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ABSTRACT 

 

 Numerous selenium compounds have demonstrated their ability to act as a 

chemotherapeutic agent through their pro-oxidative activity in cancer therapy in vitro. 

However, one major problem in cancer therapy is tumor drug specificity. Previous studies 

have shown that the membrane bound folate receptors (FR) and biotin receptors (BR) are 

over-expressed in numerous cancer cells but not in normal cells. The present study was 

aimed to determine whether a selenium-biotin conjugate can be internalized via a 

BR-over-expressing human breast cancer cell line, MDA-MB-231. It was observed that 

MDA-MB-231 cells treated with 1, 5, 10, and 20 µM of selenocyanobiotin (SeCN-biotin) 

after 24-, 72-, and 120-hour treatment resulted in inhibition of cell proliferation and cell 

death as determined by the [methyl-tritium] DNA thymidine incorporation assay. The 

experimental results provide support for the hypothesis that SeCN-biotin could penetrate 

into BR-over-expressing cancer cells and inhibit DNA synthesis in a time- and 

dose-dependent manner in vitro. 
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CHAPTER I 

INTRODUCTION 

 

For the past few decades, breast cancer has been the most commonly occurring 

cancer among women and is second only to lung cancer as a cause of cancer death in 

women in the United States. In 2008, an estimated 250,230 new cases of breast cancer are 

expected. About 182,460 are invasive cases of breast cancer with 67,770 in situ cases in 

women and 1,990 new cases in men. Approximately 40,930 breast cancer deaths, 40,480 

in women and 450 in men, are expected in 2008 (American Cancer Society [ACS]). It is 

therefore vital to identify new effective chemotherapeutic drugs that will treat breast 

cancer, particularly drug resistant breast cancer. 

There is growing evidence that indicates that selenium (Se), an essential trace 

element and normal constituent of diets, can be anti-carcinogenic. Selenium was first 

mentioned as being possibly protective against cancer by Shamberger and co-workers in 

1969 (1969). A large number of animal studies, clinical trials and epidemiological studies 

have shown that human populations with a low selenium intake and low plasma selenium 

levels have increased incidence of cancer, including cancer of the breast, lung, stomach, 

bladder, ovaries, gastrointestinal, thyroid, esophagus, head and neck, and prostate (Ip et 

al., 2000a; Mark et al., 2000; Duffield-Lillico et al., 2002; Fernández-Bañares et al., 2002; 

Lopez-Saez et al., 2003; Duffield-Lillico et al., 2003). Yet, some studies have found no 

association between dietary selenium and cancer (Brandt et al., 1993; Ringstad et al., 

1998; Wallace et al., 2003). Current evidence would suggest that Se can act as an 

anti-tumorgenic agent in two possible ways: 1) by functioning as a component of 
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Se-enzymes which play a crucial role in antioxidant defense that protect cells against 

oxidation; and 2) by serving as a pro-oxidant that arrests the cell cycle, inhibits cancer 

proliferation, and triggers apoptosis (Drake, 2006; Forceville, 2006). 

Among the numerous tissues in which tumorgenesis is affected by selenium status, 

the effect of Se has on the mammary gland is prominent. Se compounds are among the 

few agents that inhibit cancer in multiple mammary tumor models, including the mouse 

mammary tumor model, the virus-induced mouse mammary tumor modal, chemical 

carcinogen-induced mammary tumorgenesis in the mouse and rat, and spontaneous 

tumorgenesis in the mouse. Ip et al. (2000a) indicated that selenium-enriched products 

have efficacy in regulating the proliferation and/or apoptosis of the carcinogen-initiated 

cells at an early stage of the disease process in the rat. The early studies in mouse and rat 

models also demonstrated that a nontoxic dose of ~3-5 ppm Se as sodium selenite caused 

≥50% inhibition of mammary tumorgenesis (Medina et al., 2001). Se-induced alterations 

in cell cycle proteins (associated with early carcinogenesis) and decreased DNA synthesis 

that were investigated with mammary tumor cells has also been reported (Sinha et al., 

2001). 

