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Abstract	  

Cisplatin (CP) is an anticancer drug that kills tumor cells by interfering 

with DNA replication. One of the main obstacles limiting its use is intrinsic or 

acquired resistance development. Reactive oxygen species (ROS) have a 

known role in cancer cell apoptosis upon CP treatment. An excessive increase 

in ROS generation leads to other modes of cell death such as necrosis. 

Microsomal Cytochrome P450 2E1(CYP2E1), known for its ROS generation 

upon CP treatment, might be a mechanistic link to hepatotoxicity and 

nephrotoxicity associated with CP exposure. The increase of metabolically 

active microsomal CYP2E1 enzyme could generate more ROS with CP that 

also might be exploited to sensitize resistant cancer cells to CP. Therefore, the 

aim of this study was to evaluate the role of microsomal CYP2E1 on cancer 

cells exhibiting resistance to CP. Thus, the main hypothesis was that 

microsomal CYP2E1 sensitizes CP-resistant extrahepatic and hepatic cancer 

cells by generating ROS upon treatment with CP. Materials and Methods: 

Two extrahepatic cancer cell lines, A2780/R and MOR/R, and the hepatic Hep 

G2 cell line, which are resistant to CP, were transfected with microsomal 

CYP2E1 cDNA and treated with CP. High performance liquid chromatography 

(HPLC) was used to measure the metabolic activity of microsomal CYP2E1 

using chlorzoxazone (CHZ) hydroxylation as an index reaction. Fluorescence 

activated cell sorting (FACS) measured ROS in transfected cells. The 

microculture tetrazolium viability assay (MTT assay) was used to evaluate the 
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effect of CP treatment with different concentrations on transfected cell death. 

Results: An increase in CYP2E1 mRNA expression occurred in all transfected 

cells. However, no CYP2E1 metabolic activity was detected in extrahepatic 

cells when compared to microsomal CYP2E1-transfected Hep G2 cells. There 

were no significant changes in cell viability among Hep G2 cells transfected 

with microsomal CYP2E1 when compared to controls. In conclusion, despite 

an increase in ROS with exposure to CP in Hep G2 cells transfected with 

CYP2E1, the cells tolerated the changes in ROS and did not demonstrate any 

change in CP sensitivity. Extrahepatic CP-resistant cancer cells lack some 

essential cellular biology to support active microsomal CYP2E1 

overexpression. 
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ANOVA Analysis of variance 
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BSA Bovine serum albumin 
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Cleavage furrow The indentation of the cell's surface that begins the progression of cleavage, by which animal and 
some algal cells undergo cytokinesis 

CP Cisplatin, a cytotoxic drug, platinum based structure 

Ct  Threshold cycle, used in qPCR, as the number of cycles required for the fluorescent signal to 
cross the threshold (ie exceeds background level). 

CYP2E1 P450, family 2, subfamily E, polypeptide 1 

Cys Cysteine 

Cyt b5 Cytochrome b5 

Cytokinesis The process in which the cytoplasm of a single eukaryotic cell is divided to form two daughter 
cells 

Cytotoxic agent A substance that kills cells, including cancer cells. These agents may stop cancer cells from 
dividing and growing, and may cause tumors to shrink in size 

DCF Fluorescent DCF (2',7'-dichlorofluorescein) 

DCFH-DA 2′-7′-Dichlorodihydrofluorescein diacetate 

DDC Diethyldithiocarbamate is an organosulfur compounds, used as an index inhibitor of CYP2E1 

Dysregulation Impairment of a physiological regulatory mechanism 

ED Effective dose 

Epigenetics The study of cellular and physiological trait variations that are not caused by changes in the DNA 
sequence 

FACS Fluorescence activated cell sorting 

FAD Flavin adenine dinucleotide 

FBS Fetal bovine serum 

FMN Flavin mononucleotide 

Fold change A measure describing how much a quantity changes based on multiplicative increment going from 
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an initial to a final value. 

G418 Selective antibiotic similar in structure to gentamicin B1, that blocks polypeptide synthesis in both 
prokaryotic and eukaryotic cells 

GAPDH Glyceraldehyde 3-phosphate dehydrogenase  

Gene silencing the ability of a cell to prevent the expression of a certain gene 

GFP Green fluorescent protein 

Gpx Glutathione peroxidase 

GSH Glutathione 

Gsts Glutathione S-transferases 

H(2)DC Dihydrodichlorofluorescein 

HPLC High pressure liquid chromatography 

IC50  The concentration of a cytotoxic agent  at which target cells are inhibited by 50% 

Invasion The movement of one cell type into a territory normally occupied by a different cell type, 

Kbp Kilo base pairs = 1,000 bp 

Kinetochore The protein structure on chromatids where the spindle fibers attach during cell division to pull 
sister chromatids apart. 

Methylation A chemical reaction in which a small molecule called a methyl group is added to other molecules. 
Microsome A small particle in the cytoplasm of a cell, typically consisting of fragmented endoplasmic 

reticulum to which ribosomes are attached. 
Mitosis The process by which a single parent cell divides to make two new daughter cells. Each daughter 

cell receives a complete set of chromosomes from the parent cell. 
mM millimolar 

MONr Monooxygenation reaction 

MTT Microculture tetrazolium viability 

Mutation A permanent change of the nucleotide sequence of the genome of an organism, virus, or 
extrachromosomal DNA or other genetic elements. 

NADPH Nicotinamide adenine dinucleotide phosphate 

Necroptosis  Programmed form of necrosis, or inflammatory cell death 

Necrosis  Cell injury that results in the premature death of cells in living tissue by autolysiso, not following 
the apoptotic signal transduction pathway 

NSAIDS Nonsteroidal anti-inflammatory drugs 
PBS Phosphate Buffered Saline 

PCR polymerase chain reaction  
PKM2 Pyruvate kinase M2 
POR Oxidoreductase 
PVDF Polyvinylidene difluoride 
Radiotherapy The use of high-energy radiation from x-rays, gamma rays, neutrons, protons, and other sources to 

kill cancer cells and shrink tumors. 
RNAi RNA interference is a biological process in which RNA molecules inhibit gene expression, 

typically by causing the destruction of specific mRNA molecule 
ROS Reactive oxygen species 

Scr. vector Scrambled vector 

Sensitize Cells become more susceptible to a toxic agent effect 
SOD Superoxide dismutase 
Synergistic The interaction of two or more drugs when their combined effect is greater than the sum of the 

effects when each is given alone 
Telophase Telophase is the fifth and final phase of mitosis 

TEMED Tetramethylethylenediamine 
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Therapeutic 
window 

 The range of drug dosages which can treat disease effectively while staying within the safety 
range 

TI Therapeutic index 
TNF Tumor necrosis factors 
Trx Thioredoxin 
Tubulin One of a group of proteins found in high levels in the cell cytoplasm 
Xenobiotic A foreign chemical substance found within an organism that is not naturally produced by or 

expected to be present within that organism 
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1.1 Cancer	  

 Introduction  1.1.1

Cancer is a term for diseases in which abnormal cells divide without 

control and can invade nearby or distant tissues. According to the tissue of 

origin, cancers can be classified into several types. Carcinoma is a type of 

cancer that arises from epithelial cells. Sarcoma is a form that arises from 

connective tissues like bone, cartilage, fat, and muscle. Cancer cells can also 

develop from some vital organs like the brain, kidneys, ovaries, and liver.  

Cancers cells resemble their cells of origin. The grading of cancer cells 

describes how far the cells have differentiated from their counterparts. Poorly 

differentiated cells are cells that are not like their cells of origin. While the 

cells that differentiate are similar to their origin cells, poorly differentiated 

cells, as a general rule, have more mutations and more genetic changes than 

their cells of origin; thus, cancer attributed to their type of cells have poorer 

prognoses when compared to well-differentiated cancer cells. The clinical 

behavior of cancer cells can be attributed to their cells of origin. For example, 

hepatic and extrahepatic tissue cancer cells have many differences that might 

direct how and what appropriate cancer therapy can be administered. In this 

way, the staging system of cancer tumors, related to the size and/or to the 

spread of cancer cells to other parts of the body, has, important clinical value 

for determining the most appropriate treatment plan. 
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Ovarian cancer develops from any part of the ovarian glands. The 

ovarian epithelial cancer that begins in the cells on the surface of the ovary is 

the most common form, followed by the malignant germ-cell tumors that begin 

in the ovary itself (1). According to the American Cancer Society, the 

incidence rate of ovarian cancer among women is near 3%; however, its 

mortality rate is higher than any other cancer of the female reproductive 

system.  

Lung cancer is another extrahepatic cancer that has many types based 

on the cells of origin. Adenocarcinoma is a type of lung cancer that produces 

mucus. The incidence of adenocarcinoma is increasing among women (2). In 

developed countries, lung carcinoma accounts for the highest incidence of 

cancer (3). 

Hepatocellular carcinoma (HCC) arises from aberrant hepatocytes, and 

is the most common type of liver cancer. HCC’s most common form results 

from liver cirrhosis. Alcoholism, hepatitis B, and hepatitis C have a strong 

association with liver cirrhosis; specifically, cytochrome P450 has a role in 

causing alcoholic liver cirrhosis (4, 5).  

The development of cancer in humans can occur through a complex 

sequence of slowly evolving events. Cancer cells obtain mutant alleles of proto-

oncogenes, tumor-suppressor genes, and other genes that control cell division 

(6). Seemingly minor gene dysregulation via mutation, amplification, 

overexpression, or gene silencing may result in loss of local growth control, 

invasion, and metastasis (7). 
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Patients’ survival is improved when cancer is diagnosed early. A more 

advanced stage at diagnosis is associated with increased treatment-related 

morbidities and a worse long-term prognosis.  

 

 Cancer statistics 1.1.2

The cancer incidence has increased for the last two decades. Several 

factors contribute to this, including the aging of the population and factors 

associated with an overall sedentary lifestyle, in addition to environmental 

toxins and tobacco use. In 2012, there were approximately 14.1 million new 

cancer cases, with a death rate > 55% worldwide (8). The principal cause of 

cancer-related death in males is lung cancer, while breast cancer is the leading 

cause of cancer-related death among females.  

In the United States in 2009, the estimate new cancer cases in all body 

sites was 1,479,350 (in approximately 766,130 males and 713,220 females). 

The estimated number of related deaths was 562,340 (9).  

The National Cancer Institute (Surveillance, Epidemiology, and End 

Results [SEER] Program), the Centers for Disease Control and Prevention 

(National Program of Cancer Registries), and the North American Association 

of Central Cancer Registries have reported a nearly 12% increase in the 

incidence of new cancer since 2009, with the projected incidence of new 

cancer cases in 2015 in the USA being 1,658,370, with a near 35% cancer-

related death rate. However, the overall cancer death rate decreased from 215.1 

per 100,000 in 1991 to 168.7 in 2011, a total relative decline of 22% (8).   
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 Cancer chemotherapy overview 1.1.3

The term chemotherapy is generally usedd when cancer drugs are the 

chemotherapy agents. They are also termed antineoplastic agents. The term 

cytotoxic drugs is another accepted name for cancer agents, and will be 

frequently used in this paper. 

Cancer chemotherapy has a wide range of distinct cytotoxic agents. 

These include hormonal, biological, alkylating and antimetabolite agents; plant 

alkaloids; antibiotics; topoisomerase inhibitors; and platinum compounds. The 

role of chemotherapy has increased due to several factors. First, there have 

been improvements in cancer chemotherapy discoveries accompanied by 

successful clinical trials when two or more distinct cancer chemotherapy 

agents have been combined (10). Another important factor is that when other 

cancer treatment modalities, such radiotherapy or surgery, are not feasible or 

are no longer effective, the need for chemotherapy emerges. Moreover, after a 

a course of chemotherapy is complete, patients may require maintenance or 

extended treatment to suppress undetectable residual disease.. With metastatic 

disease, chemotherapy may be a last resort. 

The normal cell life cycle context helps to understand the concept of 

chemotherapy. Both normal and cancer cells undergo a succession of phases to 

form replicate cells. The three principal phases of the cell cycle are: interphase, 

mitosis, and cytokinesis. The interphase can be further divided into three main 

growth subphases: G1, S, and G2. In G1, the first gap in the cell cycle, in 

which cell function and centrosomes will double, is created. At the end of the 
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G1 subphase, DNA starts to duplicate, and the S subphase begins. After DNA 

synthesis, the cell then enters the G2 subphase, where it grows further and then 

starts to divide, proceeding first into the mitosis and then the cytokinesis 

phases. Mitosis involves five subphases: prophase, prometaphase, metaphase, 

anaphase, and telophase. In mitosis, DNA is packaged into chromosomes and 

forms the centromeres, which have kinetochores. The spindle fibers, which are 

made of tubulin comprised of microtubules, bind to the kinetochores and pull 

the chromosomes to split them into two chromatids in the metaphase. In the 

anaphase, the cells start to complete chromatid separation as the cells begin to 

elongate. In the telophase, a cleavage furrow emerges, where the cells start to 

separate. The cells then enter the G0 phase, where they rest for hours to years, 

depending on the type of cell.  

Cytotoxic agents mainly work on actively dividing cells, and some of 

these agents work specifically on a particular cell cycle phase (11). Other types 

of cytotoxic agents do not work specifically on cell cycle phases, but can work 

on cycling or resting in the G0 phase. Examples of nonspecific cytotoxic drugs 

are alkylating and platinum based cytotoxic agents. Both groups are 

nonspecific drug that acts on cells in proliferating as well resting phases during 

cell cycling. 
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 Rationale for cancer chemotherapy treatment  1.1.4

Chemotherapy is mainly used to cure cancer or palliate symptoms, in 

addition to shrinking tumor size to the level where surgical and/or radiological 

intervention will be much more feasible. While radiotherapy and surgery focus 

on localized caner tissue areas, cells may spread in clinically undetectable 

numbers (12). The average number of cancer cells detected by usual diagnostic 

methods is around 109 cells (13). Undetectable cells have a high potential for 

proliferation, leading to failure of the treatment plan. Chemotherapy distributes 

throughout the body, spreading and reaching a wide area as do immunotherapy 

and biological-response modifiers (14). As such, cytotoxic agents can reach the 

cells where other treatments cannot. Patients who have received initial surgery 

or irradiation are often scheduled for maintenance chemotherapy, which is used 

to insure that undetected cells are killed or arrested. 

In some advanced stages of cancer where metastasis has occurred, for 

which radiotherapy and surgery are not indicated, chemotherapy is usually the 

treatment of choice.  

 

 Chemotherapy side effects 1.1.5

Adverse effects of limit the use of chemotherapeutic agents. According 

to the National Cancer Institute (NCI), individuals who undergo chemotherapy 

treatment experience musculoskeletal symptoms in addition to vomiting, 

nausea, constipation, and/or diarrhea. Other serious negative effects on the 
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liver, kidneys, bone marrow, and immune system are considered a major 

drawback to these agents. The incidence of cytotoxic agents’ side effects is 

linked to several factors, such as the dose, the mechanism of the drug’s action, 

and the mode of administration. As a higher dose of cytotoxic agents kills 

cancer cells more efficiently, normal cells are also seriously affected. Platinum 

compounds are one of the agents that cause several side effects at higher doses. 

For instance, CP produces dose-dependent renal toxicity, which indicates a 

need to decrease or discontinue the medication. 

 

 Limitations of using chemotherapy agents versus cost 1.1.6

The side effects of chemotherapy limit the use of cytotoxic agents. The 

need to minimize and manage side effects is always priority for patients and 

their caregivers. Rapidly proliferating cells, such as those of the bone marrow, 

gastrointestinal mucosa, reticuloendethilial system, and gonads, are at higher 

risks for toxicity due to chemotherapeutic agents. Some of these adverse 

effects—such as nephrotoxicity, liver toxicity, and dermatitis—can be life 

threatening.(15). 

Another limitation of cytotoxic agent use is drug resistance. When 

certain types of cancer develop resistance to a particular cytotoxic agent, an 

alternative agent should be considered (16). Resistance to treatment can be 

considered when cancer cells reappear within 6 months of effective initial 

treatment (17).  
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 Chemotherapy resistance may require termination of the use of the 

cytotoxic agent. As a result, there is a continuing need for new treatments. 

With a nearly $1.3 billion cost for a chemotherapy drug to ultimately achieve 

approval, the high cost of newer drugs is ultimately passed on to the health care 

system (18). The average total drugs cost for one year for some particular type 

of cancer is near $120,000 (19). Thus, the cost of finding an approach to 

reverse drug resistance and allow continuing use of such drugs might be less 

than bringing a new drug entity to market. 

CP is a chemotherapy drug that was discovered in the mid-fifties, and it 

was used in a number of forms of cancer, such as ovarian cancer, of which 

more than 70% of patients have CP-based treatment(20). However, ovarian 

cancers cells have developed resistance to CP, which limits its clinical use(21).    
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1.2 Cisplatin	  

 Introduction 1.2.1

Cisplatin [cis-Pt Cl2 (NH3) 2] (CP) is a water-soluble anticancer drug 

containing an inorganic platinum metal that binds to two amine groups and two 

chlorides, and is abbreviated as cDDP or CP (22). To allow CP to react within 

cellular biological systems, a chloride must be replaced with water (see Figure 

1.2.1.1). The hydrolysis of cisplatin in aqueous solution has been investigated 

extensively.  

 

 

Figure 1.2.1.1 Cisplatin chemical structure and its hydrolysis  
A platinum element is linked to two chloride atoms in the cis 
position and two ammonia molecules. The formation of a 
monoaqua results from a single Cl atom replacement with a 
single water molecule, the watered CP complex is essential for 
CP to perform its biological reactions. (23). 

