of 

Uppsala Dissertations from the Faculty of Pharmacy, 241. 

 

Omura, T., & Sato, R. (1964). The carbon monoxide-binding pigment of 

liver microsomes. Evidence for its hemoprotein nature. The Journal of 

Biological Chemistry, 239(7), 2370-2378. 

 

Ouyang, L., Shi, Z., Zhao, S., Wang, F., Zhou, T., Liu, B., & Bao, J. (2012). 

Programmed cell death pathways in cancer: a review of apoptosis, 

autophagy and programmed necrosis. Cell Proliferation, 45(6), 487-

498. 

 

Pelkonen, O., Turpeinen, M., Hakkola, J., Honkakoski, P., Hukkanen, J., & 

Raunio, H. (2008). Inhibition and induction of human cytochrome 

P450 enzymes: current status. Archives of Toxicology, 82(10), 667-

715. 

 

Polat, R., & Satil, F. (2012). An ethnobotanical survey of medicinal plants 

in Edremit Gulf (Balikesir - Turkey). Journal of Ethnopharmacology, 

139(2), 626-641. 

 

Qing, L., Ching, A. K., Chan, B. C., Chow, S. K., Pak-Leong, L., Ho, T. C., 

Ip, W.K., Wong C.K., Lam, C.W., Lee, K., Chan, J.Y., & Chui, Y.L. 

(2004). A Death Receptor-associated Anti-apoptotic Protein, BRE, 

Inhibits Mitochondrial Apoptotic Pathway. Journal of Biological 

Chemistry, 279(50), 52106-52116. 

 

Rigoulet, M., Yoboue, E. D., & Devin, A. (2011). Mitochondrial ROS 

generation and its regulation: mechanisms involved in H(2)O(2) 

signaling. Antioxidants & Redox Signaling, 14(3), 459-468. 

 

Rosenkranz, A., Schmaldienst, S., Stuhlmeier, K., Chen, W., Knapp, W., & 

Zlabinger, G. (1992). A microplate assay for the detection of oxidative 

products using 2′,7′-dichlorofluorescin-diacetate. Journal of 

Immunological Methods, 156(1), 39-45. 

 



93 

 

Sahoo, S., Haraldsdóttir, H. S., Fleming, R. T., & Thiele, I. (2015). 

Modeling the effects of commonly used drugs on human metabolism. 

FEBS Journal, 282(2), 297-317. 

 

Salimikia, I., Aryanpour, M., Bahramsoltani, R., Abdollahi, M., 

Abdolghaffari, A., Samadi, N., & Monsef-Esfahani, H. (2016). 

Phytochemical and wound healing effects of methanolic extract of 

Salvia multicaulis Vahl. in rat. Journal of Medicinal Plants, 15(57), 38-

46. 

 

Salleh, N. M., Ismail, S., & Halim, M. A. (2016). Effects of Curcuma 

xanthorrhiza Extracts and Their Constituents on Phase II Drug-

metabolizing Enzymes Activity. Pharmacognosy Research, 8(4), 309-

315. 

 

Schults, M. A., Timmermans, L., Godschalk, R. W., Theys, J., Wouters, B. 

G., van Schooten, F. J., & Chiu, R. K. (2010). Diminished carcinogen 

detoxification is a novel mechanism for hypoxia-inducible factor 1-

mediated genetic instability. The Journal of Biological Chemistry, 

285(19), 14558-14564. 

 

Šemeláková, M., Jendželovský, R., & Fedoročko, P. (2016). Drug 

membrane transporters and CYP3A4 are affected by hypericin, 

hyperforin or aristoforin in colon adenocarcinoma cells. Biomedicine 

& Pharmacotherapy, 81(1), 38-47. 

 

Sharma, S., & Sharma, M. C. (2016). Original article: Development and 

validation of Spectrophotometric method and TLC Densitometric 

Determination of Irinotecan HCl in pharmaceutical dosage forms. 

Arabian Journal of Chemistry, 9(2), 1368-1372. 

 

Sherratt, P., Pulford, D., Harrison, D., Green, T., & Hayes, J. (1997). 

Evidence that human class Theta glutathione S-transferase T1-1 can 

catalyse the activation of dichloromethane, a liver and lung carcinogen 

in the mouse: Comparison of the tissue distribution of GST t1-l with 

that of classes alpha, Mu and Pi GST in human. Biochemical Journal, 

326(3), 837-846. 