Since all living cells require vitamins for survival, rapidly dividing cells such as 

those present in solid tumor cancers have a greater requirement for certain vitamins and 

as a consequence, the receptors involved in the uptake of vitamins are often 

over-expressed in these cancer cells. Vitamin B12, folic acid, biotin and riboflavin are 

essential vitamins for division of all cells, but more particularly for the growth of tumor 

cells. 
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 The folic receptor (FR) which facilitates folic acid entry into cells via 

receptor-mediated endocytosis has been reported to be significantly over-expressed in 

certain malignant cells but expressed in limited numbers in normal tissues from the same 

cell type. FR-α, one of the folate receptors, is up regulated in malignant tissues of 

epithelial origin such as ovarian carcinoma (90%), lung (50%), breast (25%), endometrial, 

renal (50%), and colorectal cells (Lu and Low, 2003; Russell-Jones et al., 2004; Reddy et 

al., 2005; Parker et al., 2005). Interestingly, one study illustrated that in the 

over-expression of either folate or vitamin B12 receptors, there is also an extreme increase 

in the expression of biotin receptors (Russell-Jones et al., 2004). 

Based on previous findings, it is hypothesized that SeCN-biotin will reduce cell 

proliferation of certain cancer cells with over-expressed folate/biotin receptors. The aim 

of this present study is to test whether a newly synthesized molecule SeCN-biotin induces 

cytotoxicity, i.e. apoptosis in the human folate/biotin-receptor positive breast cancer 

MDA-MB-231 cells. 
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CHAPTER II 

LITERATURE REVIEW 

 

Breast Cancer 

 

A malignant neoplasm, also known as cancer, is the second leading cause of death in 

the United States. Only heart disease causes more deaths (Kung et al., 2008). Today, 

millions of Americans are living with cancer or have had cancer. It is estimated that half 

of men and one third of women in the U.S. will develop or even die from cancer during 

their lifetime (ACS, 2008). 

Cancer develops because body cells grow out of control; either via increasing 

proliferation or decreasing apoptosis of cells. Both external/environmental factors such as 

tobacco, chemicals, and radiation, and internal factors like mutations and hormones 

promote and may lead to cancer (ACS, 2008). Damage to DNA is one of the factors that 

may cause cancer. Normally, cells are able to repair the damaged DNA, except in cases 

where the DNA is severely damaged as in cancer cells. It is believed that DNA is 

damaged by continuous exposure to certain agents, such as ionizing radiation which 

causes single or double strand breaks. Reactive oxygen species (ROS) that attack purine 

and pyrimidine rings, and alkylating agents including heterocyclic amines from foods that 

form DNA adducts both result in DNA damage, and the damaged DNA duplicated during 

replication. 

While lung cancer is the most common cause of cancer death, the most prevalent 

cancer in the world is breast cancer, with approximately 4.4 million survivors alive within 
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5 years after diagnosis (Parkin et al., 2005). According to the American Cancer Society, 

females face a one in eight chance that breast cancer will develop during their lifetime 

(Breast Cancer Facts & Figures, 2008). Breast cancer is the most common cancer among 

American women, representing one-third of all cancers diagnosed, with an estimated 

182,440 new cases of invasive breast cancer and 67,770 cases of in situ breast cancer in 

2008 (ACS, 2008). An estimated 40,930 deaths from breast cancer are expected to occur 

in women in 2008, exceeded only by lung cancer. It is interesting to see that women 

anticipate that they are more likely to suffer from breast cancer than heart disease or 

diabetes (Hewitt et al., 2004), despite the fact that heart disease and diabetes have an 

actual higher rate of morbidity. According to the American Heart Association, 42.1 

million women are living with cardiovascular disease (CVD) and 461,200 women died of 

CVD in 2004 (Rosamond et al., 2007). 

Besides gender, age is the most important risk factor. The risk of breast cancer and 

death from breast cancer generally increases with age. Breast cancer is predominately a 

disease that affects older women, with 95% of new cases and 97% of breast cancer deaths 

occurring among women aged 40 and older during 1998-2002. Aside from age, race is 

another risk factor of breast cancer. It has been noticed that white and African American 

women have a higher morbidity and mortality rate from breast cancer than other racial 

and ethnic groups of women. The rate of incidence is higher among white women than 

African American women older than age 50. However, the overall breast cancer mortality 

rate is higher among African American as compared to white women. The socioeconomic 

status may contribute to the observed differences in survival between African Americans 

and whites (Breast Cancer Facts & Figures, 2007-2008). Incidence and mortality rates for 
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breast cancer are generally lower among women of other racial and ethnic groups, such 

as Asian and Pacific Islanders, American Indians, and Hispanics, as compared to white 

and African American women (Cross et al., 2002). 