 

CP has been used to treat many kinds of cancers since FDA approval in 

1978. Rosenberg discovered the platinum-based compound by chance in 1965 

while trying to find the potential role of an electrical field on bacterial cell 
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growth(24). Despite the large debate that had been ongoing among oncologists 

regarding the use of large, heavy metals like platinum in treating cancer cells, 

the success of CP in treating disseminated testicular cancer with a 90% cure 

rate brought this compound to the attention of the medical community (25). CP 

started to be evaluated as an adjuvant for some other cancer types such as 

ovarian, head and neck cancers, and others.  CP shares some similarities with 

alkylating agents in mechanism of action.  

 

 Mechanism of CP cytotoxic effect 1.2.2

The biological effect of CP is initiated when a water molecule replaces 

one Cl atom in CP and forming a hydrated CP which has been termed 

monoaqua CP. The fate of hydrated CP, as in Figure 1.2.2.1, varies according 

to the type of biological structures that it might interact with, such as  GST or 

other proteins available in the circulation. In addition the hydrated form, CP 

can be carbonated or phosphated (23). The biological effects of the newly 

formed adducts with CP varies. When a CP nucleotide adduct is formed, 

destructive effects on the DNA structure of the living cells can occur due to the 

chemical interaction with cellular DNA. CP interacts with nucleotides to form 

irreversible DNA–DNA interstrand and intrastrand crosslinks structures that 

destroy cells(26). The chemical properties of platinum atoms make CP more 

balanced when reacting with the N7 of guanine in DNA (27). CP adducts to 

DNA deform the regular DNA structure, interfering with the DNA repair 

process. The high mobility group (HMG)-domain protein HMG1 later binds to 
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DNA adducts. The combination of the protein and a DNA adduct prevents the 

DNA from being repaired (28). Cells treated with CP show no further cell 

cycle progression. The DNA is damaged, forcing the cell to go through 

different biochemical cascades that trigger apoptosis. The necrosis process has 

also been reported when higher doses of CP are used (29). Other mechanisms 

of CP’s destructive effect on cancer cells have been proposed. ROS have been 

widely investigated for their role in the growth of cancer cells (30, 31). CP can 

trigger cancer cell death by forming ROS (32). ROS showed a significant role 

in cancer initiation; however, excessive ROS showed triggering of apoptosis 

(31). Thus, the role of redox systems in ROS, the impact of ROS on CP 

resistance, and CP’s side effects are timely research topics.  

 

 

Figure 1.2.2.1 Cisplatin biological reactions 
This figure was adopted from a previous study by Todd (33), and shows CP reactions 
in addition to aquation (hydration).   
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 CP therapeutic index 1.2.3

The therapeutic window (TW) of a drug reflects the safety profile of 

chemotherapy drugs. TW is quantified as the therapeutic index (TI), which is 

the ratio of the dose that produces toxicity divided by the dose that achieves 

effective clinical results. The  theraputic  index = !"!"
!"!", where TD50 is the toxic 

dose for half of the population, and ED50 is the effective dose for half of the 

population. A drug with a wider therapeutic window (see Figure 1.2.3.1a) 

reflects a more favorable safety profile than one that has a narrower TI (see 

Figure 1.2.3.1b). In general, the chemotherapeutic drug has a narrow TW and 

relatively small TI; therefore, the safety profile of these drugs is less than 

others. 

Some pharmacokinetic properties of cytotoxic drugs unfavorably affect 

their safety profile. For CP, 90% of the circulating drug is protein bound, and is 

primarily excreted by the kidneys. During the first five days of treatment, 

between 27–45% of the drug is excreted. The concentration of CP is fivefold 

greater in the renal epithelium than in the plasma (34). Thus, when CP is 

considered in cancer patients, their renal function must be closely monitored. 

The use of smaller doses of CP, as in any cytotoxic drug, would favorably 

affect the TI. Decreasing the IC50 of the cytotoxic drug by increasing drug 

sensitivity would be an effective way to improve safety while maintaining 

effectiveness.  

CP infusion times in a clinical trial for ovarian cancer patients showed 

CP’s therapeutic index improved when a lower dose of CP was used (35). 
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Different approaches can be used to widen the TI of cytotoxic drugs. 

For example, adjuvant therapy favors the TI by improving the positive clinical 

effects of the cytotoxic drugs either additively or synergistically (36-38). 

 

 

Figure 1.2.3.1 Wide and narrow therapeutic index  
This is schematic graph to explain the therapeutic index: a) shows a wider 
therapeutic index than b).   

 
  

a) b) 
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 Cancer resistance to CP 1.2.4

When cancer cells start to survive chemotherapy treatment, the term 

“chemotherapy resistance” is used. The resistance can be intrinsic, when there 

is no cytotoxicity response with the first exposure. When cancer cells that were 

initially sensitive later are not affected by the cytotoxic agent, “developed 

acquired resistance” leads to an increase in IC50 of the toxic agents. When 

cancer cells are resistant to a particular cytotoxic agent, they may also have 

resistance to other related drugs; this is known as multidrug resistance (14). In 

clinical and laboratory studies, acquired resistance to CP often associated with 

resistance to other agents structurally and mechanistically discrete from CP 

(39).  

Intrinsic and acquired resistances are both timely research topics, aimed 

at overcoming the downside of cytotoxic drugs. The underlying mechanism of 

chemotherapy resistance is not fully established. In the case of CP resistance, a 

kinetic resistance phenomenon has been observed, as in confluence-dependent 

resistance (CDR). This happens in certain types of cancer cells such as 

carcinoma, demonstrating resistance to forms of chemotherapy (40). CDR 

might occur due to accumulation of cancer cells protecting themselves against 

cytotoxic agents and preventing any cellular penetration (41).  The Goldi-

Coldman theory, addresses the genetic instability of cancer cells and dynamic 

changes in their structure the theory suggests the presence of subpopulations of 

resistant and sensitivity phenotypes, along with phenotypes sensitive to a 

particular cytotoxic agent (42).  
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Other factors in chemotherapy resistance are: decreased drug uptake; 

increased drug efflux; an increased level of GSH and increased activity of 

GSH-related enzymes; an increased level of metallothioneins; reduced 

bioavailability of platinum; alterations in nucleotide excision and mismatched 

repair in addition to increased DNA repair capacity and/or increased capacity 

to replicate through adducts; alterations in anti-apoptotic factors (e.g., BCL-2, 

IAPs); alterations in pro-apoptotic factors (e.g., p53, caspases, Fas, BAX, 

BAK); alterations in the MAPK cascade pathway; alterations in the PI3-K/Akt 

signaling pathway; alterations in transcription factors; failure to induce cell 

death; and alterations in cell cycle-related factors (43, 44).  

Moreover, the upregulation of some antioxidant systems upon oxidative 

stress circumvents the disruption of antioxidant systems within cancer cells, 

resulting in resistance toward cytotoxic agents. For example, an increase in 

cellular glutathione is associated with CP-acquired resistance. The exposure of 

human ovarian tumor cell lines to CP led to the development of cell lines that 

exhibited increasing degrees of drug resistance, which were associated with an 

increase in the levels of cellular glutathione (45).  

In the early-1920s, Warburg observed an increase in aerobic glycolysis 

in most cancer cells followed by lactic acid fermentation in the cytosol 

compared to normal cells that utilize low rate of glycolysis, followed by 

oxidation of pyruvate in mitochondria (46). The metabolic shift is apparently 

related to a disturbance in mitochondrial functionality; the increase in ROS 

production in mitochondria leads to alterations in oxidative phosphorylation 
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(OXPHOS). Stimulation of hexokinase II attachment to mitochondrial porin 

due to alterations in the Ras-PI3K-Akt signal transduction pathway can result 

in a metabolic shift (47). The importance of this shift is that the induction of 

the antioxidant NADPH within the cancer cells allows adaptation to oxidative 

stress. In lung cancer, the intracellular metabolic shift to the pentose phosphate 

pathway increases upon acute ROS generation, which reduces the activity of 

the glycolytic enzyme pyruvate kinase M2 (PKM2) by oxidation of Cys (358) 

in the enzyme. This ultimately leads to an increase in the antioxidant NADPH 

(48).  

 

1.3 Reactive	  Oxygen	  Species	  (ROS)	  

 Introduction 1.3.1

Oxidation refers to gaining oxygen or losing hydrogen or electrons, 

whereas reduction indicates the loss of oxygen or acceptance or gaining of 

hydrogen or electrons. Oxidizing agents accept electrons and cause other 

entities to be oxidized; however, the oxidizing agents themselves are reduced 

when they oxidize others. The reverse applies to reducing agents: They donate 

electrons to reduced entities, but they themselves are oxidized. Transferring 

electrons among species is called redox.  

In cellular biology, redox systems have an important role in sustaining 

homeostasis and other biological reactions. The outcome of these reactions can 

create free radical species, an unpaired electron in its outermost orbital. When 
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an oxygen molecule is reduced, free radicals are formed. These species are 

prone to react with other molecules to reach equilibrium (49). The discovery of 

free radicals in the mid-fifties was followed by attempts to understand these 

species and how they form (50). Free radicals may participate in the 

stimulation and activation of guanylate cyclase and the formation of the 

“second messenger” cGMP (51).  

Most free radicals are derivatives of oxygen, after which ROS were 

named. Agents that induce ROS or inhibit antioxidant systems are called 

prooxidants. In addition to oxygen, there are derivatives of nitrogen called 

reactive nitrogen species (RNS). 

 ROS are highly reactive particles by which O2 undergoes reduction. 

ROS is a collective term representing a group of different free radicals or non-

free radicals (H2O2), O3, and HClO. When oxygen reduction takes place, one or 

up to three electrons will be lost; then, reactive intermediates are formed:  

(O2 –), (.OH). 

 O2 +e- → O2¯+e- → H2O2+e- → .OH+e- → H2O 

The principal source of exogenous ROS is ultraviolet light and 

radiation. Endogenous ROS are the byproducts of biochemical reactions within  

cells. The main source of endogenous ROS is the electron transport chain in 

the mitochondria; microsomal monooxygenation; oxidase flavoproteins in 

peroxisomes; and, in plasma membrane lipoxygenases, prostaglandin synthases 

and NADPH oxidase.  
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Hydroxyl radical formation can occur as a byproduct of the Haber–

Weiss reaction and Fenton reaction, which is considered to be the principal 

mechanism by which the highly reactive hydroxyl radical is generated in 

biological systems (52).  

                             Fe3+ + O2
.- à Fe2+ + O2                      (1)  

(Fenton reaction) Fe2+ + H2O2 àFe3+ + OH− + .OH�  (2)  

The net reaction: O2 − + H2O2à O2    + OH−  + .OH’  (3) 

ROS’ half-life varies from milliseconds to minutes. Hydrogen peroxide has one 

of the longest half-lives (up to minutes), while the hydroxyl radical has the 

shortest (milliseconds) (53).  

 

 Antioxidant system 1.3.2

ROS originate mainly from the mitochondrial electron transport chain, 

thus the need to balance the quantity of free radicals to maintain cells’ redox 

homeostasis within normal functional physiological levels.  

An antioxidant can be defined as “any substance that when present at 

low concentrations compared with those of an oxidizable substrate 

significantly prevents or delays the oxidation of that substrate” (54). When an 

antioxidant becomes oxidized, the antioxidant resource must be replaced.  

Antioxidants can be classified into two groups according to their action. 

Enzymatic antioxidants include SOD, catalase, Gpx, and glutathione reductase. 

Nonenzymatic antioxidants can be subclassed into 1) nutrient antioxidants such 
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as β-carotene, α-tocopherol, and ascorbic acid, and 2) metabolic antioxidants 

such as bilirubin, uric acid, ceruloplasmin, ferritin, transferrin, albumin, and 

glutathione. 

Glutathione has protective roles against free radicals associated with 

xenobiotics, and potentially harmful electrophilic agents. Gluthine is a 

tripeptide consisting of cysteine, glutamic acid, and glycine, with sulfhydryl in 

the cysteine. It is synthesized in the liver and distributed ubiquitously. 

Glutathione exists in reduced  (GSH) and oxidized forms (GSSH), with GSH 

more abundant than the GSSH form. The ratio of the two forms is a primary 

determinant of cell sustainability (55). Generated free radicals lead to the 

formation of H2O2, which is considered a GST inducer in plant and mammalian 

cells (56). ROS induction of GST is considered an adaptive response (56). 

Glutathione reacts spontaneously with the help of glutathione 

transferase enzymes (GST) (57). Glutathione transferases (GST) are capable of 

catalyzing the basic reaction in which glutathione is added to an electrophilic 

canter of an acceptor molecule, resulting in a conjugate thioether compound 

(58).  

GSH-associated enzymes involved in GSH metabolism are glutathione 

peroxidase (GSHPx), glutathione reductase (GR), glutathione S-transferase 

(GST), γ-Glutamyltransferase (GGT), γ-Glutamylcysteine synthetase (GCS), 

and glutathione synthetase (GSHS) (44). In mammalian cells, GST has six 

families that exist in dimers (alpha, Mu, Pi, Theta, Zeta, and Omega), having 

the principal function of detoxification of glutathione conjugated with 
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electrophilic structures (59). The GSH to GSSH ratio and the level of some of 

the relevant enzymes are modified in some types of cancer cells, and in some  

cancer cells resistant to anticancer drugs (60, 61). High levels of GSTpi 

attributed to anticancer drug resistance have been detected in some tumors. 

GSTpi enhances drug resistance by direct detoxification and by acting as an 

inhibitor of the MAP kinase pathway (62). 

 

 Oxidative stress 1.3.3

When ROS production (prooxidants) and the counteracting antioxidant 

system are imbalanced, the excess  ROS leads to oxidative stress (63). This 

imbalance, favoring the prooxidant, will produce cellular damage potentially 

affecting the apoptotic system.  

Oxidative stress can contribute to any of the three known forms of cell 

death: apoptosis, necrosis, and necroptosis. Apoptosis, also known as 

programmed cell death, is characterized by a series of morphological and 

biochemical alterations which involve early nuclear collapse, condensation of 

chromatin, generation of nucleosomal ladders, and cell fragmentation, with 

little or no early alteration of lysosomes (64, 65). The earliest hallmark of 

appoptosis is caspase-activated DNase (CAD), an enzyme responsible for 

cleaving DNA into fragments (66). Necrosis is an uncontrolled process 

associated with sudden loss of cellular integrity and extracellular release of 

content, with a possible humoral immune response (67). The third form of 

cellular death is necroptosis, which is a form of necrosis associated with 
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inhibition of the apoptotic pathway. Necroptosis induces TNF superfamily 

members of the “ death receptor” (67). 

All three forms have been described as a direct consequence of ROS 

increase, and are associated with oxidative stress. In addition to its necrotic 

effect on cells, oxidative stress may be associated with TNFα-induced 

necroptosis (68-71). In addition, oxidative stress induces downstream serine-

threonine kinase (RIPK)1 activation (68). 

 

 ROS and cancer 1.3.4

Intracellular ROS concentrations must be regulated for beneficial 

biological effects to occur. When ROS is increased, the cell will undergo 

oxidative stress unless antioxidant systems overcome the increase. Free 

radicals are prone to interact with molecules to achieve stability. Therefore, 

when ROS species exceed the limit of biological value, damage to DNA might 

occur, followed by cascades of cellular signaling and ultimately activation of 

the apoptotic pathway. DNA mutations might also be produced which could 

modify proliferative capacity. As such, ROS may act as cancer initiators.  

On the other hand, an increase in ROS can be advantageous when 

cancer cells undergo death either by the apoptotic or necrotic pathways. 

 ROS and CP 1.3.5

Increased ROS formation due to CP has been described, but the exact 

mechanism for such an increase is still unknown. When an interaction between 
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CP and DNA was evaluated for oxygen free radical formation, an increase in 

free radicals was observed upon CP interaction with DNA (72). The ROS 

increase upon CP treatment might be related to adverse effects such as 

nephrotoxicity and hepatotoxicity.  

1.3.5.1 Nephrotoxicity  

One of the principal dose-dependent side effects of CP treatment is 

nephrotoxicity (73-79), occurring in about one-third of patients who receive CP 

treatment (80). Nephrotoxicity is more likely when CP is used in higher doses 

and over a longer time (81). Several mechanisms have been proposed to 

explain CP nephrotoxicity (82). The cause is not straight forwardly linked to 

the heavy-metal loading, since chelating agents do not prevent CP- related 

nephrotoxicity. Delivering the platinum-containing drug in its trans-iso form 

does not cause nephrotoxicity as CP does (34). A Role of hemodynamics in 

initiating CP-induced nephrotoxicity has also been ruled out (78). Some 

observations suggest a direct role of proximal tubular impairment in initiating 

CP nephrotoxicity (78). Lipid peroxidation is increased by CP, which might be 

directly linked to the development of nephrotoxicity (83). Some data show that 

glutathione S-transferase Pi (GSTP) may have a role in CP-induced 

nephrotoxicity, in that it processes CP-glutathione adducts into nephrotoxic 

compounds (84). Moreover, the CP-Glutathiol adduct showed evidence of a 

direct contribution to nephrotoxicity when the adduct was processed by gamma 

glutamyl transpeptidase (GGT) in the renal tubules (85). 
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CYP2E1 may have a role in CP nephrotoxicity upon ROS formation 

(86). The nephroprotective effect of some substances was evident when 

CYP2E1 monooxygenases’ reaction-induced oxidative stress was mitigated 

(87).  