 

 



94 

 

Sim, E., Walters, K., & Boukouvala, S. (2008). Arylamine N-

acetyltransferases: From Structure to Function. Drug Metabolism 

Reviews, 40(3), 479-510. 

 

Sreetama, C., Sayan, G., Sudeshna, M., Payal, G., Saurav, B., Arghya, A., & 

Sreya, C. (2016). Pomegranate protects against arsenic-induced p53-

dependent ROS-mediated inflammation and apoptosis in liver cells. 

Journal of Nutritional Biochemistry, 38(1), 25-40. 

 

Steller, H. (1995). Mechanisms and Genes of Cellular Suicide. Science, 

267(5203). 1445-1449. 

 

Stiborová, M., Martínek, V., Rýdlová, H., Koblas, T., & Hodek, P. (2005). 

Expression of cytochrome P450 1A1 and its contribution to oxidation 

of a potential human carcinogen 1-phenylazo-2-naphthol (Sudan I) in 

human livers. Cancer Letters, 220(2), 145-154. 

 

Sumida, K., Igarashi, Y., Toritsuka, N., Matsushita, T., Abe-Tomizawa, K., 

Aoki, M., Urushidani, T., Yamada, H., & Ohno, Y. (2011). Effects of 

DMSO on gene expression in human and rat hepatocytes. Human & 

Experimental Toxicology, 30(10), 1701–9. 

 

Szaefer, H., Jodynis-Liebert, J., Cichocki, M., Matuszewska, A., & Baer-

Dubowska, W. (2003). Effect of naturally occurring plant phenolics on 

the induction of drug metabolizing enzymes by o-toluidine. 

Toxicology, 186(1), 67-77. 

 

Tan, N., Sen, B., Satana, D., Uzun, M., Tan, E., Altan, H., & Demirci, B. 

(2016). Antimycobacterial and antifungal activities of selected four 

Salvia species. Records of Natural Products, 10(5), 593-603. 

 

Taskinen, J., Pihlavisto, P., Ethell, B., Hood, A., Burchell, B., & Coughtrie, 

M. (2003). Conjugation of catechols by recombinant human 

sulfotransferases, UDP-glucuronosyltransferases, and soluble catechol 

O-methyltransferase: Structure-conjugation relationships and 

predictive models. Drug Metabolism And Disposition, 31(9), 1187-

1197. 

 



95 

 

Tepe, B., Daferera, D., Sokmen, A., Sokmen, M., & Polissiou, M. (2005). 

Antimicrobial and antioxidant activities of the essential oil and various 

extracts of Salvia tomentosa Miller (Lamiaceae). Food Chemistry, 

90(3), 333-340. 

 

Tessitore, L., Marengo, B., Vance, D., Papotti, M., Mussa, A., Daidone, M., 

& Costa, A. (2003). Expression of phosphatidylethanolamine N-

methyltransferase in human hepatocellular carcinomas. Oncology, 

65(2), 152-158. 

 

Tsai, C., Park, J. W., & Chen, L. (2011). Nanovector-based therapies in 

advanced pancreatic cancer. Journal of Gastrointestinal Oncology, 2(3), 

185-194. 

 

Ueda, R., Iketaki, H., Nagata, K., Kimura, S., Gonzalez, F. J., Kusano, K., 

Yoshimura, T., & Yamazoe, Y. (2006). A common regulatory region 

functions bidirectionally in transcriptional activation of the human 

CYP1A1 and CYP1A2 genes. Molecular Pharmacology, 69(6), 1924-

1930. 

 

Van Bladeren, P. (2000). Glutathione conjugation as a bioactivation 

reaction. Chemico-Biological Interactions, 129(1), 61-76. 

 

Vande Velde, C., Cizeau, J., Dubik, D., Alimonti, J., Brown, T., Israels, S., 

Hakem, R., & Greenberg, A. H. (2000). BNIP3 and genetic control of 

necrosis-like cell death through the mitochondrial permeability 

transition pore. Molecular And Cellular Biology, 20(15), 5454-5468. 

 

Veal, E., Toone, W., Jones, N., & Morgan, B. (2002). Distinct roles for 

glutathione S-transferases in the oxidative stress response in 

Schizosaccharomyces pombe. Journal of Biological Chemistry, 

277(38), 35523-35531. 