Mortality rate for breast cancer in women has declined since 1990, particularly in 

younger age females. Death rates in women younger than 50 have decreased by 3.3% per 

year, and in women 50 and older by 2.0% since 1990. Due to improvements in both 

breast cancer therapy and early detection, it is noteworthy that the 5-year relative survival 

for localized breast cancer is 98% today compared to 80% in the 1950s (ACS, 2008). The 

National Cancer Institute estimated that approximately 2.4 million women with a history 

of breast cancer were alive in January 2004, accounting for about 41% of the nearly 5 

million female cancer survivors or 23% of the 8.9 million total cancer survivors (Ries et 

al., 2002; ACS, 2008). 

 

Reactive Oxygen Species (ROS) and Apoptosis 

 

Oxygen is used by the body’s cells to produce energy. In the process, oxygen 

occasionally reacts with cellular compounds, yielding highly unstable and reactive 

molecules known as free radicals. A free radical is an atom or molecule with one or more 

unpaired electrons (Engel and Evens, 2006). Some environmental factors such as 

radiation, tobacco smoke, and pollution can also act as oxidants and result in free-radical 

formation. Free radicals and non-radical active molecules that contain oxygen may be 

referred to as reactive oxygen species (ROS), like superoxide (O2·-), hydrogen peroxide 

(H2O2), hydroxyl radical (OH·), and peroxynitrite (OONO-) (Pelicano et al., 2004). 
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 Normally, all cells are able to defend themselves against ROS. These defense 

molecules are known as antioxidants. The natural antioxidants within the human body are 

antioxidant enzymes such as superoxide dismutase (SOD), catalase and glutathione 

peroxidase (Matés and Sánchez-Jiménez, 2000). In addition, carotenoids, Vitamin C, 

Vitamin E, and selenium are commonly known antioxidants in foods. ROS production is 

cleared by cellular scavenging capability under normal metabolism. Several cellular 

components may be damaged by excessive production of ROS for example, DNA, 

protein, and lipid membranes (Ozben, 2007). When the generation of ROS in the body 

exceeds the ability to neutralize and eliminate them, oxidative stress occurs. Oxidative 

stress and ROS have been implicated in many diseases, such as Alzheimer's disease, 

Parkinson's disease, cancer, and in the aging process. However, oxidative stress is not 

always harmful. Recently, numerous anticancer drugs are utilized to kill cancer cells by 

the therapeutic strategies of increasing ROS generation (or inhibition of endogenous 

antioxidant defenses) like arsenic trioxide (As2O3) (Pelicano et al., 2003), Motexafin 

gadolinium (Evens et al., 2005) and Imexon etc. (Evens et al., 2004). 

In multi-cellular organisms, systems have evolved to eliminate damaged cells by a 

self-destruct and disposal mechanism called programmed cell death (PCD) or apoptosis 

(Hughes and Mehmet, 2003). Apoptosis is an important part of both normal embryonic 

development and homeostatic cell turnover in adult. It is a carefully controlled 

mechanism that eventually causes the death of the cell (Murphy and Martin, 2003). It is 

estimated that millions of cells die everyday in adult humans, enabling tissue turnover 

and the removal of potentially harmful cells. 

Apoptosis was first described by Kerr et al. in 1972 (Kerr et al., 1972). The process 
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for elimination of unwanted cells is active and energy-dependent. Apoptosis is a 

characteristic series of morphological and biochemical alterations to the cell, including 

loss of cell-cell contact, DNA fragmentation, chromatin condensation, cell shrinkage, and 

plasma-membrane blebbing. At the end of the process, the fragments from apoptotic cells 

are recognized and phagocytized by neighboring cells or macrophages. The whole 

process of apoptosis can be very fast, being completed within 30 minutes to 1 hour 

(Matés and Sánchez-Jiménez, 2000; Ozben, 2007; Murphy and Martin, 2003). Increased 

apoptosis may result in acute pathologies such as toxin-produced microorganism 

infection or ischaemia/reperfusion damage, and also in chronic diseases such as 

immunodeficiency or neurodegenerative disorders, whereas malformation, autoimmune 

disease or cancer develops because of failure to induce appropriate apoptosis (Hughes 

and Mehmet, 2003). 