 

1.3.5.2 Hepatotoxicity  

Hepatotoxicity is another important dose-limiting side effect of CP-

based chemotherapy. The possible association of CP associated hepatotoxicity 

with ROS increases may be related to CYP2E1  expression and activity (88), as 

well as depletion of reduced glutathione (GSH) associated with an increase in  

ROS (88). Administration of riboflavin (vitamin B(2)) as an antioxidant 

mitigated hepatotoxicity in cancer host animals who received CP, consistent 

with a role of hepatocyte damage related to ROS (89). 

CP can cause acute apoptosis by disrupting the antioxidant systems 

within the biological cell environment (90). CP-induced hepatotoxicity was 

augmented when CYP2E1 expression increased in situations in which ROS 

production was involved in oxidative stress (88). 

.  
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1.4 Cytochrome	  P450	  	  

 Introduction 1.4.1

Cytochrome P450 (P450s) is an superfamily of heme-thiolate proteins 

(91). The origin of the word came from the protein’s natural existence within 

the cell; therefore, ‘cyto’ means cell, while and ‘chrome’ and ‘P’ come from 

the heme pigmentation in which these enzymes have heme . The pigmentation 

in P450s, when exposed to CO, is reduced; the reduced P450s absorbs light at a 

wavelength of 450 nm (Soret peak) (92, 93). Nearly 75% of drugs are 

metabolized by the P450 group. There are approximately 57 human P450s; five 

of these are involved in nearly 95% of all metabolic activities (94). A 

systematic nomenclature is used to designate CYPs, The number that comes 

after CYP is an Arabic number that denotes the family (for example, CYP2); 

next comes a letter that represents a subfamily, such as CYP2E, then the last 

Arabic number denotes specific protein isoforms; i.e., CYP2E1 (95, 96). When 

CYP is written in italics, it denotes a gene (96). P450 enzymes are primarily 

expressed in the liver (94).  

P450s do not work alone; they require an electron transport system 

(redox) to assist in oxygen activation and the subsequent substrate 

hydroxylation and electron transfer cycle (Figure 1.4.1.1.).   In general, when a 

substrate binds to ferric cytochrome, a P450 monooxygenation reaction cycle is 

initiated (97). By breaking the O2 bond of the activated oxygen molecule, 

oxygenation of the substrate occurs. The process requires two external electron 
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donors; the first electron is transferred to substrate-bound cytochrome P450, 

which reduces the ferric (Fe+3) heme to a ferrous (Fe+2) form to yield an 

oxygen molecule. Meanwhile, the second electron is given to an oxygenated 

heme, leading to activation of the bound oxygen molecule, and an oxygen atom 

attaches to the substrate (97). 

 

RH (substrate) + O2 + NADPH + H+ 2E-→ ROH (metabolite) + NADP++ H2O 
Figure 1.4.1.1 Stoichiometry of the monooxygenation reaction (MonR) of P450s  
The role that P450s plays in catalyzing the incorporation of only one atom of molecular 
O2 into its substrate while reducing the second into H2O 

 
 
 

 Structural characteristics of membrane-bond P450s 1.4.2

In eukaryotic cells, P450s’s membrane-bound proteins incorporate into 

the endoplasmic reticulum by the N-terminal polypeptide chain. The catalytic 

domain followed by the N-terminal polypeptide chain anchors microsomal 

P450 into the endoplasmic reticulum. The process of anchoring stops at the 

hydrophobic amino acid residues (98-101) (see Figure 1.4.2.1). 

 In mitochondrial P450s, the precursor of P450 is imported into the 

mitochondria, where the mitochondrial P450s is truncated. The proteolytic 

processing of newly synthesized P450 is exclusive to mitochondrial 

microsomes (99). 
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Figure 1.4.2.1 N-terminal of P450s  
This image depicts N-terminal anchoring in similar endoplasmic 
reticulum membrane structures. The role of the N-terminal is to 
immobilize P450s from being displaced to other sites in the cell (102).  
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 P450s electron transport systems 1.4.3

The electron transport systems that yield the two necessary electrons 

for cytochrome P450 can be divided into two main classes based on their 

cellular location and the redox system that is used: the mitochondrial P450 

system, and the liver microsomal P450 system. However, approximately nine 

other classes can also be identified, each of which provides a unique electron 

system (103).  

Class I includes mitochondrial and bacterial P450s, which use two 

separate redox partners consisting of an iron–sulfur protein, ferredoxin and 

adrenodoxin, a flavin-containing reductase, and adrenodoxin reductase (104-

106). Meanwhile, class II P450s includes microsomal P450, which receives 

electrons from a single NADPH-cytochrome P450 oxidoreductase (POR) 

containing FAD and FMN. 

 In microsomal systems, the transfer of electrons from NADPH is 

catalyzed by oxidoreductase, which is part of the diflavin oxidoreductase 

family; it has multi-domain enzymes containing distinct FAD and FMN 

domains that are connected by a flexible hinge with flavin cofactors (107, 108). 

NADH dehydrogenase contains flavin mononucleotide, which can be used to 

reconstitute recombinant P450s as a cofactor (109). In Figure 1.4.3.1, R-H is 

one of a wide ranges of substrates that can interact with P450s heme; as 

mentioned previously, the reaction requires two electrons that can be given by 

two main donors, POR and Cytochrome b5 (Cyt-b5). POR can give both 
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electrons for many P450s monooxygenases reactions. However, in some 

P450s, the second electron can come from another donor.  

Cyt-b5 is an ER-anchored protein with ~134 amino acids. It is 

considered a membrane-bound electron transfer heme, which has an opposite  

effect on P450s. For some P450s, like CYP2B4, Cyt-b5 as a second electron 

donor is much faster than POR (110, 111). Four possible mechanisms have 

been proposed to explain Cyt-b5 activity. The first is direct input of an electron 

into the monooxygenase cycle, which is necessary to activate molecular 

oxygen and is considered a rate-limiting step. The second mechanism could be 

the rate of electron donation by Cyt-b5 when compared to others; this speed is 

needed to prevent an uncoupling reaction during which a superoxide anion can 

be formed instead of the formation of two-electron reduced oxygen. The third 

possible mechanism is the formation of a hemoprotein complex that is 

comprised of P450s and Cyt-b5; this complex will accept the second electron 

for POR. The last possible mechanism is Cyt-b5 enhancing the flow of the 

electrons through the cycle without a direct role in the redox system (111). 



 

 

 

30 

 
Figure 1.4.3.1 Cytochrome P450s monooxygenase reaction cycle 
The P450 cycle starts when RH (Substrate) reacts with Fe3+ and two electron 
donors in step 2 and step 4.   
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 CYP2E1 1.4.4

1.4.4.1 Introduction 

CYP2E1(112) is involved in the metabolism of xenobiotics in the body 

and features high catalytic activity with ethanol (113). Substrates for 

biotransformation by CYP2E1include: ethanol, isopropanol, capsaicin 1,3-

butadiene, methanol, chlorzoxazone, and chloroform, in addition to a number 

of other xenobiotics, (114). 

CYP2E1 is present in the liver, and in extrahepatic tissues (115, 116). 

The liver expresses most of the CYP2E1, which is induced by ethanol, and 

which is localized primarily in the endoplasmic reticulum (117).  

Besides ethanol, some compounds like nicotine may induce CYP2E1 

(118). The possible effect of reducing the degradation of CYP2E1 (protein 

stabilization) has been reported (119).  

An inhibitor for CYP2E1 metabolic activity is N,N- 

diethyldithiocarbamate (DDC), a metabolite of disulfiram. In some studies, 

DDC and some of its derivatives may also have a direct cytotoxic effect on 

some cancer cell lines (120, 121). 

1.4.4.2 CYP2E1 and proteasome complex 

Some investigators have addressed the role of the proteasome complex 

as non-transcriptional regulators of human CYP2E1 in HepG2 cells transfected 

with CYP2E1 cDNA. Human CYP2E1 appears to have a short half-life, and its 

turnover rate can be regulated by substrates in living cells (122). Apparently, 
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intracellular proteolytic systems have a role in the regulation of CYP2E1 (122). 

Ala-Leucinal (PSI) inhibits chymotrypsin-like activity of proteasomes, the only 

inhibitor to influence CYP2E1 degradation. PSI had no direct effect on 

CYP2E1 as a ligand or substrate (123). Ethanol inhibits the proteolytic system, 

such that its apparent CYP2E1 induction effects could be explained by a 

reduced turnover rate of CYP2E1. Ethanol inhibits proteolytic enzyme activity 

upon ROS generation by CYP2E1 (124). Inhibition of the CYPE2E1 

degradation process without a change in CYP2E1 mRNA has also been 

reported (125). 

  

 Platinum based compounds’ effect on CYP450 activity 1.4.5

Since 1969, platinum-based compounds have been known to act against 

cancer cells (126, 127). However, the pharmaceutical industry’s development 

of platinum-based drugs requires balancing of efficacy and safety. This 

includes evaluation of drug interactions. The potential inhibitory effects of 

some platinum-based drugs on P450s have been explored. JM216 is a 

platinum-based drug that can be given orally to inhibit the catalytic activities of 

CYP isozymes (128). Another platinum-based drug is oxaliplatin, whose 

derivatives have inhibitory effects on human liver microsomal CYP3A4 

activity (129). The possible inhibitory effect of platinum-based compounds on 

human drug-metabolizing activity needs more extensive evaluation (130). 
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 CYP2E1, ROS, and CP 1.4.6

Cytochrome P450s may provide a source of catalytic iron (catalyzing 

free radical reactions) related to CP-induced nephrotoxicity (131). ROS play a 

significant role in CP-induced nephrotoxicity; however, the site and 

mechanism of formation are not established (132, 133). CYP2E1 is localized to 

the kidney proximal tubule, and is related to ROS generation (134). Increased 

levels of ROS were linked to the overexpression of CYP2E1 when triggered by 

CP in a hepatocellular carcinoma cell line (134, 135). The results confirm that 

CYP2E1 overexpression potentiates CP cytotoxicity, which in turn might 

involve enhanced production of oxidative stress. 

 

 In vitro studies of CYP2E1 1.4.7

Microsomal and mitochondrial CYP2E1 genes have been used to 

produce transfected hepatocellular cell lines that  overexpress CYP2E1 (136, 

137).  Hep G2 cell models are used for this purpose, since they lose their 

ability to express active CYP2E1 (138, 139). In addition, induction of CYP2E1 

has been observed with long-term exposure to Ethanol for one year.  

CYP2E1 overexpression has been achieved with human CYP2E1 

plasmid-transfected Hep G2 cells (140). These cells show metabolic enzyme 

activity based on the capacity to metabolize chlorzoxazone. This indicates that 

the biological environment within these cells is suitable to allow CYP2E1 

synthesis.   
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For extrahepatic cells, transfection of CYP2E1 has been reported for 

cell lines such as L6 (myoblast), primary rat adipose (PRA) cells, and Chinese 

hamster ovary cells. (141, 142). Moreover, heart tissue-specific CYP2E1 

transgenic mice were produced to study the effects of CYP2E1 overexpression 

in the heart (143).  

The effect of generating ROS via mitochondrial CYP2E1 upon CP 

treatment has also been explored. A new cell line from Hep G2 can 

overexpress mitochondrial CYP2E1; this cell line is different from previously 

established cell lines in that it is an NH2-terminally truncated form of CYP2E1 

that is exclusive to mitochondrial CYP2E1(144). Therefore, the electron 

transfer system used within the cells differs from the microsomal CYP2E1. 

Subsequently an increase in CP toxicity in HEP G2 cells was observed in 

relation to expression of mitochondrial CYP2E1. Glutathione and thioredoxin 

regulate the mode of CP toxicity in mitochondrial CYP2E1 overexpressed Hep 

G2 cells via the redox regulation of caspase (135). 
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1.5 Aims	  and	  Objectives	  

The cost of bringing new anticancer agents to market may exceed the 

cost of finding new approaches to improve the efficacy and safety of existing 

clinically-approved cytotoxic agents. Through the wide use of CP as primary 

or adjuvant chemotherapy, the emergence of resistance has worked against the 

applicability of CP in clinical oncology. If CP resistance could be reversed and 

antineoplastic sensitivity increased, the existing value of CP could be enhanced 

and the therapeutic index widened.  

Therefore, the principal objective of this study is to sensitize cancer 

cells that show resistance to CP, thereby maximizing CP’s clinical value by 

widening its therapeutic index.  

The specific aims are: 

1) To identify cancer cell lines that exhibit resistance to CP treatment using 

cell viability assays.  

2) To overexpress microsomal CYP2E1 enzymes in hepatic and extrahepatic 

cancer cell lines. 

3) To evaluate the ability of CYP2E1 to be overexpressed in cancer cells that 

are resistant to CP.  

4) To assess the inhibitory effect of CP on CYP2E1 activity. 

5) To assess the effect of a CYP2E1 inhibitory agent (DDC) on cell viability. 

6) To evaluate ROS generation upon CP treatment in CYP2E1 overexpressed 

cells. 
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7) To evaluate the effects of generated ROS on CP treatment in CYP2E1 

overexpressed cells.  

8) To reverse the effect of CYP2E1 on cell viability by inhibiting its metabolic 

activity. 
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1.6 Hypotheses	  

Our principal hypothesis states that increasing active microsomal 

CYP2E1 expression and metabolic functions will sensitize CP-resistant cancer 

cells when treated with CP. 

Hepatic cells have the appropriate cellular environment for CYP2E1 to 

actively process its substrates. However, it is not established whether human 

extrahepatic cancer cells, with or without CP, possess the necessary functional 

capacity to produce active microsomal CYP2E1 upon external transfection 

with CYP2E1. Our study hypothesizes that extrinsically CP-resistant 

extrahepatic cancer cells will produce active microsomal CYP2E1 upon non-

truncated CYP2E1 transfection, and that this will enhance CP sensitivity. 

Our study will rule out any potentially confounding inhibitory effect of 

CP on microsomal CYP2E1 activity. We also will investigate the cytotoxic 

effect of DDC itself on cancer cells. If such effects are excluded, DDC could 

be used as a CYP2E1 inhibitory agent to reverse oxidative stress that might be 

caused by ROS, which is generated when CP interacts with CYP2E1. To 

determine the appropriate mode of exposure of the CYP2E1 inhibitor DDC to 

the index substrate CHZ, the study will examine whether CYP2E1 inhibiters 

act reversible or irreversible mechanisms.  
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2 Materials,	  Methods,	  Results	  	   	  
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2.1 Cell	  lines,	  culture	  and	  maintenance	  

 Cell lines 2.1.1

Six cell lines were used in the experiments. For the Hep G2 human 

hepatocyte carcinoma cell line, 85011430 SIGMA (the growth mode adherent 

with epithelial morphology), the recommended culture media were used 

according to the supplier:  Minimum Essential Medium Eagle MEM (EBSS) 

M2279 SIGMA, plus 2mM L-glutamine, G7513 SIGMA, plus 1% MEM non-

essential amino acid solution M7145 SIGMA, plus 10% fetal bovine serum 

(FBS) F2442 SIGMA. According to the supplier, the following subculture 

routine was followed when the cells reached confluence of 70-80%, splitting 

1:3 to 1:8 (i.e., seeding at 2-3x103 cells/cm2); however, the number of cells 

seeded increased when transfection with the DNA plasmids were planned to 

reach a confluence of 75-85%, depending on the size of the plates used. 

According to the size of the tissue culture plate, 100µl-1ml of 0.1% trypsin or 

0.25% trypsin/EDTA was used for 2-5 minutes in 5% CO2 at 37°C, and then 

neutralized with 1:9 culture medium. The media were changed every 2 days. 

Most of the experiments were conducted after 3-6 passages, which is an 

acceptable range for this cell line to retain biological properties. 

A2780 ovarian cancer cell line, 93112519 SIGMA, the growth mode 

adherent with epithelial morphology, was the parent line for the CP-resistant 

cell line, A2780CPR. The following culture media were used, according to the 

supplier: RPMI-1640 with sodium bicarbonate, R0883 SIGMA, 2mM 
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glutamine and 10% FBS. The supplier recommended subculture routine was 

followed by splitting sub-confluent cultures (70-80%) 1:3 to 1:6, which means 

seeding at 3-6x103 cells/cm2 using 0.25% trypsin for one minute at 5% CO2 

and 37°C. 

 For A2780/CPR ovarian cancer resistant to CP cell line, 93112517 

SIGMA, derived from A2780 when treated with increasing CP concentrations 

for more than 6 month, the culture medium used was the same as that for the 

A2780 cell line.  

In the human lung adenocarcinoma cell line MOR, 84112312 

SIGMA, growth mode adherent with epithelial-like morphology, these cells 

grow as colonies. The supplier-recommended culture medium was used (RPMI 

1640, 2mM glutamine and 10% FBS). The following subculture protocol was 

used with MOR: splitting sub-confluent cultures (70-80%) 1:2 to 1:4 (i.e., 

seeding at 2-4x10,000 cells/cm2) using 0.25% trypsin for 2 minutes, at 5% CO2 

and 37°C. 

 The MOR cell line is the parent for the CP-resistant MOR/CPR cell 

line, 96042333 SIGMA, which has the same growth pattern and morphology as 

MOR. The culture medium used is the same as that used for MOR, but with 

addition of 1µg/ml CP. Cultivating the parent MOR cell line with increasing 

concentrations of CP for more than 6 months has yielded MOR/CPR.  

For the HEK 293 embryonic kidney human (HEK 293 cells) cell line, 

85120602 SIGMA, with adherent growth pattern and epithelia morphology, 
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RPMI-1640 was used as the culture medium with sodium bicarbonate, R0883 

SIGMA, 2mM glutamine and 10% FBS.  