 

Wajant, H. (2002). The Fas Signaling Pathway: More Than a Paradigm. 

Science, 296(5573), 1635-1636. 

 

 



96 

 

Walker, J., & Sytsma, K. (2007). Staminal evolution in the genus Salvia 

(Lamiaceae): Molecular phylogenetic evidence for multiple origins of 

the staminal lever. Annals of Botany, 100(2), 375-391. 

 

Wang, B., Yang, L., Zhang, X., Huang, S., Bartlam, M., & Zhou, S. (2009). 

New insights into the structural characteristics and functional relevance 

of the human cytochrome P450 2D6 enzyme. Drug Metabolism 

Reviews, 41(4), 573-643. 

 

Wang, X., Luo, X., Xiao, J., Zhai, M., Yuan, Y., Zhu, Y., Crews, P., Yuan, 

C., & Wu, Q. (2014). Pyrone derivatives from the endophytic fungus 

Alternaria tenuissima SP-07 of Chinese herbal medicine Salvia 

przewalskii. Fitoterapia, 99, 184-190. 

 

Webster, K. A. (2012). Mitochondrial membrane permeabilization and cell 

death during myocardial infarction: roles of calcium and reactive 

oxygen species. Future Cardiology, 8(6), 863-884. 

 

Weinshilboum, R. M., Otterness, D. M., Aksoy, I. A., Wood, T. C., Her, C., 

& Raftogianis, R. B. (1997). Sulfation and sulfotransferases 1: 

Sulfotransferase molecular biology: cDNAs and genes. FASEB 

Journal: Official Publication of The Federation of American Societies 

For Experimental Biology, 11(1), 3-14. 

 

Wells, P., Kim, P., Mackenzie, P., Gregory, P., Hansen, A., Ishii, Y., 

Kessler, F., Kim, P., Chowdhury, N., & Ritter, J. (2004). 

Glucuronidation and the UDP-glucuronosyltransferases in health and 

disease. Drug Metabolism And Disposition, 32(3), 281-290. 

 

Wilkening S. & Bader A. (2004). Differential regulation of CYP3A4 and 

CYP3A7 by dimethylsulfoxide in primary human hepatocytes. Basic 

Clin Pharmacol Toxico, 95(2), 92–93. 

 

Xavier, C. P., & Pereira-Wilson, C. (2016). Medicinal plants of the genuses 

Salvia and Hypericum are sources of anticolon cancer compounds: 

Effects on PI3K/Akt and MAP kinases pathways. Pharmanutrition, 

4(2), 112-122. 

 



97 

 

Yang, J., Liu, X., Bhalla, K., Kim, C. N., Ibrado, A. M., Cai, J., Peng, T.I., 

Jones, D.P., & Wang, X. (1997). Prevention of Apoptosis by Bcl-2: 

Release of Cytochrome c from Mitochondria Blocked. Science, 

275(5303), 1129-1132. 

 

Yoshinari, K., Ueda, R., Kusano, K., Yoshimura, T., Nagata, K., & 

Yamazoe, Y. (2008). Omeprazole transactivates human CYP1A1 and 

CYP1A2 expression through the common regulatory region containing 

multiple xenobiotic-responsive elements. Biochemical Pharmacology, 

76(1), 139-145. 

 

Zhang, J., Xie, X., Yang, S., Wang, J., & He, C. (2010). Nicotinamide N-

methyltransferase protein expression in renal cell cancer. Journal of 

Zhejiang University - Science B, 11(2), 136. 

 

Zanger, U. M., & Schwab, M. (2013). Cytochrome P450 enzymes in drug 

metabolism: Regulation of gene expression, enzyme activities, and 

impact of genetic variation. Pharmacology And Therapeutics, 138(1), 

103-141. 

 

 



98 

 

 

  



99 

 

APPENDICES 
 

 

 

APPENDIX A 

 

 

 

GENE EXPRESSION ANALYSIS IN HEPG2 CELL LINE 

 

 

 

 

 
 

Figure A.1 Melting curve of BCL-2 

 

 

 

 

Figure A.2 Melting curve of TNF 
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Figure A.3 Melting curve of CASP10 

 

 

  
 

Figure A.4 Melting curve of ADH7 
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Figure A.5 Melting curve of CYP3A4 

 

 

 

 

Figure A.6 Melting curve of UGT1A8 
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