The mechanism of apoptosis is mediated by a family of cysteine-containing 

aspartate-specific proteases, termed caspases, which exist in an inactive state, called 

zymogens, in cells. When caspases are activated in response to apoptotic stimuli, they 

inactivate or deregulate several vital cellular proteins by cleaving them or proteolytically 

activating enzymes that contribute to the disassembly of a cell and ultimately result in 

cell death (Thornberry and Lazebnik, 1998). Apoptotic cell death has been functionally 

divided into two different molecular signaling pathways: the intrinsic (mitochondrial) and 

the extrinsic pathway. In spite of different cascades of caspases being utilized, these two 

pathways ultimately converge at the level of caspase 3 activation (Strasser et al., 2000; 

Ozben, 2007).Intracellular stress signals, such as DNA damage, hypoxia, viral infection 

and activation of oncogenes, usually activates the intrinsic pathway, whereas extracellular 
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ligands bind to a plasma membrane receptor that triggers the extrinsic pathway (Ricci and 

Zong, 2006). There is evidence that ROS can act on the mitochondria directly to trigger 

the initiation of apoptosis (Matés and Sánchez-Jiménez, 2000; Engel and Evens, 2006). 

Instead of being a cause of disease, the importance of apoptosis in the etiology and 

treatment of many diseases has become apparent only recently (Ozben, 2007; Engel and 

Evens, 2006; Ricci and Zong, 2006). Today, many chemotherapeutic agents used in 

cancer therapy are employed in treatment through selective or non-selective killing of 

cancer cells (Lowe and Lin, 2000). Over the past few years, studies have well indicated 

that the greater part of anticancer therapy takes place in tumor cells by inducing apoptosis 

(Herr and Debatin, 2001; Kaufmann and Earnshaw, 2000). These novel therapeutic 

strategies represent the cellular responses occurring after drug-target interaction and the 

process that brings about cytotoxic effects that result in cell death, i.e. apoptosis. 

 

Selenium 

 

Brief Information 

 Selenium is a non-metallic mineral with a similar chemistry to sulfur, existing in 

several oxidation states, including 2-Se, 4+Se, and 6+Se. The major source of selenium for 

mammals is from the diet, and the selenium content of food varies greatly and is directly 

related to its concentration in soil throughout the regions of the world. Selenium-rich 

areas include the central U.S., Venezuela, and certain regions of China and Australia, with 

low quantities in China, Russia, New Zealand and Finland (Tinggi, 2003; Diplock, 1993; 

Golubkina and Alfthan, 2002; El-Bayoumy and Sinha, 2004). The total selenium content 
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in the human body is approximately 15 mg (Gropper et al., 2005). The current Dietary 

Reference Intakes (DRIs) established by the Institute of Medicine of the National 

Academy of Sciences recommended for selenium in the United States is 55 micrograms 

(μg) per day for men and women 14 years and older. RDAs for pregnant and lactating 

women are 60 and 70 μg per day, respectively. The Tolerable Upper Intake Levels (TUL) 

for selenium is 400 μg/day for adults and 45 μg/day for infants (Gropper et al., 2005). 

 

Selenium Deficiency 

Selenium deficiency in humans has occurred in some countries where soil 

concentration of selenium is low, such as China, New Zealand and Finland (Tinggi, 2003; 

Diplock, 1993). Keshan disease, one of the regional human diseases linked to selenium 

deficiency, was first described in 1935 in China with an outbreak of a disease with a 

sudden onset of precardial oppression and pain, nausea and vomiting, and in some cases 

ending in death (Yang et al., 1984). The main characteristics of Keshan disease is 

cardiomyopathy including acute or chronic cardiac insufficiency, congestive heart failure, 

and fibrous tissues replacing myocardium (Ge and Yang, 1993). It has been reported in 

intervention trials that Se supplementation is effective in prevention of Keshan disease 

(Yang et al., 1984; Ge and Yang, 1993). Kaschin-Beck’s disease is another endemic 

illness believed to be selenium-related. Osteoarthropathy is the main feature of 

Kaschin-Beck’s disease, involving degeneration and necrosis of the joints and of 

epiphyseal-plate cartilage of the legs and arms (Ge and Yang, 1993). In addition to 

selenium deficiency, it has also been hypothesized that other factors such as iodine 

deficiency (Moreno-Reyes et al., 1998), organic contaminants in drinking water and 
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mycotoxins are other risks for Kaschin-Beck’s disease (Sokoloff, 1989). 

Selenium deficiency has also been reported in people receiving either enteral 

nutrition or total parenteral nutrition (TPN) for an extended period of time. Either low 

levels of selenium in the feeding solutions or poor absorption results in selenium 

insufficiency, with symptoms including muscle weakness and tenderness, nail bed 

changes, and declines in cardiac function (Kien and Ganther, 1983; Abrams et al., 1992). 

This concept was supported by showing that many of these symptoms were alleviated 

after selenium supplementation was given to subjects (Ishida et al., 2003; Abrams et al., 

1992). 