 

 Thawing and cultivating the cells 2.1.2

The cell lines were received from Sigma in cryogenic vials containing 

100X104 cells per vial in dry ice at -20°C; they were stored in vapor liquid 

nitrogen. The thawing and cultivating procedures were as follows: using a 

37°C water bath, the frozen cells in cryogenic vials containing 1ml FBS with 

10% DMSO were put into circular motion for less than one minute. Before 

complete melting, the outsides of the vials were wiped with 70% ethanol, then 

the contents were transferred slowly into 9ml pre-warmed culture medium in 

sterile Corning® 15 mL centrifuge tubes. The tubes were then centrifuged for 5 

minutes at 200 × g, after which the clear supernatant was decanted aseptically 

without disrupting the cell pellet. The cell pellet was resuspended by slowly 

adding 1 ml of the recommended culture medium. The contents were 

transferred into 10 cm culture dishes, 92 x 17 mm, 56.7 cm2/well, in the 

recommended culture medium, Z688819 SIGMA. Then the plates were 

incubated at 5% CO2 and 37°C. Each cell line then grew until it reached 70-

80% confluence. Sub-splitting and cultivating were done for 2-5 passages.   
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 Cryogenic cells storage 2.1.3

The cells growing in 10 cm plates were trypsinized with 0.25% trypsin 

for one minute at 5% CO2 at 37°C. The contents were moved into 15 ml 

centrifuge tube and normalized with 9 ml of the medium. After centrifuging the 

tubes at 200 × g for five minutes, the supernatant was decanted and the cell 

pellet was resuspended in FBS. Nalgene™ General Long-Term Storage 

Cryogenic Tubes, catalog number 5000-1020, were used to store the cells by 

addition of a cryoprotectant 10% dimethyl sulphoxide (DMSO) into the FBS 

suspension. The cryogenic tubes were then placed in a pre-chilled Mr. Frosty™ 

Freezing Container, catalog number 5100-0001, which was filled with alcohol 

to the line indicated by the manufacturer, then stored in a freezer at -80°C. 

After 24 hours, the cryogenic tubes were moved into liquid nitrogen (N2) in a 

cryogenic container, immersing the vials in vapor-phase nitrogen at  -195.8°C. 

 

 Cell maintenance and passages 2.1.4

When the cells were needed for specific procedures, they were thawed 

as previously described and grown in full growth medium in 5% CO2 at 37°C. 

When the cells reached 70-80% confluence, they were detached using 0.25% 

trypsin with EDTA for 1-5 minutes. For the HEK 293 cells only, we used PBS 

without trypsin to detach the cells. The contents were transferred and 

centrifuged; the cell pellet was then resuspended in full-growth medium and 

seeded in T75 flasks. The cells were passed several times, up to 10 passages, 
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based on the experiment’s needs. However, when cells exceeded 10 passages, 

some changes in CP sensitivity were noted. Following detachment of the 1 mL 

of cells, the suspension was added to 11 mL of complete medium and 

transferred into T75 flasks, which were left in the incubator overnight to let the 

cells adhere to the surface of the flask.  

  

 Cell counting and percentage viability 2.1.5

To ensure accurate and consistent counting, the following steps were 

used: after harvesting the cells and resuspending the cell pellet with full-growth 

medium, 100 µL was taken from the tube and added to an Eppendorf tube with 

100 µL trypan blue, pipetting 10 µL into the cell hemocytometer. The 

following protocol was followed, using the 10X objective of the microscope 

and counting the cells within the grid lines of the hemocytometer, as shown in 

Figure 2.1.5.1. The cells were counted in the 4 square corners indicated in 

orange. The four 1 mm2 squares contained 16 corner squares. The cells on the 

upper or right lines of each corner set were counted, while cells that settled on 

the lower or left lines of each corner set were excluded. The healthy cells 

unstained by trypan blue were counted, while the cells that showed trypan blue 

discoloration were counted separately, using a handheld tally counter. The total 

number of cells counted in the 4 corner sets was multiplied by 1x104; this 

number was equivalent to the number in cells of each corner square set per mL. 

Therefore, the total cell count from 4 sets of 16 squares from one 

hemocytometer grid was multiplied by 104 (cells/mL x104). Then, taking the 
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average (dividing by 4 then multiplying by 2 to adjust for the trypan blue 

dilution factor) we calculated the cell density representing the number of cells 

in each mL of the suspended cell pellets. For cell viability, the dead cells that 

appeared dark or faint blue within the grid were counted, and then the total live 

cell count was divided by the total cell count (including the dead cells), 

yielding the percentage viability. 

 

 
Figure 2.1.5.1 Hemocytometer cell counting system 
The light orange squares were included  in counting; any cells falling on the upper 
and left lines of each orange square were included in the count, while the lower 
and right lines were excluded.  
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2.2 Plasmids	  and	  CYP2E1	  cDNA	  

 Introduction 2.2.1

Plasmid was earlier used to describe any extrachromosomal genetic 

particle of DNA (145). Plasmid more recently is used a vector or vehicle for a 

particular gene. Plasmid and vector are often used interchangeably, though 

vector is a more specific term that retains the meaning of engineered plasmid 

(146). The backbone vector possesses three basics features: multiple cloning 

sites, origin of replication, and selectable marker. The multiple cloning site is 

the location in the plasmid where CYP2E1 and/or GFP or nonsense CYP2E1 

(scrambled) is inserted. The origin of replication is the site where the DNA 

replication begins, which ensures that the exact replication of the plasmid takes 

place during the replication process.  

 

 Plasmid construction 2.2.2

Four cloned plasmids used from Origene®: DDK-CYP2E1, (Cat. Numb. 

RC213502); CYP2E1, (Cat. Numb. CW102031); Green fluorescent protein 

(GFP), displayed when exposed to ultraviolet light, (Cat Numb. PS100010); 

and nonsense CYP2E1 cDNA  (Scrambled (Scr) cDNA.), (Cat Numb. 

PS100001).  

The cDNA genes of interest were inserted into a pCMV6-Entry vector 

(C-terminal Myc and DDK Tagged) (Cat. No. RC213502) containing two 

resistant genes; Kanamycin resistant gene (Kan r) for the subcloning process 
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during selection of transformed bacteria, and the Neomycin resistant gene (Neo 

r) giving the transfected cells resistance toward G148 antibiotic. 

Figure 2.2.2.1 mv6 Vector with CYP2E1 illustrates the full vector 

customized and supplied by Origene®.  This used PCR subcloning to pCMV6-

entry where SgfI-MluI, site of restriction enzymes used as indicated in data 

sequence of the vector which is highlighted in red color (see Figure 2.2.2.2). The 

restriction enzymes used Sgf I/ASIS I and Mlu I from Fermentas®.  The Figure 

2.2.2.2  pCMV6 sequence ligation reaction used T4 DNA ligase, 0.5 µL from 

Promega®. The full data sequence for the CYP2E1 nucleotide is shown in 

Figure 2.2.2.3. 

 

Figure 2.2.2.1 mv6 Vector with CYP2E1  
The pCMV6 vector used by Origene®, to carry on 
the CYP2E1 gene; the  total size of the plasmid is 
4.9 kb (= kbp), and Sgfl Mlul is the restriction site 
used to insert the CYP2E1 gene, The vector used 
by Origene® to carry the CYP2E1 gene; the total 
size of the plasmid is 4.9 kb (= kbp), and two 
resistant genes are included  in the vector 
backbone: a kanamycin-resistant gene (Kan r) and 
a neomycin-resistant gene (Neo r). 
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Figure 2.2.2.2  pCMV6 sequence 
Full sequence of  the  pCMV6 vector indicating the restriction sites, in red, 
where the SgfI-MluI enzymes were used to make sticky ends where the 
gene of interest was inserted. 

 
 

TTTTGTAATACGACTCACTATAGGGCGGCCGGGAATTCGTCGACTGGATCCGGTACCGAGGAGATCTGCGCCG
CGATCGCC 
ATGTCTGCCCTCGGAGTCACCGTGGCCCTGCTGGTGTGGGCGGCCTTCCTCCTGCTGGTGTCCATGTGGA 
GGCAGGTGCACAGCAGCTGGAATCTGCCCCCAGGCCCTTTCCCGCTTCCCATCATCGGGAACCTCTTCCA 
GTTGGAATTGAAGAATATTCCCAAGTCCTTCACCCGGTTGGCCCAGCGCTTCGGGCCGGTGTTCACGCTG 
TACGTGGGCTCGCAGCGCATGGTGGTGATGCACGGCTACAAGGCGGTGAAGGAAGCGCTGCTGGACTACA 
AGGACGAGTTCTCGGGCAGAGGCGACCTCCCCGCGTTCCATGCGCACAGGGACAGGGGAATCATTTTTAA 
TAATGGACCTACCTGGAAGGACATCCGGCGGTTTTCCCTGACCACCCTCCGGAACTATGGGATGGGGAAA 
CAGGGCAATGAGAGCCGGATCCAGAGGGAGGCCCACTTCCTGCTGGAAGCACTCAGGAAGACCCAAGGCC 
AGCCTTTCGACCCCACCTTCCTCATCGGCTGCGCGCCCTGCAACGTCATAGCCGACATCCTCTTCCGCAA 
GCATTTTGACTACAATGATGAGAAGTTTCTAAGGCTGATGTATTTGTTTAATGAGAACTTCCACCTACTC 
AGCACTCCCTGGCTCCAGCTTTACAATAATTTTCCCAGCTTTCTACACTACTTGCCTGGAAGCCACAGAA 
AAGTCATAAAAAATGTGGCTGAAGTAAAAGAGTATGTGTCTGAAAGGGTGAAGGAGCACCATCAATCTCT 
GGACCCCAACTGTCCCCGGGACCTCACCGACTGCCTGCTCGTGGAAATGGAGAAGGAAAAGCACAGTGCA 
GAGCGCTTGTACACAATGGACGGTATCACCGTGACTGTGGCCGACCTGTTCTTTGCGGGGACAGAGACCA 
CCAGCACAACTCTGAGATATGGGCTCCTGATTCTCATGAAATACCCTGAGATCGAAGAGAAGCTCCATGA 
AGAAATTGACAGGGTGATTGGGCCAAGCCGAATCCCTGCCATCAAGGATAGGCAAGAGATGCCCTACATG 
GATGCTGTGGTGCATGAGATTCAGCGGTTCATCACCCTCGTGCCCTCCAACCTGCCCCATGAAGCAACCC 
GAGACACCATTTTCAGAGGATACCTCATCCCCAAGGGCACAGTCGTAGTGCCAACTCTGGACTCTGTTTT 
GTATGACAACCAAGAATTTCCTGATCCAGAAAAGTTTAAGCCAGAACACTTCCTGAATGAAAATGGAAAG 
TTCAAGTACAGTGACTATTTCAAGCCATTTTCCACAGGAAAACGAGTGTGTGCTGGAGAAGGCCTGGCTC 
GCATGGAGTTGTTTCTTTTGTTGTGTGCCATTTTGCAGCATTTTAATTTGAAGCCTCTCGTTGACCCAAA 
GGATATCGACCTCAGCCCTATACATATTGGGTTTGGCTGTATCCCACCACGTTACAAACTCTGTGTCATT 
CCCCGCTCA 
ACGCGTACGCGGCCGCTCGAGCAGAAACTCATCTCAGAAGAGGATCTGGCAGCAAATGATATCCTGGATT 
ACAAGGATGACGACGATAAGGTTTAA 

Figure 2.2.2.3 DNA sequencing for the CYP2E1 vector 
This figure is depicted from the Origene® manufacturer to indicate 
the full sequence for CYP2E1, DDK tagged, where red is the cloning 
site, blue is the open frame reading (ORF), and green indicates tags. 
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 cDNA subcloning 2.2.3

To generate enough volume of the previously mentioned vectors, 

subcloning vectors were produced using competent bacteria, Alpha-Gold 

competent cells (20 x 50 µL), (Cat. Numb. CC100001) as follows: 

 Selected marker genes were inserted into the vector backbones. For 

CYP2E1 and GFP cDNA, ampicillin-resistant genes were used; for DDK-

CYP2E1 and nonsense CYP2E1 (scrambled), kanamycin-resistance genes were 

used. The selectable marker genes yielded the transformed organisms, which 

were resistant to ampicillin and kanamycin, respectively. Ampicillin and 

kanamycin were prepared in petri dishes using LB Broth (Miller), L3522 

SIGMA by suspending 25g LB powder in 1L distilled water in two separate 

jars. One jar was used to prepare an agar plate for bacterial cell colonization by 

adding agar, A1296 Sigma®; the other jar had no agar and was used to grow 

the selected colony from the agar plate. The two jars were autoclaved for 15 

minutes at 121o C, and allowed to cool prior to adding of antibiotics. 

Ampicillin (100 µg/ml) and kanamycin (25 µg/ml) were prepared and added 

separately. The mixture was poured into TPP tissue culture dishes, Z707686 

SIGMA, then each dish was passed over a Bunsen burner to make sure no 

bubbles were left behind. The plates were left at room temperature. The 

following day they were stored at 4oC.  

The Alpha-Gold competent bacterial cells (50 µL), were thawed by 

placing the cells in ice for 5-10 minutes. The working concentration of each 
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plasmid was 20 ng/µL added to 50 µL competent cells and incubated on ice for 

30 minutes. Heat shock of the component cells took place by moving them to a 

water bath at 42oC for 30-40 seconds without shaking. The component 

bacterial cells were immediately moved to ice for 2 minutes, then diluted by 

adding 900-950 µL of SOC medium. The competent cells were then moved to 

a water bath shaker at 37oC and shaken for 60 minutes at a speed of 200 RPM. 

Then, 20 µL of the component cells were spread over the antibiotic constructed 

agar plate using sterile, glass rounded beads; 20 µL of the non-transformed 

competent cells were spread over an antibiotic control plate as a control. The 

agar plates were then placed in a hot room and left inverted for 24h. Colonies 

of transformed component cells formed over the agar plate, while the control 

showed no cell growth. A sterile pipette tip was used to transfer one of the 

colonies into a bottle with 500 µL sterile liquid. LB Broth (Lennox) contained 

the appropriate antibiotic, and was left in a shaker in the hot room at 37oC. 

After 24h the LB bottle turned turbid, which indicated the growth of the 

bacteria. Then by centrifuging at high speed, the bacterial cells could be 

collected and stored under -80oC.  

To isolate nucleic acids from the collected cells, QIAGEN Plasmid 

Purification Kits, Cat Numb. 12162 were used. The kit contains several bottles 

are numbered as P1, P2, P3, QC, QBT and QN; these bottles contain different 

buffers and solutions important for the nucleic acid isolation process.  The first 

step was to suspend the bacterial pellets using 10 µL of P1, then 10 µL of P2 

was added; the mixture was vigorously inverted 4-5 times and incubated at 15 
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°C. During this step, a QIAfilter was prepared and the screw was inserted; 10 

µL of P3 (chilled) was added and mixed by vigorously inverting the tube 4-5 

times. The lysate was poured into the QIAfilter and incubated at room 

temperature for 10 minutes. During the incubation, took place equilibrate a 

QIAGEN-tip by using 10 µL Buffer QBT. After filtering the contents from the 

QIAfilter into a 50 mL Corning® centrifuge tube, the contents were poured into 

QIAGEN-tip and left under gravity. The QIAGEN-tip containing the nucleic 

acids was washed using 15 mL of Buffer QC. Then, using 15 µL of QN, the 

nucleic acids were eluted. DNA was precipitated using 10.5 mL isopropanol, 

the immediately mixed and centrifuged at high speed for 30 minutes; then the 

endotoxin was washed with 5 mL of 70% ethanol. The tube was then 

centrifuged for 10 minutes and the suspension was removed. The DNA had to 

be carefully observed in the tube as a thin white line; otherwise it could have 

been lost during aspiration. The tube was left open in the hood for 5 minutes to 

make sure the ethanol contents were volatized. The DNA was then dissolved in 

1mL sterilized DNA-RNA free water and measured using nano-drop DNA 

concentration.   
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2.3 	  	  Cells	  transfection	  and	  validation	  	  

Several transfection reagents such as Turbofectin, (Cat.Numb. 

TF81001z), had been used with low transfection efficiency (see Figure 

2.2.3.1). HEK 293 cells were used to validate and optimize the methods of 

transfection using Turbofectin. Viral transfection had been considered, but the 

improvement of transfection efficiency using X-tremeGENE HP DNA 

Transfection Reagent (Cat. Numb. 06366236001) in A2780 cells delayed the 

viral transfection process. 

 

Figure 2.2.3.1  Low Transfection efficiency of A2780 and MOR with GFP  
Using fluorescence  microscopy, in the right side, the A2780 cells GFP view 
is shown in an overlay view. In the left, MOR cells show GFP transfected 
cells in an overlay view. The transfection reagent used was Turbofectin. 
 

 

 Optimizing transfection conditions for HEK 293 cells 2.3.1

HEK 293 cells were split 1-4 times before use in transfection 

experiment studies, with 70-80% confluence reached after one day. The cells 

were seeded in 6-well plates having 70-80% confluence. The next day the full 

growth medium was aspirated and replaced with fresh medium. In a 15-ml 

conical tube, a Turbofectin/DNA complex was prepared by mixing specific 

ratios of the transfection reagent with the DNA. The Turbofectin was added 
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(1:2, 1:3, 1:4, and 2:1) first and incubated for 5 minutes, followed by the DNA. 

The optimum ratio was 2:1, consisting of 6 µL of Turbofectin and 3 µg of 

DNA in the optimum medium.  