 

Selenium Toxicity 

 Selenium toxicity, known as selenosis, may occur if selenium is consumed in 

excessive amounts. The consumption amount of selenium from foods depends on its 

concentration in soil, including water, since selenium circulates through the food chain. 

Earlier studies have demonstrated that organic forms are more bioavailable and less toxic 

than inorganic forms (Wilson et al., 1992). Therefore, it is believed that the chemical 

form and concentration of selenium determines the various bioavailabilities and toxicities. 

Long-term consumption of selenium levels in the milligrams per kilogram of diet could 

result in chronic selenosis both in livestock and humans (Koller et al., 1986). It was first 

reported in the 1930s that the consumption of selenium-accumulating plants over a long 

period resulted in selenium toxicity in livestock (Fan and Kizer, 1990). Some symptoms 

found in livestock were regarded as specific for selenium poisoning, such as blind 

staggers in cattle and alkali disease in horses and cattle (Koller et al., 1986). 
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Even though selenium intoxication in humans is rare, the effects of selenium toxicity 

have been reported (See et al., 2006; Gasmi et al., 1997; Spiller and Pfiefer, 2007). If 

selenium is consumed in overdoses either due to ingestion of excessive amounts of 

selenium-rich foods or selenium supplements, Se-induced intoxication may occur. Signs 

and symptoms of intoxication in humans include nausea, vomiting, fatigue, diarrhea, hair 

and nail brittleness and loss, tooth decay, skin lesions, nervous system disorders, and 

effects on liver (Fan and Kizer, 1990; Alexander, 2007). It is believed that these toxicities 

result from the ability of selenium to induce oxidative stress, which will be discussed 

further in a later section (Seko and Imura, 1997). 

 

Selenium and Human Health 

Selenium has earned the attention of the world’s scientists for its role in protecting 

vulnerable body chemicals against oxidative destruction. Studies showed that selenium 

has the ability to prevent the formation of free radicals and prevent oxidative damage to 

cells and tissues. In 1998, Reilly (1998) presented more than 40 human diseases and 

conditions associated with selenium insufficiency, including aging, arthritis, cancer, 

cardiovascular disease, cataracts, cholestasis, cystic fibrosis, diabetes, immunodeficiency, 

etcetera. The results clearly point out the importance of selenium in human health and 

disease prevention. Even though further studies on the mechanism of Se participation in 

such conditions are needed, it is believed that the antioxidant property of selenoproteins 

is the crucial factor. Selenium, therefore, is considered a key micronutrient in the 

prevention of cancer, cardiovascular, viral infectious and immune-mediated diseases. 
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Selenium and Cancer 

For a long time, selenium was presumed to exert its anticancer activity as an 

antioxidant because of its essential role in the formation of selenoproteins. Even though 

not all of the selenoproteins have been characterized yet, experimental evidence has 

suggested that some of the 25 mammalian selenoproteins act as a cancer prevention agent 

by eliminating oxidative stress (Hatfield, 2006). For example, glutathione peroxidase 

families (GPx), the most studied selenoproteins, are well-known as the major antioxidant 

enzymes that catalyze the reduction of hydrogen peroxide (H2O2) and lipid 

hydroperoxides and thus prevent DNA damage and carcinogenesis from ROS attacks. 

Thioredoxin reductase (TR) and Thioredoxin (Trx) both play important regulatory roles 

in several biological mechanisms and defense against oxidative stress (Mustacich and 

Powis, 2000). In addition to GPx, TR, and Trx, other selenoproteins, such as SeP and 

SeW, have also been reported to function as antioxidants (Hatfield, 2006). 

 Research over the past four decades has demonstrated a role of selenium in cancer 

prevention. The first suggestion of selenium as a protectant against cancer risk was 

reported by Shamberger and Frost (1969). Since that finding, scientific evidence has been 

published that indicates that selenium can play a role in cancer prevention. 

Epidemiological and prospective studies in several countries have shown that low blood 

Se levels were found to be associated with an increased morbidity and mortality of 

various types of cancers. These include cancer of the breast, lung, stomach, bladder, 

ovaries, gastrointestinal, thyroid, esophagus, head and neck, and prostate (Mark et al., 

2000; Whanger, 2004; Knekt et al., 1998; Ujiie and Kikuchi, 2002; Li et al., 2004; 

Schrauzer et al., 1977). Breast and prostate cancers showed the greatest consistency in the 
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inverse correlation between serum Se concentration and risk of cancer (Trumbo, 2005). 