 

 Standardizing the transfection technique for cell lines 2.3.2

A2780 cells showed low transfection efficiency, using turbofectin and 

Lipofectamine®. The use of X-tremeGENE HP DNA Transfection Reagent 

allowed reasonable transfection efficiency with all cell lines, (see Figure 

2.3.2.1). The optimal DNA to reagent ratio for A2780 was 1:2. The 1:1 ratio 

was best for MOR cells. For Hep G2 cells, transfection using 1:2 and 1:1 were 

equivalent. The procedure for cell transfection using X-tremeGENE requires 

initial adding of DNA to Opti-MEM® (Reduced Serum Medium), followed by 

adding of the reagent. The mixture was incubated at room temperature for 25-

30 minutes, with longer incubation durations giving inconsistent results. The 

cell plates were prepared as described above, and the DNA complex was added 

in  dropwise fashion. The cells were incubated for 24 hours in 37oC and 5% 

CO2; under fluorescence microscopy, the cells were examined. The GFP 

transfected cells exhibited bright green fluorescence when exposed to light (see 

Figure 2.3.2.1). 
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Figure 2.3.2.1 GFP  transfection of:  a) Hep G2, b) MOR/R, and  c) A2780/R,  
The transfection efficiency for each cell lines was calculated as 
from GFP fluorescence stain. The transfection reagent used was 
X-tremeGENE HP 

 

 Transfection efficiency 2.3.3

We used the GFP stain method to calculate the transfection efficiency 

for the transiently transfected cells, using fluorescent microscopy. The number 

of the cells that exhibited GFP fluorescence was divided by the cells without 

fluorescence in the same field of cell view, multiplied by 100. For Hep G2 

cells, we obtained ~57% transfection efficiency while in MOR/R A2780/R 

cells we obtained ~28%, ~40% respectively.  

  

  

a) b) 

c) 
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 Establishing stable cell lines overexpressing CYP2E1 2.3.4

Sustained expression of the CYP2E1 gene can be achieved by 

integrating the transfected plasmid, which contained a neomycine gene, into 

the target cell genome. The neomycin gene conferred resistance to geneticin 

(G418), an aminoglycoside antibiotic that can be inactivated by a neomycin 

resistance (neor) gene. Cells that contained the neor gene had covalent 

modification of G418 by 3'-aminoglycoside phosphotransferase(147). The 

extrahepatic A2780, A2780-R, MOR and MOR-R cells were seeded into 6 well 

plates as explained previously. After 24 h., the cells were treated with different 

concentrations of G418 in the range of 200-800 µM. The master stock solution 

of G418 was prepared at a concentration of 10 mM by dissolving 200 mg in 

28.87 mL sterile PBS, then filtering it through 0.45 micron Titan3™ PTFE 

(Hydrophilic) Syringe Filters. The cells were maintained in G418 antibiotic for 

7-10 days, and every two days fresh growth medium was replaced with the 

same G418 concentration.. The optimum concentration of G418 killed all non-

transfected cells, while the transfected cells with Neor gene survived.  The 

concentration was determined for each cell line after observing the growth of 

the cells within 7-10 days, (Table 2.3.4-1).  

Figure 2.3.4.1 shows one of the trials to establish a sustained line that 

expressed GFP. The living cells showed fluorescence under an 

epifluorescence-inverted microscopy compared to the dying cells, which were 

sensitive to G418. 
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Cell line Number of 
cells seeded 

Days left in 
medium 

Amount of full 
growth medium 

Optimum 
[G418] 

A2780 900*103 7-10 2ml 500µM 
A2780-R 900*103 7-10 2ml 400 µM 

MOR 900*103 7-10 2ml 450µM 
MOR-R 900*103 7-10 2ml 400 µM 

Table 2.3.4-1  G4180 optimum concentrations for each cell line 
 

 

 

Figure 2.3.4.1   A2780/R GFP selection 
In this fluorescence image, A2780/R were transfected with 
GFP and treated with G418 for 6 days. The red arrow 
indicates dying cells, while the blue colored arrow shows GFP 
survived cells. The survived cells were then maintained under 
G418.  
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2.4 Real	  time	  qPCR	  

The concept of qPCR followed other earlier methods used in gene 

identification and amplification. Southern blot analysis using electrophoresis 

opened a variety of methodological options to quantify specific genes (148). 

Alwin and his group developed Northern blot to identify RNA (149). Mullis 

used the polymerase chain reaction (PCR) to amplify genes, and introduced 

real-time PCR to quantify a specific gene in vitro (150). The basic principle of 

PCR is the amplification of specific genes by denaturing a double stranded 

DNA through overheating to 95oC, and applying a primer that attaches to the 

DNA strand. Then, the polymerase enzymes start to attach to the first 

nucleotide 3'-OH group in the DNA strand from 5′-end to 3′ end. After the 

cooling process, annealing of the two strands will take place (151). The qPCR 

process allows visualization of the PCR reaction with a special fluorescence 

nucleotide dye, SYBR® Green, which binds only with double stranded DNA. 

During the PCR extension process, the dye binds to minor grooves of dsDNA 

and gives a strong fluorescent signal, which is detected via a specialized 

detector. 

Each DNA cycle of is counted until it reaches the highest level of 

fluorescence is reached. CYP2E1 overexpression is based on comparison with 

control. Giving two samples, one transfected with CYP2E1 and the other 

transfected with nonsense CYP2E1 cDNA (Scrambled. vector) as control, the 

transfected samples with the CYP2E1 cDNA will require fewer cycles than the 

non-transfected ones because the targeted CYP2E1 genes will be abundant, 
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thus reaching the maximum detectable fluorescence in fewer cycles than the 

control. The maximum detectable fluorescence is identified as the threshold 

cycle or Ct.  The resulting Ct values are used to calculate changes in mRNA 

levels relative to nonsense-CYP2E1-transfected controls. GAPDH was used as 

a housekeeping control to normalize CYP2E1 mRNA levels. 
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 Sample preparation and RNA extraction  2.4.1

To examine the CYP2E1 mRNA expression in the cell lines, the cells 

transfected with CYP2E1, GFP or Scr. vectors were harvested as previously 

explained. The cell pellets were disrupted according to the number of cells 

harvested using, 400-600 µL of a specific buffer supplied from RNeasy Mini 

Kit (Cat. Numb. 74104). To homogenize the mix, sonication for 10 seconds 

took place 3 times, and one volume of 400-600 µL of 70% ethanol was added. 

700 µL of the mix was pipetted into an RNeasy spin column placed in a 2 ml 

collection tube. The tubes were then centrifuged for 15 seconds at high speed. 

The liquid  that passed through the column to the collecting tube was 

discarded, then 700 µL of Buffer RW1 was added to the tube and centrifuged 

for 15 sec. The flow liquid was also discarded, and 500 µL of RPE (mild 

washing buffer) was added, followed by centrifugation for 15 sec. The same 

volume of RPE was added and centrifuged for 2 min. All flow liquids were 

discarded and the RNeasy spin column transferred into a new 2ml collecting 

tube. To elute the RNA, 30-40 µL of H2O free of  RNA-DNA was used and 

then centrifuged for 2 min. The last step in this process was to measure the 

[RNA] using a nanodrop instrument supplied by Thermo®. 

 

 CYP2E1 qPCR  2.4.2

cDNA synthesis was performed for A2780, A2780-R, MOR, MOR-R 

and Hep G2 cells that were transfected with DDK-CYP2E1, CYP2E1, GFP and 
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Scr. vectors. To quantify the relative overexpression of CYP2E1 cells, they 

were compared to scrambled transfected cells with the use of SYBR® Green as 

a nucleotide fluorescent dye, and a specific primer for CYP2E1 from Origene® 

and qSTAR qPCR primer pairs against human gene CYP2E1 (Cat. Numb.. 

HP200715). The forward sequence was GAGCACCATCAATCTCTGGACC 

and the reverse sequence was CACGGTGATACCGTCCATTGTG. The 

internal control GABDH housekeeping gene, qSTAR qPCR primer pairs 

against human genetic GAPDH (Cat. Numb. HP205798) has been used in 

cancer research, and applied for use in human cells (152, 153). The forward 

and reverse sequence of GABDH housekeeping gene used are: 

GTCTCCTCTGACTTCAACAGCG and ACCACCCTGTTGCTGTAGCCAA, 

respectively. 

 

 qPCR Data analysis  2.4.3

In CYP2E1 qPCR studies, relative quantification of CYP2E1 mRNA 

was used by relating Ct CYP2E1 of cells transfected with CYP2E1 to Ct in the 

control scrambled transfected group. To compare the fold CYP2E1 expression 

change accurately, the 2-∆∆C
T method was used (154), in which the Ct ratio for 

CYP2E1 transfection is normalized for the corresponding Ct ratio in GAPDH.   
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2.4.3.1 Results of qPCR for cell lines transfected with CYP2E1 

A2780 and A2780R (stable) were transfected with CYP2E1, scrambled, 

and GFP plasmids as described previously. The results showed nearly a 3500-

fold increase in CYP2E1 mRNA for both A2780 CYP2E1 (stable) and 

A2780/R CYP2E1 (stable) when compared to the corresponding cells that are 

untransfected or transfected with GFP or with the scrambled message. (see 

Figure 2.4.3.1). 

 

 

Figure 2.4.3.1  qPCR for A2780, A2780/R and Hep G2 
When A2780 and A2780/R were all stably transfected with CYP2E1, mean (± SD) cDNA 
showed significant increases in CYP2E1 mRNA expression compared  to their 
corresponding controls. 
 
 

To examine the effect of cell passages on CYP2E1 mRNA expression, 

cells were stably transfected with CYP2E1 and scrambled plasmids. After 8- 10 

passages for both stable cell lines that express CYP2E1 with their 

corresponding GFP and scrambled transfected cells, the cells transfected with 
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CYP2E1 maintained a significant high CYP2E1 mRNA expression when 

compared to the corresponding controls (see Figure 2.4.3.2). 

. 

 
Figure 2.4.3.2   qPCR for A2780 and A2780/R and their stable transfected cells 
Both A2780 CYP2E1 (stable) and A2780/R CYP2E1 (stable) transfected cells showed 
a mean (± SD) (270 and 65 fold change in CYP2E1 mRNA, respectively. 

 

Figure 2.4.3.3, shows that Hep G2 CYP2E1 transiently transfected cells 

have large increases (greater than 150000-fold) in CYP2E1 mRNA expression 

when compared to Hep G2 Scr. transfection cells as the control group. Hep G2 

cells with GFP transfection cells did not show any significant change. 

In Figure 2.4.3.4, MOR/R (T) cells were transiently transfected with 

CYP2E1 or scrambled gene. CYP2E1 mRNA increased more than 10 fold in 

the CYP2E1 transfected cells when compared to scrambled control. 
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Figure 2.4.3.3: qPCR for Hep G2 cells transiently transfected with CYP2E1  
More than a 150000-fold increase in mean (± SD)  CYP2E1 mRNA was observed 
for Hep G2 CYP2E1 when compared to Hep G2 GFP and scrambled controls. 

 
 
 
 

 
Figure 2.4.3.4 qPCR for MOR/R transiently transfected with CYP2E1 
Nearly an 11-fold increase in mean (± SD) CYP2E1 mRNA for MOR/R when 
compared to MOR/R Scr. Control.  
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2.5 Western	  blot	  

 Introduction  2.5.1

Western blot analysis is based on separation of denatured proteins 

according to their molecular weight, followed by immunoquantification. An 

electrical current is passed from a negative anode to a positive cathode through 

polyacrylamide gel (see Figure 2.5.1.1). Sample homogenates are treated with 

sodium dodecyl sulfate (SDS) that covers the polypeptide with a negative 

charge, allowing the migration of the polypeptides toward the positively charge 

anode (155). According to the molecular weight of each polypeptide, the 

smaller proteins migrate faster. 

 

Figure 2.5.1.1 Western blot protein separation  
On the polyacrylamide gel, the loaded  homogenates migrate according to their molecular 
weight. 
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 Sample preparation  2.5.2

After aspiration of all growth medium from tissue culture plates, the 

adherent cells remain on the plate. The plate was placed on ice to maintain a 

cold environment and to avoid protein denaturing and degradation. Addition of 

80 µL of RIPA Buffer from Thermo Scientific (Cat. Numb. 89900), which was 

originally developed for radio-immunoprecipitation assay, was followed by 

addition of 20 µL of SIGMAFAST™ Protease Inhibitor Tablets (Cat. Numb. 

S8820 SIGMA), which enables efficient cell lysis and protein solubilization. 

The lysed cells were collected using sterile white spatulas in Eppendorf tubes 

and kept on ice. The collected lysate was sonicated and centrifuged for 10 

minutes at high speeds in the cold room. The supernatant was transferred into 

labeled Eppendorf tubes.  Samples were either used immediately, or stored at -

80°C. 

 

 Protein concentration determination  2.5.3

For determination of total protein concentrations, a standard curve was 

made using bovine serum albumin (BSA) protein at 2mg/mL, with serial 

dilutions in 6 Eppendorf tubes, (see Table 2.5.3-1). The total volume in each 

tube was 50 µL. Using the Pierce™ BCA Protein Assay Kit (Cat. Numb. 

23225). 18 mL  of Reagent A Reagent A(1 gm sodium bicinchoninate (BCA), 

2 gm sodium carbonate, 0.16 gm sodium tartrate, 0.4 gm NaOH, and 0.95 gm 

sodium bicarbonate, brought to 100 mL with distilled water; adjust the pH to 
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11.25 with 10 M NaOH) was mixed with 300 µL of Reagent B (0.4 gm cupric 

sulfate (5 x hydrated) in 10 ml distilled water), then 1 mL of the mix was added 

into each Eppendorf tube and vortex mixed. Total protein concentrations in 

unknown samples were determined by diluting the samples in distilled water at 

a ratio of 1 to 5, after which 1 mL of BSA mix was added and vortexed.  Both 

serially diluted and unknown samples were incubated in a water bath for 20 

minutes. Then, 2 µL of the serial dilution was applied into a nanodrop 

spectrophotometer at a wavelength of 562 nm where the absorbance 

wavelength was recorded, as in Figure 2.5.3.1. A standard curve is then 

automatically generated from the recorded wave absorbance as shown in 

Figure 2.5.3.2. 

 

 

Eppendorf Tube Number Doubling dilution        [Serum bovine] mg/mL 
1 1 2 
2 1/2 1 
3 1/4 0.5 
4 1/8 0.25 
5 1/16 0.125 
6 1/32 0.0625 
7 1/64 0.03125 

Table 2.5.3-1   Serum bovine serial dilutions for standard curve 
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Figure 2.5.3.1   Nanodrop spectrophotometer used  to measure unknown protein 
concentrations 
The curves formed here represent serial dilutions of BSA. The unknown samples can 
then be measured by their absorbance at a wavelength of 562 nm 

 

 

  

 
Figure 2.5.3.2   Bovine serum albumin standard curve 
To determine the protein concentration for unknown samples, the NanoDrop 
spectrophotometer was used for direct measurement of protein concentration at 560 nm. 
The x- axis is BSA concentrations, while the y-axis is U.V absorbance. 
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 Polyacrylamide gel construction  2.5.4

Using Biorad® casting apparatus gel, the following gel recipe was used 

to prepare 8% gel in a total volume of 10 mL of the separating section. The 

mixture contained 2.7 ml 30% Acrylamide/Bis, 2.5 mL 1.5 M TRIS pH 8.8, 50 

µL of 20% SDS and 4.64 mL H2O, 100 µL 10%APS and 10 µL TEMED. For 

the stacker part, the same 4 mL was prepared by mixing up 670 µL of 

30%Acrylamidr/Bis, 500 µL of 1.0.M TRIS PH 6.8, 20 µL of 20%SDS, 2.76 

mL H2O, 40 µL 10% APS, and 4 µL TEMED.  

 

 Western blot procedure 2.5.5

By loading 8 µL of Western Blot Protein ladder, Precision Plus 

Protein™ Kaleidoscope™ Standards (#161-0375 BioRad®), and loading the 

positive control recombinant Cytochrome P450 human Sigma (Cat. Numb. 

C5740 SIGMA), the prepared samples were resolved with the immune blot gel. 

The loading volume of the positive control was adjusted to 18 µL after several 

trials to determine appropriate bandwidth when using 2 minutes of exposure to 

a Kodak ISM 2000MM. This is a fluorescence-based molecular imaging 

station equipped with a 415/100 nm excitation filter from Omega Optical 

(Brattleboro, VT, USA) and the 570-, 600-, 670-, and 700-nm wide-angle 

emission filters for the 565, 605, 655, and 705 nm Qdot Conjugates and Kodak 

1 D Image Analysis Software. The appropriate concentration of the positive 

control recombinant CYP2E1 was 0.6 µM. The sample loading volumes 
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ranged from 15 µL to 22 µL. The optimized 18 µL loading volume was 

obtained after several trials based on clarity of the bands and the presence and 

absence of multiple bands. Figure 2.5.5.1 shows the electrophoresis scheme, 

with electrical potential usually at 100 volts for 45 minutes. In a running 

buffer, the protein separates in the gel according to size. The band formed in 

the gel is transferred onto an Immune-Blot® PVDF Membrane.  

The first step in PVDF membrane preparation is to wet the appropriate 

size in methanol for 2 seconds, then to immerse it in transfer buffer with two 

absorbance pads and sponges for five minutes. The gel is then removed from 

the glass and immersed in a transfer buffer for five minutes. The gel is then 

placed over the PVDF membrane as in Figure 2.5.5.1, which shows the order 

of the transfer process components. 