Case-control studies have shown that Se concentration in cancer patients is lower than in 

control subjects in blood, serum, hair or toenails (Lopez-Saez et al., 2003; Wallace et al., 

2003; Yoshizawa et al., 1998; Comstock et al., 1992). Further research is required to 

prove whether a lower selenium concentration in cancer patients is a risk factor or a 

consequence of cancer in patients. Although Lopez-Saez et al. (2003) represented the 

decrease concentration of serum selenium in women with breast cancer as a consequence 

rather than a cause of cancer, it is still an unclear supposition. Yet, some studies failed to 

show an association between selenium concentration and cancer incidence (Goodman et 

al., 2001; Michaud et al., 2002; Ringstad et al., 1988), and one study indicated an 

increased breast cancer risk at relatively high selenium levels (Garland et al., 1995). 

 Human intervention trials have also shown that selenium supplementation serves as 

an effective means to decrease the risk of cancer (Combs and Combs, 2005). The 

strongest evidence of selenium as a chemopreventive agent in humans comes from the 

Nutritional Prevention of Cancer (NPC) Trial by Clark et al. (Clark et al., 1996; 

Duffield-Lillico et al., 2002) in 1996. Individuals in the treatment group were given 200 

µg selenium per day as selenium-yeast for an average of 4.5 years. The result of this 

randomized, placebo-controlled trial showed that the selenium did not reduce risks of 

skin cancer patients to recurrent basal/squamous cell carcinomas. However, patients who 

received selenium-supplementation showed significant reductions in total cancer 

mortality (RR=0.48), total cancer incidence (RR=0.63), and incidence of prostate 

(RR=0.37), colorectal (RR=0.42) and lung cancers (RR=0.54). 

One large-scale, long-term clinical trail is currently in progress (Klein et al., 2000). 
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The Selenium and Vitamin E Cancer Prevention trial (SELECT), sponsored by National 

Cancer Institute (NCI), is a 12-year duration of supplementation, randomized, 

double-blind, placebo-controlled prospective trial that enrolled 32,400 health men in 

Northern American. SELECT is designed to test whether selenium and/or vitamin E can 

reduce the incidence of prostate cancer. The trial will be completed in 2013. 

 

Selenium-induced Oxidative Stress 

Selenium, as an anticarcinogenic agent, is now being considered a pro-oxidant rather 

than an antioxidant (Spallholz, 1994; Spallholz, 1997; Drake, 2006). The hypothesis is 

based on the idea that selenium compounds in cancer prevention may, due to their 

catalytic activities, form catalytically active, reduction-oxidation (redox)-cycling 

intermediates, which results in free radical stress that may cause cell death either by 

apoptosis or necrosis. There is evidence that thiols, which contain functional R-SH 

groups, play an important part in ROS signaling through changes in redox state, for 

example, glutathione (GSH) (Moran et al., 2001). As mentioned above, the toxicity of 

selenium is now considered as the result from interaction between selenium and thiols. 

The interaction was first proposed by Painter (1941) and verified by Ganther (1968) 

posteriorly. Later, Seko et al. (1989) reported that selenite (SeO3
2-) reacts with reduced 

GSH to generate selenodiglutathione (GSSeSG) which ultimately produces the 

superoxide anion (O2
-·) by the reaction of H2Se and O2, as shown below. 

   4GSH  GSSG       GSH  GSSG    GSH  GSSG      O2  O2
·- 

SeO3
2-          GSSeSG          GSSeH          H2Se          Se0 

 

15 
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In 1992, Chaudiere et al. (1992) outlined the mechanism of the glutathione oxidase 

cycle of selenocystamine (Fig. 1). He demonstrated that in the presence of oxygen, 

selenocystamine, a diselenide (RSeSeR), catalyzes the oxidation of GSH or other thiol 

compounds yielding superoxide and hydrogen peroxide. Subsequent studies found similar 

results by the determination of ROS produced in cells with the addition of exogeneous 

GSH (Seko and Imura, 1997; Spallholz et al., 1998). Using a lucigenin 

chemiluminescence assay, Spallholz et al. (1998) have cataloged selenium compounds 

that can or cannot generate O2
•-. They reported that selenate (SeO4

2-) and methylated 

selenium compounds neither react with GSH nor generate O2
•- and thus are not toxic per 

se (sic). However, after undergoing demethylation or β–elimination, methylselenide 

(CH3Se-) or selenide is formed resulting in the generation of O2
•- through redox cycle 

(Spallholz et al., 1998; Spallholz et al., 2004). The results indicate that the selenium 

compounds that can form the selenoate anion (RSe-) will generate O2
•- in vitro when 

acting with thiols. Furthermore, generated superoxide (O2
-·) is able to react with oxygen 

to produce additional reactive oxygen species (ROS), including H2O2, HO·, HO-, ONOO-, 

and NO2·, which are toxic (Seko et al., 1997; Spallholz, 1997; Spallholz et al., 1998). 