The proper time for transfer was optimized based on voltage and 

number of gels transferred. In the PVDF membrane, the appearance of the 

ladder was indicative of successful transfer. Then, the PVDF membrane was 

immersed for one hour in 10% milk and left for purpose of blocking. The 

membrane was then incubated overnight at 4°C. with a primary CYP2E1 

antibody. Several trials were conducted to optimize the concentration of 

CYP2E1 primary antibodies used, which was 1:50000 dilution (1 µL primary 

antibody in 5 mL 5% milk). The optimal incubation time was overnight at 4°C, 

with trials at room temperature for one hour. The membrane was then washed 

for three 5-minutes cycles, and then incubated with a secondary antibody in 

dilution of 2:5000 (2 µL of secondary antibody in 5 mL 5%milk) for one hour, 
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then washed for four 5-minutes cycles. The membrane was then incubated in a 

Chemiluminescent reagent from Thermoe® for 2-3 minutes, followed by 2-5 

minutes of exposure with Kodak ISM 2000 MM.  

 

 

Figure 2.5.5.1 Protein transfer in Western blot 
The order must be as in the figure, with the polyacrylamide gel above the PVDF 
membrane. The direction of protein transfer is as indicated by the arrow, from anode (-) 
to cathode (+).  
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 Western blot quantification and standardization process  2.5.6

To quantify CYP2E1 protein in cell lysates, a recombinant Cytochrome 

P450 human (C5740 SIGMA) was used to construct a calibration curve 

through serial dilutions (Table 2.5.6 1). Concentration of the recombinant 

cytochrome P450 was 87.7 µM.  Serial dilutions for 10 times of the 

recombinant CYP2E1 was prepared. The equivalent CYP2E1 concentration for 

each dilution is indicated in (Table 2.5.6-1   CYP2E1 serial dilution). 

 CYP2E1 serial dilutions allowed optimization of the positive control 

band concentration.  The best concentration used for the positive control was 

0.68 µM of recombinant CYP2E1 (Figure 2.5.6.1). This concentration 

minimized the appearance of non-specific bands, and reduced the extent of 

band superimposition. 

Figure 2.5.6.2 shows a typical Western blot done for unknown 

concentration of CYP2E1. The figure shows three immunoblots in one film 

exposure. The upper part shows the unknown CYP2E1 samples, while the 

middle one shows the serial diluted recombinant CYP2E1, and the last one 

shows the GAPDH control which represented the same protein concentration 

in all lysates. GAPDH protein ensures the exact loading volume for all 

samples.   

 Figure 2.5.6.3 shows, CYP2E1 standard curve within an exposure time 

of 2 minutes, based on Table 2.5.6-2. Each band was measured using the 

Kodak band software.  
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Tube number Doubling dilution [CYP2E1] µM 
1 1 87.7 
2 1/2 43.85 
3 1/4 21.92 
4 1/8 10.96 
5 1/16 5.48 
6 1/32 2.74 
7 1/64 1.37 
8 1/128 0.68 
9 1/256 0.34 

10 1/512 0.17 
Table 2.5.6-1   CYP2E1 serial dilutions 
The table shows the corresponding concentration for each dilution. 

 
 
 

 

Figure 2.5.6.1   Recombinant CYP2E1 Serial dilution for positive control band. 
In this figure, the first band from the left has a concentration of 10.9 µM of 
CYP2E1; the fifth band from the left has 0.68 µM. the fifth band has clean 
edges with minimum non-specific bands. 
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Figure 2.5.6.2   Western blot typical model for unknown [CYP2E1] 
The blot consists of three parts: a) the upper for unknown [CYP2E1],  b) the 
middle for serial dilution of recombinant CYP2E1, and c) the lower part for 
GABDH. 

. 
 

Tube Number [CYP2E1] µM 
Relative resolution in 

Pixel 
4 10.96 1600 
5 5.48 1088 
6 2.74 578 
7 1.37 340 
8 0.68 272 
9 0.34 136 

10 0.17 34 
 

Table 2.5.6-2   CYP2E1 Standard curve 
Recombinant CYP2E1 protein was used for serial dilutions; corresponding 
immunochemistry blot bands were measured using Kodak software  

a) 

b) 

c) 
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Figure 2.5.6.3   CYP2E1 standard curve 
The CYP2E1 concentration is an X-axis; the  y-axis is pixel density. Using the 
calibration  line, CYP2E1 protein concentrations in unknown samples can be 
determined. 
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 Issues with CYP2E1 Western blot 2.5.7

Some issues were encountered with western blot analysis.  

1) No bands formed:  

Several possible causes were considered, including: incompatibility or 

inaccurate ratio of primary and secondary antibodies; cross-reaction of the 

blocking agent and the primary antibody; excessive washing leading to inactive 

substrate. These potential causes were investigated and excluded. Ultimately 

the cause of lack of bands was attributed to a shipment of defective Kodak 

film. 

2) Multiple bands: 

As evident in Figure 2.5.7.1 a), Western blot showed multiple bands 

that were thought to be related to antibody ratios. Optimization of the ratios 

through titration decreased the multiple band problem.  However, the loading 

volume of the samples also influenced the appearance of multiple bands. In 

addition, when homogenates were prepared from cell populations that went 

through several passages, the appearance of multiple bands was noticed. 

Ultimately the multiple band problem was not fully resolved.  

3) Positive control issues: 

The use of recombinant CYP2E1 from Abanova® (Cat. 

Numb.H00001571-Q01) showed higher band location in the Western blot 

when compared to  recombinant CYP2E1 supplied by Sigma®.  CYP2E1 

Abanova® includes a GST-tag that might explain the higher molecular weight 

observed in its Western blot.  Recombinant CYP2E1 from Sigma® had the 
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standard molecular weight for CYP2E1 in the literature, which is 57 (kDa). 

This was tested along with human liver microsomal lysate. The use of 

Abanova® CYP2E1 recombinant protein showed inconsistent results related to  

CYP2E1 transfected A2780 cells lysate compared to GFP or scrambled 

plasmid lysate samples as in Figure 2.5.7.1 b). 

 

Figure 2.5.7.1   Western blot issues 
Multiple bands were an issue that obscured  the correct blot reading.  In a) A2780 cells 
under different conditions: 1) and 2) the cells had 10 passages, while in 3) and 4)  3 
passages.  In addition, sample volume effect can be noticed  in 2) and 4);  when the 
volume increased, the multiple bands became more noticeable compared to 1) and 3).   In 
b), different band  locations for recombinant CYP2E1 were obtained from Abanova and 
Sigma. The Abanova CYP2E1 was tagged with a GST-tag at the N-terminal that might 
explain the different band  location due to higher molecular weight.  

a) b) 

A
ba

no
va

 ®
 

Si
gm

a 
®

 

Recombinant CYP2E1 A2780   

1) 2) 3) 4) 

57 (kDa) 

78 (kDa) 
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 A2780 and A2780/R transfected with CYP2E1 2.5.8

The lysate for A2780 Scr. (stable) and A2780 CYP2E1 (stable) cell 

lines were prepared as explained previously. The Western blot in Figure 2.5.8.1  

showed an increase in CYP2E1 protein when compared to its corresponding 

control. This outcome could not be replicated in subsequent trials. One of these 

trials is shown in b), where the positive control used was from Sigma. The 

transfected sample showed no significant change in bandwidth compared to 

control, indicating no change in CYP2E1 protein expression. The CYP2E1 

band that appeared could be from constitutive CYP2E1. 

 

 

Figure 2.5.8.1  Western blot for A2780 
In a), the positive control used was Abanova® CYP2E1, the A2780 CYP2E1 cell lysate 
compared  to A2780 Scr. cell lysate showed more CYP2E1 formation.  In b),  inconsistent 
findings when the positive control used was from Sigma®,  but there was no change in  the 
CYP2E1 band width at 57 (kDa)  

a) b) 
CYP2E

GAPDH 
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 Hep G2 cells and MOR/R transfected with CYP2E1 2.5.9

The lysate for Hep G2 Scr. (Transient) and Hep G2 CYP2E1 

(Transient) cell lines was prepared as explained previously. The Western blot 

in Figure 2.5.9.1 showed a slight increase in CYP2E1 protein in Hep G2 cells 

when compared to its corresponding control.  

 

Figure 2.5.9.1 Western blot for Hep G2 
CYP2E1 transfected cells have a faint band at 
56 KD confirmed by using positive control 
recombined CYP2E1 from Sigma®. This can 
be noticed when compared to Scr. CYP2E1 
Hep G2.  

.  
 

  Conclusion 2.5.10

Due to the methodological and operational obstacles and inconsistent 

results, the Western blot analysis did not impact the study hypothesis one way 

or another.   

GAPDH 

CYP2E
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2.6 	   CYP2E1	  Metabolic	  activity	  

 General concept 2.6.1

In vitro metabolism of drugs by preparations such as human liver 

microsome is widely applied research approach to the study of human drug 

biotransformation (156, 157). Under appropriate conditions the enzyme 

preparation will biotransform chemical in much the same way as happens in 

vivo. To focus specifically on the activity of CYP2E1 chlorzoxazone (CHZ) is 

used as probe or index compound (158). The procedure is based on 

hydroxylation of CHZ by CYP2E1 into 6-hydroxy-CHZ (6-OH-CHZ) (see 

Figure 2.6.1.1). 

The cellular preparation is incubated, along with suitable cofactors, 

with CHZ. After a specific incubation duration, the reaction is stopped by 

addition of acetonitrile containing phenacetin as internal standard. 

Separation of the substrate, its metabolite, and the internal standard was 

done by HPLC. The sample was delivered through a C18 µ-Bondapak column, 

300 mm x 3.9 mm i.d. (Waters Assoc., Inc., Milford, Mass.) as the stationary 

phase, with a mobile phase of potassium phosphate buffer (KH2PO4)/ 

Acetonitrile, 75:25 v/v, pH 7.0. 

 The mobile phase was prepared by dissolving 13.60 g of KH2PO4 in 2L 

of distilled water to yield a 50 mM concentration. The mix was filtered and 

degassed for 10 min using a sonicator bath. Acetonitrile was added with a ratio 

of 75:25 v/v, therefore preparing 1L total volume of mobile phase—750 mL of 
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KH2PO4 mixed with 250ml acetonitrile. The HPLC pump and autosambler 

delivered the solvent containing the biological samples through the C18 

column at a rate of 1.8 mL/min, and the effluent was detected by ultraviolet 

absorbance at 295 nm wavelength for quantitation of 6-OH-CLZ (Waters 

Lambda Max Model 481 LC, Milford, MA, USA).  The sequence of 

compounds was: 6-OH-CHZ, phenacetin, and CHZ in that order (see Figure 

2.6.1.2).  

 

 

Figure 2.6.1.1   CHZ as index substrate for CYP2E1  
Transformation of  CHZ to 6-OH-chlorzoxazone (6-OH-CHZ) is the index 
reaction used to profile activity of  CYP2E1. The reaction is inhibited by 
N,N-diethyldithiocarbamate (DDC). 
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Figure 2.6.1.2:   HPLC tracing showing retention times of 6-OH CHZ, phenacetin, 
and CHZ 

 

 Sample preparation  2.6.2

Two sample preparation methods were used to study CYP2E1 

metabolic activity. For intact cells, as described previously (142), the living 

cells were incubated with 2-5 mL growth medium contained 500 µM CHZ for 

24 hours at 37oC and 5% CO2, the volume determined based on the plate size.  

The growth medium was then collected and internal standard 250 µM 

phenacetin added. The pH was adjusted using 30 µL of 43% phosphoric 

acid/1mL  of collected growth medium. Ethyl acetate and chloroform (159, 

160) were used to extract the three components in the medium as follows: one 

volume of ethyl acetate or chloroform was added to the collected growth 
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medium, then vortexed for five min. The mixing was done with circular 

motion, and the tube centrifuged for 30 minutes. The organic phase is 

separated into another tube, and the same process repeated three times.  With 

chloroform extraction, the organic phase was on the bottom; with the ethyl 

acetate extraction, the organic phase was in the top.  If the organic phase was 

turbid (not translucent) due to formation of emulsions, the tubes were frozen in 

-20oC for 1 hour, then thawed and centrifuged for 30 min.  This caused the 

organic phase to become translucent and clear enough for separation. 

For analysis of cell homogenates, the harvested cells were centrifuged, 

and the supernatant discarded. The tubes containing the remaining cell pellet 

were frozen at -80oC for 24hours, then thawed in ice and refrozen for 24 hours 

at -80oC. The samples were then thawed in ice for 20 minutes and 

homogenized at 4 oC by sonication, with three 10-second cycles.  

Protein concentrations were determined using BCA and NanoDrop 

Spectrophotometers (see Figure 2.5.3.2). 

Both human liver microsomal samples as positive control and cell 

lysate samples were prepared at final concentrations of 0.25 mg/ml in 200 µL 

as the final volume in the incubation mixtures. 
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 HPLC Issues  2.6.3

To optimize the pH of the extraction method, we conducted several 

experiments using pure 6-OH-CHZ, CHZ, and phenacetin in the full growth 

medium simulating the cells growth medium. Close to 50-70% extraction 

recovery was obtained compared to unextracted controls. Improved results 

were obtained when the vortex time was adjusted to 10 minutes, and the 

collection tubes changed to glass to minimize the possible plastic polymer 

effect. We used 30 µL of 43% phosphoric acid/1mL to adjust the pH. 

Another issue was contamination by 6-OH-CHZ in the negative control 

samples. To solve this issue, 100% methanol was used for 24 hours to wash the 

column. Further, after injection of each sample into the HPLC, two samples of 

pure methanol followed by H2O tubes were injected to eliminate cross-

contamination. Theses maneuvers successfully removed contamination. 

 

 Irreversible CYP2E1 Enzyme Inhibition 2.6.4

Diethyldithiocarbamate (DDC) is a potent though not fully specific 

inhibitor of CYP2E1 (161, 162).  DDC has been previously described as a time 

– dependent (mechanism-based) inhibitor of CYP2E1. This means that 

inhibiting potency is increased if the inhibitor is exposed to metabolic enzymes 

prior to addition of substrates (163). We verified this property of DDC by 

conducting a preincubation study of CYP2E1 inhibition by DDC.  Human liver 

microsomes were incubated with different concentrations of DDC (10, 50, and 



 

 

 

83 

100 µM) in Eppendorf tubes for 10 min, then transferred into lyophilized 

Eppendorf tubes containing CHZ 25µM (see Figure 2.6.4.1). Tubes were then 

incubated in a water bath for 30 min at 37oC, after which the stop solution (100 

µL) was added. The tubes were then left for 10 minutes in ice, and then 

centrifuged for 10 minutes at 3000 rpm. The content was then moved into 

HPLC vials, for analysis as described above.  

2.6.4.1 The results  

As depicted in Figure 2.6.4.2, there was significant inhibition of 6-OH- 

CHZ formation when DDC used in 50 and 100 µM, respectively, when 

compared with negative control sample which did not contain DDC. When the 

preincubation method was used, there was enhanced inhibition of 6-OH-CHZ 

formation compared to inhibition without preincubation. This verifies the time-

dependent mechanism of CYP2E1 inhibition by DDC.  
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Figure 2.6.4.1 Preincubation  method 
These schematic diagrams depict the preincubation method, showing addition of  the 
inhibitor to the enzyme prior to addition of the substrate. 

 
 

  
Figure 2.6.4.2   DDC preincubation versus non- preincubation  methods 
DDC, when preincubated with human liver microsomes, has increased 
inhibitory potency against 6-OH-CHZ formation. Formation of 6-OH-CHZ is 
expressed as a percent of  the control formation rate when no DDC was 
present. 
 
 
 
 
  

Without	  preincubation With	  preincubation 
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 CP inhibitory effect on CYP2E1 2.6.5

Evaluation of a possible role of CYP2E1 in modifying sensitivity to CP 

requires studies to exclude a possible direct effect of CP on CYP2E1.  This was 

investigated using human liver microsomal preparations.  Liver microsomes 

were prepared from four different human liver tissue samples. The quantitative 

metabolic activity of CYP2E1 in liver samples was determined in vitro using 

CHZ as the index substrate, and DDC index inhibitor (following 

preincubation).  Phosphate buffered saline (PBS Buffer) was prepared by 

dissolving 8g of NaCl, 0.2g of KCl, 1.44g of Na2HPO4, and 0.24g of KH2PO4 

in 800 mL distilled water, with pH adjusted to 7.4 by HCL. The total volume 

was adjusted to 1L by adding distilled H2O, and the buffer was then 

autoclaved.  To prepare a 50 mM stock solution of CP, 300 mg of CP was 

dissolved in 20 mL of PBS. The CP master stock was wrapped with aluminum 

foil and kept in -20oC.  Four human liver microsomal preparations were 

provided from the Department’s human liver tissue bank, and the total protein 

concentration measured as described previously. Each sample was prepared at 

a final concretion of 0.25 mg/mL.   The three incubation conditions were: PBS 

as negative control; DDC 50 µM as positive control; and 50 µM CP. After 

completion of the incubation, the metabolic formation of 6-OH-CHZ from 

CHZ was determined as described above. 

 

. 
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 The results 2.6.6

Formation of 6-OH-CHZ from CHZ was not different between PBS 

and CP groups (see Figure 2.6.6.1). However, metabolic activity was 

significantly reduced by DDC. Therefore, a direct inhibitory effect of relevant 

concentrations of CP on CYP2E1 activity is excluded. 

 

 

Figure 2.6.6.1 Inhibitory effects of PBS, CP and DDC on CYP2E1activty 
Mean (±) SE relative rates of formation of 6-OH-CHZ. The three groups are PBS, CP 
50µM and DDC 50µM. Values as the y-axis represent the peak height ratio of 6-OH-
CHZ divided by the internal standard phenacetin.  