Concisely, this redox cycling by diselenides is thought to be the basis of selenium toxicity 

due to the formation of the selenoate anion (RSe-), which is the catalytic species and 

contributes to the anticancer effects because of its pro-oxidative potential. 

Apoptosis caused by selenium compounds through Se-induced oxidative stress in 

cultured cells has also been reported in several studies (Yan and Spallholz, 1993; Lanfear 

et al., 1994; Stewart et al., 1997; Cho et al., 1999; Shen et al., 1999; Li et al., 2003), and 

further, the data from Li et al. (2003) supports the notion that Se-induced oxidative stress 
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mediates the induction of apoptosis through the intrinsic pathways. In addition to proving 

that Se-induced oxidative stress would mediate the induction of apoptosis, Yan and 

Spallholz (1993) also demonstrated that selenium-induced apoptosis in human mammary 

HTB123/DU4475 cells were inhibited when the generation of ROS is suppressed by 

antioxidants, including catalase, superoxide dismutase (SOD), and glutathione peroxidase. 

These results were observed in human hepatoma HepG2 cells having also been reported 

by Shen et al. (1999). This finding supports the proposed hypothesis proposed that the 

ROS induced by selenium causes the toxicity of selenium and cell death as a pro-oxidant. 

In order to understand whether the cell cycle is disrupted, cell cycle associated cyclins 

and cyclin-dependent protein kinases (CDK) down regulation and apoptosis modulated 

by Se in vitro, can also be manifested in vivo, Ip et al. (Ip et al., 2000b; Ip et al., 2001) 

experimented with the effects of Se compounds on the mammary glands of rats. The 

results demonstrated that methylselenocysteine not only stimulated apoptosis in both the 

small and large intraductal proliferation lesions, but also did not affect the growth of 

normal, untransformed cells in the mammary gland. 

In recent years, scientists have aimed to overcome the defects of anticancer agents 

inducing apoptosis in tumor treatments. The goal of the therapeutic strategy of 

chemotherapeutic agents is to selectively inhibit cell proliferation in cancer cells and 

thereby reducing the toxicity towards normal cells. 
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CHAPTER III 

MATERIALS AND METHODS 

 

Overview of the Methodology 

 

 In this study, 1.5 × 105 cells were seeded per well in 24-well plates and cultured in 

Leibovitz’s L-15 medium supplemented with 10% fetal bovine serum, 4mmol/L 

L-glutamine, and 1% penicillin-streptomycin solution. Cells were treated with different 

concentrations of SeCN-biotin (1, 5, 10 and 20 µM), biotin (1, 10 and 20 µM), and 

hydroxyurea (1 and 2 mM) in triplicate and the experiment was done in twice, excluding 

1 µM biotin which was only measured at the second experiment. Samples were incubated 

for 24, 72, and 120 hours respectively. Biotin worked as a negative control for 

SeCN-biotin and hydroxyurea worked as a positive control for known induction of cell 

death. To observe the in vitro cytotoxic effect of SeCN-biotin on MDA-MB-231 cell 

proliferation, the [methyl-3H]Thymidine incorporation assay was used. 

 

Synthesis of Selenocyanobiotin 

 

The SeCN-biotin conjugate was synthesized by attaching a redox selenium molecule 

to the carboxylic acid of biotin. Briefly, 244 mg biotin (SIGMA®, St. Louis, MO USA) 

was dissolved in 25 ml of dichloromethane (DCM) (Mallinckrodt Baker, Inc., 

Phillipsburg, NJ, USA) and 250 mg chlorinating agent was added. The mixture was 

allowed to stir at room temperature overnight. A weight of 200 mg bromoethanol and 200 
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mg triethylamine (Acros Organics, Morris Plains, NJ, USA) were added in the 

intermediate afterward and left to stir overnight at room temperature. The reaction 

mixture was evaporated and the residual solid was dissolved in ethyl acetate. The solvent 

was filtered and the remaining compound was dissolved in methanol. Bromobiotin (190 

mg) was obtained after filtering. Bromobiotin was dissolved in N,N-Dimethylformamide 

(DMF) (DriSolv®, Gibbstown, NJ, USA) and stirred over a period of 5 minutes. A weight 

of 300 mg potassium selenocyanate (KSeCN) was then added and allowed to stir 

overnight at room temperature. A five-fold volume of cold water and 25 ml ethanol were 

added and stirred for 3 hours. The mixture was filtered and followed by washing the solid 

compound with ethanol, water, and methanol. The product, SeCN-biotin, was dried 

overnight at 60°C. The selenium conjugate was confirmed by TraceAnalysis, Inc 

(Lubbock, TX, USA) and demonstrated that this compound contains 11.4g selenium/Kg. 