  

 Study of CYP2E1 activity in Hep G2 cells 2.6.7

To validate overexpression of microsomal CYP2E1 in Hep G2 cells 

transiently transfected with CYP2E1 compared to scrambled plasmid or GFP 

transfection, metabolic activity was determined based on metabolism of CHZ.  

Samples were prepared using the intact cell method (see section 2.6.2).  

Metabolic activity was evaluated with CHZ (500 µM) incubated for 24 hours 

HLM DDC 50µM HLM CP 50µM HLM (PBS) 
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in cell-full growth medium (negative control), in preparations of cells 

transfected with scrambled plasmids, and in cells transfected with CYP2E1. 

2.6.7.1  The results  

Small peaks consistent with 6-OH-CHZ appeared in both the incubation 

of cell free medium as well as incubation of scrambled transfected cells. 

Theses peaks were presumed to be explained by spontaneous oxidation of 

CHZ. In the cells transfected with CYP2E1, metabolic activity increased by 9-

fold compared with the other 2 groups (see Figure 2.6.7.1). 

 

 
Figure 2.6.7.1   Metabolic activity of HepG2  (intact cell method) 
Mean (±) SE CYP2E1 relative rates of formation of 6-OH-CHZ from CHZ when 500 
µM CHZ was incubated for 24 hours with full growth medium alone, with scrambled-
plasmid-transfected Hep G2 cells, and with CYP2E1-transfected Hep G2 cells (both 
transiently transfected). 
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 Study of CYP2E1 activity in extrahepatic A2780/R and 2.6.8
MOR/R cancer cells  

2.6.8.1 Intact cell method 

A2780/R cell lines with stable transiently transfected CYP2E1 plasmid, 

and MOR/R cell lines with transiently transfected CYP2E1 plasmid, were 

established as previously described. CYP2E1 metabolic activity was 

determined after incubation of cells with 500 µM CHZ for 24 hours.  Hep G2 

cells transfected with CYP2E1 plasmid were used as positive control as in 

Section 2.6.7.  Full growth medium was used as negative control.  

2.6.8.2 The results 

In Figure 2.6.8.1, incubation of CHZ with growth medium alone, and  

A2780/R and MOR/R cells transfected with Src. plasmid as negative controls, 

yielded small 6-OH-CHZ peaks, consistent with spontaneous oxidation. 6-OH-

CHZ production by CYP2E1 transfected A2780/R or MOR/R cells was not 

distinguishable from the negative controls. However, 6-OH-CHZ formation by 

Hep G2 cells transfected with CYP2E1 plasmid exceeded the other groups.  
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Figure 2.6.8.1   Metabolic activity of A2780/R and MOR/R (intact cell method) 
Mean (±) SE relative rates of formation of 6-OH-CHZ from CHZ when 500 µM CHZ 
was incubated for 24 hours with full growth medium alone, Hep G2 cells transfected 
with CYP2E1 (transiently as positive control), A2780/R stably transfected with 
CYP2E1 and stably transfected with A2780 Scr., and MOR/R cells transiently 
transfected with CYP2E1 and Scr. plasmids. 
 

2.6.8.3 Lysate method 

Cell homogenates were prepared from A2780/R and MOR/R cells 

transfected with CYP2E1 as in Section 2.6.2, and positive controls prepared 

from human liver microsomes using a final protein concentration of 0.25 

mg/mL, and incubated in 25 µM CHZ for 20 minutes.  

 6-OH-CHZ was not formed by cell homogenates, indicating no 

evidence of CYP2E1 metabolic enzyme activity. The human liver microsomal 

preparation control showed a significant increase in 6-OH-CHZ formation. 
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Figure 2.6.8.2 CYP2E1   Metabolic activity of A2780/R and MOR/R cells (Lysate 
method) 
Mean (±) SE relative rates of formation of 6-OH-CHZ from CHZ when 25 µM CHZ was 
incubated for 20 min. with full growth medium alone, human liver microsomes (HLM), 
A2780/R stably transfected with CYP2E1, and stably transfected with A2780 Scr.,  and 
MOR/R cells transiently transfected with CYP2E1 and Scr. plasmids. Lysate 
concentrations were 0.25 mg/mL. 

 

2.6.8.4 Study of CYP2E1 activity in extrahepatic cells with addition of b5 

and POR 

Cyt b5 and POR and their roles as electron donors for monooxygenase 

reactions have been discussed previously. One possible cause of inactivity 

despite overexpression of CYP2E1 mRNA in both A2780/R and MOR/R cells 

is a deficiency in electron-transport systems. Homogenates of A2780/R and 

MOR/R were prepared for metabolic activity evaluation as previously 

explained, with two positive controls. The first was human liver microsomes; 

the second positive control was recombinant CYP2E1 that lacked an electron 

transport system and was reconstituted with Cyt-b5 and POR. The 



 

 

 

91 

reconstitution was done based on the previous study protocol, in which the 

relative amounts of Cyt b5, POR, and CYP2E1 were adjusted to optimize 

metabolic activity. Human liver microsomes consistently showed formation of 

6-OH-CHZ from CHZ. However, the recombinant CYP2E1 and the other cell 

lysates failed to produce metabolic activity,  Therefore we were not able to 

draw conclusions regarding the role of Cytb5 or POR in the lack of observed 

CYP2E1 metabolic activity. 

. 
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2.7 Flow	  Cytometer	  (FACS)	  

 Fundamentals of FACS 2.7.1

 The schematic operation concept of the FACS system is shown in 

Figure 2.7.1.1.  Cells are illuminated as they flow by a laser beam, which 

impinges on the structures and organelles inside the cells. These are projected 

out of the cell and form front- and side-scattered beams which can be analyzed 

to allow inferences regarding the shape, size, structure, and physical properties 

of the cells. The front beam provides a corresponding shape, and the side-

scattered beams can be analyzed in relation to the particles and organelles 

(164). FACS has a wide range of applications, including ROS generation 

analysis, evaluation of viability, and cell sorting. 

 

Figure 2.7.1.1 Schematic representation of Flow cytometry (FACS)  
This picture was  adapted from (162). 
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 ROS measurement using the (H2DCF-DA) flow cytometer 2.7.2

2.7.2.1 Introduction 

2′-7′-Dichlorodihydrofluorescein diacetate (DCFH-DA) is a widely 

used marker to measure ROS. The redox state within cells will shift if there is 

excessive free radical formation. DCFH-DA is a non-fluorescent compound 

that is cell-permeable. Therefore, when DCFH-DA penetrates the cell 

membrane into the cell, it is converted by intracellular esterases into DCFH, 

which is a cell membrane-impermeable product. The later product is also non-

fluorescent, and accumulates inside the cells. DCFH is then oxidized by ROS 

and yields the highly fluorescent product DCF (see Figure 2.7.2.1).  

Accumulation of DCF in cells may be measured by an increase in fluorescence 

at 530 nm when the sample is excited at 485 nm. Emission fluorescence at 530 

nm is measured using a flow cytometer, and is assumed to be proportional to 

the concentration of hydrogen peroxide in the cells. DCF, the oxidized 

fluorescent product of DCFH2, is membrane-permeable and can leak out of 

cells over time. Detecting slow hydrogen peroxide production over time can be 

difficult. This technique is a straightforward, inexpensive, and highly sensitive 

to changes in the redox state of a cell, and can be used to follow changes in 

ROS over time (165). 
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Figure 2.7.2.1  Schematic representation of DCF Assay 
This was adapted from Cell Biolabs, Inc. 
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2.7.2.2 ROS assay protocol 

Each cell line intended for evaluation with the ROS assay was prepared 

under four different conditions. Approximately106 cells were seeded on four 

35mm plates. The conditions were: the negative control that was not exposed 

to DCFDA; the negative control that was exposed to  DCFDA; a positive 

control using a ROS inducer (TBHP)  to validate the ROS assay; and cells 

exposed to CP to evaluate ROS generation (Figure 2.7.2.2).  

DCFDA - cellular ROS Detection Assay Kits (ab113851) from Abcam® 

were used to measure relative ROS. Three of the four plates were treated with 

DCFDA, 25 µM, for 18 minutes. The fourth plate was treated with DMSO only 

as a negative no-DCFDA control. The cells were then washed three times with 

PBS. The four conditions were prepared as follows: condition one—negative, 

no DCFDA, incubated with 2% FBS in PBS; condition two -- negative, with 

DCFDA, incubated with 2% FBS in PBS; condition three -- positive control 

with DCFDA, treated with 50 µM TBHP; condition four -- CP with DCFDA, 

incubated with 50µM CP. All plates were wrapped with aluminum foil to 

prevent direct light exposure, and left in an incubator at 37o C and 5% CO2 for 

2 h. After 2 h the cells were washed once with PBS, harvested as described 

before, and then centrifuged and resuspended with PBS. The cells were then 

placed in FACS tubes and left in ice for transfer to the FACS instrument. Using 

a Becton Dickinson FACS Calibur 4 Color Flow Cytometer, each tube was 

placed in the instrument.  
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Figure 2.7.2.2   Cell preparation step for ROS assay 
The cells were seeded in 100 mm plates on day 1. On day 3 the cells were 
harvested and seeded onto 4 plates for ROS relative measurement by FACS. 

2.7.2.3 FACS data analyses 

In Figure 2.7.2.3, (a), the Y-axis represents the side-scattered beams 

and the X-axis represents the front-scattered beams, both of which are the 

result of laser-beam deflection by the cells.  SSC-H represents the complexity 

of the cells (such as organelles and cell-surface granularity), while FSCB 

represents the size of the cell. The healthy-shaped population is gated as R1 in 

the figure. In (b), fluorochrome FL3-H is used in the Y-axis for propidium 

iodide (PI), while FL1-H is used for fluorescent oxidized DCF. The PI is used 

to distinguish unhealthy dying cells from healthier cells. Thus the positive PI 

indicates the cells that failed to extrude PI, while the negative PI represents the 

healthier, not-dying cells that actively extrude the PI. The populations of these 

healthier cells were gated as R5, as seen in (b). Then, using FLI-H 

fluorochrome on the Y-axis, the population of cells expressing fluorescent 

oxidized DCF is gated as R6, as shown in (c). The R6 gating will count the 

events that represent a healthy living cell expressing fluorescent DCF, where 
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each event is represented as a red dot in the graph.  The average number of 

events was calculated.  

.  

 

Figure 2.7.2.3   Flow cytometer-gating strategy for ROS assay 
 (a) R1 is gating the events that most likely exclude debris and 
cellular components that are not represented with regular size and 
shapes relative to normal cells.   (b) The R1 gate in (a) is 
represented  in b), where the cells can be filtered into living and 
non- living cells.  (c) The R5 gate in b) is represented  in c) where 
R6 gate are the healthy living cells that exhibit DCF fluorescence. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a) b) 

c) 
R6 
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 Results of ROS assay for CYP2E1-overexpressed Hep G2 cells 2.7.3

Hep G2 cells were transfected with CYP2E1 and Scr. as previously 

explained.  Each cell group was then seeded in four 35 mm plates as described 

above.  

The FACS reading results were calculated by counting the events, 

represented by the red dots in Figure 2.7.3.1, that indicate the number of DCF 

fluorescent cells gated in R6 for both cell groups in (a) and (b).  Figure 2.7.3.1 

shows a comparison between the Hep G2 Scr. as control and Hep G2 CYP2E1 

after 50 µM CP treatment for 3 hours.  

 

 

 

Figure 2.7.3.1   Hep G2 CYP2E1 versus Hep G2 Scr. flow cytometry 
In (a) Hep G2 Scr. exposed to 50 µM CP, compared with (b) Hep G2 
transfected with CYP2E1, and exposed  to 50 µM CP. 
 

 
 

a) 

b) 
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The number of fluorescent oxidized DCF cell events divided by the 

total number of cell events were determined for each group of cells, Hep G2 

CYP2E1 and Scr, for the two conditions of TBHP (positive control) and CP 50 

µM,.  These were normalized by dividing them by the corresponding negative 

control values.  

In the descriptive statistical analysis, an unpaired t-test between the 

groups was used to analyze CP 50 µM normalized reading values compared to 

control. With a two-tailed P value of 0.0370; this is statistically significant, 

(Table 2.7.3-1) and (Figure 2.7.3.2).  

As shown in Figure 2.7.3.2, ROS generation in the positive controls 

was significantly increased compared to the negative DMSO controls for both 

Hep G2 CYP2E1 and Hep G2 Scr. transfected cells. 

The findings indicate that cells expressing CYP2E1 will significantly 

increase ROS generation compared to control scr.-transfected Hep G2 cells. 

Group Hep G2 CYP2E1 Hep G2 Control 
Mean 2.5 1.37 

SD 0.28 0.14 
SEM 0.20 0.10 

N 2 2 
Table 2.7.3-1   Data summary for Hep G2 ROS formation  
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Figure 2.7.3.2:  Relative ROS formation for Hep G2 CYP2E1 transfected cells and 
Scr. transfected cells 
Both the Hep G2 CYP2E1 cells and control cells showed significant increases in 
mean (±) SE relative ROS formation with exposure to the ROS inducer TBHP. 
With exposure to 50 µM CP, significant differences were observed between 
CYP2E1 and Scr. transfected cells. 
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2.8 MTT	  assay	  

 MTT introduction 2.8.1

The fundamental experiment in CYP2E1 enzyme effects on CP cancer 

resistant cells is the assessment of cell viability. Available methods of testing 

cell viability range from a straightforward trypan blue dye-exclusion assay to 

more complex assays of individual cells using RAMAN microscopy (166). 

Approaches to studying the cytotoxicity of the cells can be divided into: those 

used to evaluate the metabolic activity of the cell, and those used to evaluate 

DNA synthesis. Metabolic assays cannot distinguish between cells that are 

actively dividing and those that are not. We choose the MTT assay though 

consideration of cost, speed, availability of facilities, sensitivity, and accuracy. 

MTT assays don't have maximal sensitivity, but nonetheless are used 

extensively (167, 168).  MTT assays may be particularly useful for testing and 

evaluating CP and newer anti-cancer agents in vitro (169). Their low cost and 

easy use are advantages over many other cytotoxicity assays. In one study the  

overall accuracy of the MTT assay clinical terms was 83% (170). 

Inconsistencies in previous studies have been attributed to variations in pH due 

to changes in the medium (171). In our MTT study we used the same media 

consistently. 
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 MTT mechanism of action 2.8.2

The yellow dye 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl tetrazolium 

bromide (MTT) is reduced by mitochondrial succinate dehydrogenase to 

produce formazan. The MTT passes into the mitochondria within the living 

cells where the reduction takes place. The reduced compound is insoluble and 

dark blue in color. Organic solvents such as DMSO will dissolve formazan. 

The dark blue solubilized formazan is measured spectrophotometrically. MTT 

reduction occurs only in metabolically active cells;  therefore, the level of 

activity reflects the viability of the cells. 

 MTT assay method 2.8.3

When a particular cell line was plated for MTT assay, the cells were 

detached from the plates after 24 h and seeded in white, 96-well, flat-bottom 

plates, as described previously. The seeded number of cells was optimized to 

15 x 103 cells/well. The following day, the cells were treated based on the 

experimental plan. Fresh MTT solution was prepared as follows: MTT is 

dissolved in sterile PBS (5 mg/mL in PBS) then filtered using 0.45 micro from 

MF-Millipore filters and kept in the dark by wrapping the tube with aluminum 

foil. On the 5th day, all growth medium was aspirated from each well, after 

which 200 µL of MTT solution was added using a multichannel pipette. The 

plate was then left in the dark in the incubator at 5% CO2 and -37oC for 4 

hours.  
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After 4 hours, the contents of each well were aspirated, then 200 µL 

DMSO was added to dissolve any generated formazan compound. The plate 

was left in the incubator for 30 minutes, after which it was read using a Tecan 

Microplate reader Spectra Fluor plus with a 590 nm filter. To ensure a 

homogenous mixture in each well, the plate was shaken for 60 seconds before 

reading.  

 

 MTT standardization 2.8.4

Three strategies were used to standardize the MTT assay: first, by 

optimizing the method of seeding the cells onto the plate; second, by validating 

CP toxicity in sensitive and resistant cell lines; third, by checking the 

reproducibility and consistency of the assay. 

2.8.4.1 Optimizing the cell-seeding method 

To determine the appropriate seeding density of A2780 and MOR cells 

for the MTT assay, the cells were seeded onto 96-well, flat-bottom white 

plates. In triplicate fashion, no cells were seeded into the first three wells, and 

then 5 x 103, 10 x 103, 15 x 103, and 20 x 103 cells were seeded, respectively. 

After three days, MTT solution was added, then the derived formazan was 

solubilized by 150-200 µL DMSO. The absorbance (OD) was read in an 

ELISA plate Reader at 570 nm. OD was found to be linearly related to cell 

seeding density, as shown in (Figure 2.8.4.1 and Figure 2.8.4.2)  
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Figure 2.8.4.1    A2780 and A2780/R seeding density MTT assay 
A2780 and A2780/R cells seeded in 96 well plates with different cell 
numbers, and left in the incubator to grow. The y-axis represents the optical 
density reading at 550 nm.  
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Figure 2.8.4.2   MOR and MOR/R seeding density MTT assay 
MOR and MOR/R cells seeded in 96 well plates with different cell numbers, 
and left in the incubator to grow. The y-axis represents the optical density 
reading at 550nm.  
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2.8.4.2 MTT reproducibility 

The second level of MTT assay optimization was a plan to assure 

reproducibility of any MTT assay experiment. All experimental points were 

done in triplicate. 

In each experiment, the cells prepared for MTT assay were cultivated to 

reach at least 2.6 X 107.  Cells were thawed and seeded in 10 cm plates. At 70-

80% confluence the cells were then passed onto two 10 cm, then after reaching 

70-80% confluence were then passed onto four 10 cm plates. When the total 

cell number reached the required target, they were collectively seeded onto size 

T 150 plates, with a surface area of 150 cm2, and number of cells seeded at 2.0 

X 107. After reaching 70-80% confluence, the cells were harvested and seeded 

onto eight 10 cm plates.  For the actual experiment, each set of two plates 

consisted of cells transfected with GFP, scrambled, and CYP2E1 plasmids 

respectively (see Figure 2.8.4.3). 
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Figure 2.8.4.3   Illustration for cell growth and seeding plan for transfection 
process  
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2.8.4.3 Validation of CP toxicity in sensitive and resistant cell lines  

The MTT viability assay validated CP sensitivity (toxicity) in cell lines 

identified as sensitive and resistant to CP. A2780 cells (CP sensitive) were 

compared to A2780/R (CP resistant), and MOR cells were compared to MOR-

R cells. The cells were seeded at 20x103 for A2780/A2780/R, and 15x103 for 

MOR/MOR/R cell lines. After 24 h, the cells were exposed to different 

concentrations of CP, which was prepared in full growth medium. On the third 

day, the cell medium was renewed with the same CP concentration. The total 

incubation time was 5 days. 

2.8.4.3.1 The	  results	  

Figure 2.8.4.4 shows the OD values (Y-axis) in relation to CP 

concentration (X-axis) for 3 sets of A2780 cells, both sensitive and resistant. 

Note the significant differences in CP toxicity between the sensitive and 

resistant cell lines at 14, 7 and 3 µM CP concentrations. Figure 2.8.4.5 shows 

the same data but with OD values normalized as a percentage of the CP=0 

control values. 
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Figure 2.8.4.4   MTT assay for A2780 and A2780/R cells 
Mean (±)SD O.D. values for A2780 and A2780/R cells in the MTT assay .The  cells were   
exposed to different concentrations of CP, n=3at each point. 
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Figure 2.8.4.5   A2780 and A2780/R MTT assay showing normalized data 
The data in the previous figure were normalized  to yield relative cell viability (%); 
Each OD reading value was divided by the OD value of  the untreated control cells, 
and then  multiplied by100. There were significant differences between A2780 and 
A2780-R cells at multiple CP points.  
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Figure 2.8.4.6    MOR and MOR/R MTT assay  
Mean (±)SD O.D. values for MOR and MOR/R cells in the MTT assay .The  cells were 
exposed to different concentrations of CP.  In b),  the data were normalized to yield 
relative cell viability (%);. each OD reading value was divided by the OD value of the 
untreated control cells, then multiplied by 100. There were significant differences between 
MOR and MOR/R cells at multiple CP points. 
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 CP IC50 for A2780 and A2780/R cells 2.8.5

The 50% cytotoxicity concentration (IC50) of CP for the sensitive and 

resistant cell lines was determined by nonlinear regression using Sigma Plot 

software (172). The equation                                        was fitted to data points 

consisting of [CP] (the concentration of CP) and R ( the % cell viability 

normalized to CP=0 control). The iterated variables were: Emax (the maximum 

degree of cytotoxicity); IC, the CP concentration giving an R value of 50% of 

(100-Emax); and b, an exponent. The IC50 value for CP was determined from IC 

as follows: 

2.8.5.1 The results 

Figure 2.8.5.1 shows the CP IC50 for A2780 cells. As anticipated, 

IC50.values are substantially lower in CP sensitive cells compared to resistant 

cells. There was also a dependence of IC50 values on the conditions under 

which the cells were handled and treated, incubation time, and number of 

passages. Although these factors changed the absolute IC50 values, the 

differences between sensitive and resistant cells were maintained. 
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Figure 2.8.5.1   IC50 for A2780 and A2780/R 
Nonlinear regression showing values of CP IC50 for A2780/ CP- resistant = 11.4 
µM and for A2780/ CP-sensitive  =  0.73 µM. 
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Figure 2.8.5.2   IC50 for A2780 and A2780/R cells stably transfected with 
CYP2E1. 
Nonlinear regression showing values of CP IC50 for A2780/ CP- sensitive stably 
transfected with Scrambled and CYP2E1 plasmids   The IC50 value for the CYP2E1 
sensitive A2780 showed higher values in transfected cells with CYP2E1when 
compared to its counterpart negative control (scrambled transfected cells), which is 
indicative of no sensitization effect compared to the sensitive A2780 cells. The 
same applied to A2780 CP resistant cells when transfected with scrambled and 
CYP2E1 plasmids. The IC50 values for both are nearly identical.  
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 DDC cytotoxic effect on Hep G2 cells 2.8.6

A study was done to exclude a possible effect of DDC, the CYP2E1 

index inhibitor, on the viability of Hep G2 cells. The cells were seeded in 96-

well plates and exposed on the following day to different concentrations of 

DDC (  Figure 2.8.6.1). The MTT assay was used to evaluate cell viability after 

5 days of incubation. 

2.8.6.1 The results 

High concentrations of DDC (100 or 500 µM), impaired cell viability   

(p < 0.05), while no significant change was observed at a DDC concentration 

of 50 µM when compared to the negative control (DDC = 0). This suggests 

that DDC concentrations <50 µM are unlikely to impair cell viability. 

However, since there was no evidence that CYP2E1 expression was related to 

CP sensitivity phenotype (section 2.8.7), further studies of DDC were not 

undertaken. 
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  Figure 2.8.6.1   DDC cytotoxic effect on Hep G2 cells 
Mean (±)SD relative viability of Hep G2 cells exposed to DDC concentrations of 500, 
100, and 50 µM. There was no significant difference between the mean relative viability 
at 50 µM DDC compared to the control group (DDC = 0). 

 
 CP toxicity in HEP G2 CYP2E1 cells 2.8.7

Hep G2 cells were transfected with CYP2E1, GFP and nonsense 

CYP2E1 (Scr) cDNA as described previously (Section 2.3).  Studies were 

conducted using 4 groups of Hep G2 cells. The negative control cells were 

exposed only to transfection reagent without plasmid. The upper half of each 

plate was seeded with the negative control. The other cell groups were 

transfected with CYP2E1, GFP, and Scr. cDNA, then seeded onto 96 well 

plates in duplicate fashion. The following day the cells were exposed to a range 

of CP concentrations (0, 80, 40, 20, 10, 5, 2.5, 1.25, 0.65, 0.325, 0.162, 0.081 

µM) for 5 days.  On the third day, the full growth media with the same CP 

concentrations were refreshed. Treatment with CP continued for 5 days. In 
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each experiment, 8 plates were used. The MTT assay was conducted on all 

plates as explained in Section 2.8. 

 

2.8.7.1 The results 

Based on ANOVA, the only statistically significant differences among 

treatments occurred at a concentration of 5 µM. At all other concentration 

points the differences among treatments were not significant (Figure 2.8.7.1). 

Descriptive statistics for the relative viability (%) of each group at 

concentrations of 5 µM are shown in Table 2.8.7-1. Table 2.8.7-2 shows the 

outcome of ANOVA for 5 µM concentration points. Differences among 

treatments produced significance, with p=0.05. If anything, the three 

transfected groups had greater viability than the controls cells, and there were 

no apparent differences in viability values among the three transfected cell 

groups. 

 

 
Table 2.8.7-1   Relative viability (%) with treatment at [CP} 5µM 
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Table 2.8.7-2   ANOVA among treatments at [CP] of 5 µ M 

 

 

Figure 2.8.7.1    Viability assay for HepG2 cells treated with CP 
Hep G2 cells transfected with CYP2E1, GFP, and Scr. treated with different 
concentrations of CP (0, 80, 40, 20, 10, 5, 2.5, 1.25, 0.65, 0.325, 0.162, 0.081 µM) for five 
days. 
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3 Discussion	   	  
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CP is a widely used chemotherapeutic agent that can affect many types 

of cancer (173). However, two factors hinder its use: its side effects, and 

resistance development. Various approaches are available to overcome 

chemotherapy resistance and maximize the clinical benefit of cytotoxic agents, 

such as CP (174). 

When resistance to CP develops, its therapeutic index will narrow, 

thereby reducing its clinical value(175). CP’s principal mechanism of inducing 

cytotoxicity is by interfering with DNA replication. However, CP can destroy 

cancer cells through other mechanisms as well. Exploiting these parallel 

mechanisms might improve CP’s cytotoxicity and widen its therapeutic index.  

Interactions between CP and cellular components, such as microsomal 

CYP2E1, might be the basis for an increase in cellular ROS formation (176). 

ROS maintains a number of cellular functions, but also has a role in the 

development of oxidative stress, which may have adverse consequences (177). 

Microsomal CYP2E1 enzyme has been reported to play a role in two of CP’s 

significant dose-dependent side effects: nephrotoxicity and hepatotoxicity (88, 

178). The destruction of hepatocytes and nephrocytes is linked to an increase in 

ROS generation upon CP interacting with CYP2E1 (82). Microsomal CYP2E1 

is predominantly expressed in hepatocytes, but has also been found in 

extrahepatic cells (179). CYP2E1’s metabolic activity is clearly important for 

xenobiotic biotransformation, but its extrahepatic biological effects have not 

been fully established. 
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Increased CYP2E1 mRNA expression has been reported in extrahepatic 

cancer tissue, as has increased CYP2E1 activity in some other diseases, such as 

diabetes (180, 181). However, the link to cancer development may involve an 

increase in ROS levels that induces oxidative stress. CYP2E1 is the most active 

ROS generator among CYP450 isoforms; in turn, ROS may have adverse 

cellular effects in both cancerous and noncancerous hepatic and extrahepatic 

cells (182). Therefore, excessive ROS generation in cancer cells resistant to CP 

might sensitize these cells. A principal objective of this work was to determine 

the role of microsomal CYP2E1 in generating ROS upon CP treatment. 

Specifically, we evaluated whether hepatic and extrahepatic cancer cells that 

are resistant to CP can be sensitized through microsomal CYP2E1 

overexpression and ROS generation. 

Two extrahepatic lines—A2780/R and MOR/R—and the hepatic cell 

line Hep G2 were transfected with microsomal CYP2E1. The qPCR results 

showed a significant increase in CYP2E1 mRNA in all transfected cells, 

relative to the corresponding controls. A Western blot test did not confirm 

protein formation in the transfected extrahepatic cell lines, but in the Hep G2 

transfected with CYP2E1, the cells showed a possible increase. Evidence of 

metabolic activity attributed to CYP2E1-transfected cells was the most 

important aspect of this study. This evidence was found using an in vitro 

metabolic model, with CHZ used as the index substrate to reflect CYP2E1 

metabolic activity. We detected no 6-OH-CHZ formation from CHZ in either 

for the A2780 and A2780/R lines (stably transfected with CYP2E1) or the 
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MOR/R lines (transiently transfected with CYP2E1); however, 6-OH-CHZ was 

formed from CHZ in the Hep G2 cells transiently transfected with CYP2E1. 

This suggests a possible deficiency in the extrahepatic cells’ CYP2E1 electron 

transport system, and/or a possible proteolytic system within the cells that 

inactivates newly formed CYP2E1 (183). 

To determine CYP2E1 transfection’s phenotypic effect on CP 

cytotoxicity in Hep G2 cells, it was necessary to exclude CP’s direct inhibitory 

effect on microsomal CYP2E1 activity. Therefore, we tested human liver 

microsomal preparations from four human liver samples to determine the rate 

of 6-OH-CHZ formation from CHZ due to exposure to 50 µM CP. This CP 

concentration is higher than clinically applicable but still did not significantly 

inhibit 6-0H-CHZ formation. We also established that DDC, a CYP2E1 

inhibitor, did not affect Hep G2 cells’ viability by itself at concentrations less 

than 50 µM. Finally, we verified that DDC acted as a time-dependent 

(mechanism-based or irreversible) CYP2E1 inhibitor. 

To evaluate the effect of CYP2E1 transfection when CP induces ROS in 

Hep G2 cells, we used FACS flow cytometry to measure the fluorescence 

generated upon ROS interacting with DFCL. When transiently transfected with 

CYP2E1, CP-exposed Hep G2 cells showed increased ROS fluorescence 

values relative to those of the controls. This suggested that, upon CP treatment, 

CYP2E1 transformation leads to ROS generation. 

Finally, we tested whether Hep G2 cells, when transiently transfected 

with microsomal CYP2E1 cDNA, became more sensitive to CP toxicity, based 
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on the MTT assay methodology. Exposing the CYP2E1-transfected and control 

Hep G2 cells to CP concentrations as high as 80 µM resulted in no evidence of 

altered CP sensitivity. The explanation for this is not established. There could 

be a compensatory upregulation of other antioxidant systems, such as those 

involving glutathione (GSH) or thioredoxin (Trx), which regulate intracellular 

ROS levels. Cancer cells may also be adapted to survive at high ROS levels, 

use less TrxR, and upregulate other antioxidant systems in the GSH system. 

Another possible mechanism is a metabolic shift in which the cell transfected 

with CYP2E1 develops or increases its dependence on the anaerobic utilization 

of glycolysis and, as a consequence, increases the antioxidant system via 

NADPH.  

Our findings support what has been reported in the literature, as the 

CYP2E1 biotransformation process yielded ROS. However, the MTT assay 

used in our study revealed no evidence of ROS affecting CP sensitivity when 

the cells were exposed to different CP concentrations for 5 days. This 

contradicts some studies suggesting CYP2E1 as a contributor to CP sensitivity. 

Some specific features of our studies may explain the differences. First, we 

used transient transfection for Hep G2; this suggests a possible reduction in 

ROS generation upon CP treatment, as compared to Cederbaum’s study (88), 

which used a stably transfected cell line. Second, in our study’s MTT protocol, 

the Hep G2 cells were exposed to different concentrations of CP ranging from 

0–80 µM for 5 days. The concentrations of CP were based on our dose-

response studies, which aimed to determine CP’s IC50, in the context of clinical 
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plasma concentrations. In Cederbaum’s study, the MTT assay concentrations 

used were between 250 and 500 µM for 24 hours. This suggests that the 

incubation time might have impacted the results, as it has been reported that 

longer CP exposure yields different toxicity patterns (184). It may be that 5 

days of exposure to CP allowed sufficient time for the cells to overcome any 

potential harmful effects of the generated ROS. Moreover, the high CP doses 

(250–500 µM) used in Cederbaum’s study might have generated sufficient 

ROS to damage cells. 

The literature also indicates that CP’s nephrotoxic effect is reversed 

when a CYP2E1 inhibitor is used. Given that CYP2E1 is involved in 

nephrotoxicity, we might expect a greater incidence of hepatotoxicity than of 

nephrotoxicity during clinical CP use because liver cells contain more CYP2E1 

than extrahepatic cells. However, clinical and laboratory studies have 

suggested the opposite(185). If CYP2E1 was a significant factor in cell damage 

upon CP exposure, hepatocytes might have greater capacity than other cell 

types to overcome CYP2E1’s harmful effects.  

Lastly, our data do not confirm what Cederbaum’s study suggested 

regarding the effect of mitochondrial CYP2E1 in sensitizing Hep G2 cells. 

Much evidence in the literature indicates that mitochondrial targets have 

important roles in CP’s toxic effect on cells; for example, CP toxicity is 

associated with cellular mitochondrial density(186). This might explain how 

mitochondrial CYP2E1 transfection into Hep G2 cells produced sensitization 

even without biotransformation activity.  
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Finally, some studies have shown increased CYP2E1 activity in some 

conditions like diabetes (180, 187), which might suggest that nephrotoxicity is 

expected to increase upon treatment with CP; however, animal studies have 

reported that diabetes has a protective role against CP nephrotoxicity (188). 

This might imply that CYP2E1’s potential effects on CP might be modified by 

other conditions and factors. In any case, our CP dose-response curve study on 

Hep G2 cells transfected with CYP2E1 did not validate a link between 

CYP2E1 expression activity and altered sensitivity to CP exposure. 
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4 Conclusions	  and	  Questions	  for	  future	  studies	   	  
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4.1 Conclusions	  

• The extrahepatic cell lines (A2780/MOR) lack the cellular machinery 

needed to produce detectable, metabolically active microsomal CYP2E1, 

with or without transfection. 

• Augmented CYP2E1 metabolic activity and ROS activity following 

CYP2E1 transfection did not alter CP sensitivity in Hep G2 cells. 

• A role for CYP2E1 in CP sensitivity or resistance was not verified based on 

CP exposure response studies.  
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4.2 Questions	  for	  future	  studies	  	  

• CYP2E1-transfected Hep G2 cells did show phenotypic changes evident as 

increased CYP2E1 metabolic activity and increased ROS production.  

However, there was no change in sensitivity to CP toxicity.  Studies are 

needed to elucidate the mechanism of this noncongruence.  These studies 

could focus on adaptive processes that are recruited by CYP2E1-

transfected Hep G2 cells to overcome the consequences of ROS generation. 

• The studies evaluating the role of Cyt-b5 and oxidoreductase in A2780 and 

MOR cells’ metabolic activity were not conclusive.  These factors need 

more extensive evaluation in controlled systems, since they may contribute 

to the lack of enhanced CYP2E1 activity despite large increases in mRNA.   

Also to be evaluated is the possible role of proteolytic systems that would 

degrade newly-formed CYP2E1 enzyme.    

• Ethanol is known to be an inducer of CYP2E1 expression and activity in 

human cellular systems.  Further studies could be aimed at applying this 

property of ethanol as a chemical approach to enhancing 

expression/activity in hepatic and extrahepatic cells, and the possible 

consequences in terms of cell viability and CP sensitivity.   
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