The structure of SeCN-biotin is shown below. 

 

 

 

20 



Texas Tech University, I-Huei Tsai, December 2008 

21 

 

Cell Culture 

 

MDA-MB-231 cells, derived from human mammary gland adenocarcinoma, were 

obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). Cells 

were cultured in Leibovitz’s L-15 medium (ATCC), supplemented with 10% fetal bovine 

serum (HyClone®, Logan, UT, USA), 4 mmol/L L-glutamine, and 1% 

penicillin-streptomycin solution (MP Biomedicals Solon, OH, USA), at 37 ˚C in a 

humidified atmosphere without CO2 as recommended by the ATCC. 

 

[methyl-3H]Thymidine Incorporation Assay (Cell Proliferation Assay) 

 

 The [methyl-3H]Thymidine incorporation assay was used to determine the rate of 

cell proliferation. As only live dividing cells incorporate [methyl-3H]Thymidine, the 

diminution of incorporated 3H represents the potency of the cytotoxic agent. In the 

present study, MDA-MB-231 cells were plated in 24-well plates (Becton Dickinson and 

Company, Franklin Lakes, NJ USA) at a density of 1.5 × 105 cells/well with L-15 media 

containing 10% FBS, 4mmol/L L-glutamine, and 1% penicillin/streptomycin, in the 

presence of 1mM or 2mM hydroxyurea (SIGMA®, St. Louis, MO), 1µM, 10µM or 20µM 

biotin, or 0, 1µM, 5µM, 10µM and 20µM SeCN-biotin. At the same time as the treatment 

added, [methyl-3H]Thymidine (PerkinElmer, Waltham, MA, USA) was added to the 

culture medium (0.13 µCi/well) and cells were subsequently grown for 24, 72, and 120 

hours. The cells were then washed with 0.15M NaCl, 0.3M HCl and allowed to stand at 4 
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℃ for 20 minutes with HCl. The plates were washed with 0.3M HCl twice and 95% ethyl 

alcohol once. Finally, 200 µl of 0.5N NaOH was added and allowed to set at room 

temperature for 30 minutes. A volume of 150 µl from each well content was then 

transferred to a vial containing 2.5 ml of scintillation liquid (Fisher Scientific, Pittsburgh, 

PA). The radioactive content of each well was determined using Beckman LS 6000 

Liquid Scintillation Counter (Beckman Coulter, Inc. Fullerton, CA). The results were 

expressed as total counts per minute (CPM). Each sample assay was tested six times 

except for the 1 µM biotin which was done in triplicate. 

 

Statistical Analysis 

 

Statistical Package for the Social Sciences (SPSS) computer statistics software from 

SPSS, Inc. was used for all statistical calculations. Each treatment was performed twice 

independently in triplicate and the data are reported as the Means ± SEM. Student’s-t test 

and ANOVA analysis were used to determine the significance differences between groups. 

A significant difference was assumed if P < 0.05. 
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CHAPTER IV 

RESULTS 

 

A [Methyl-3H]Thymidine incorporation assay was performed in this study of 

SeCN-biotin in vitro against MDA-MB-231 breast cancer cell growth up to 120 hours.  

DNA synthesis as measured by [methyl-3H]Thymidine incorporation was used to evaluate 

cell proliferation rates. The effects of hydroxyurea, biotin, and SeCN-biotin on the 

[methyl-3H]Thymidine incorporation into DNA by cultured MDA-MB-231 breast cancer 

cells at 24, 72, and 120 hours is shown in Table 1. Figure 2 also illustrates the results of 

the effect of hydroxyurea, biotin, and SeCN-biotin treatment on cell growth over time. 

Hydroxyurea was used here as a positive control since many lines of evidence have 

suggested that it is able to inhibit cell growth as a cytotoxic agent (Johnson et al., 

1992; Gwilt and Tracewell, 1998; Boucher et al., 2002). Hydroxyurea, as reported, was 

also observed to be toxic to MDA-MB-231 cells in this study. The data shows that cell 

numbers increased over the incubation time in the control group. Biotin alone did not 

affect cell growth significantly at concentrations of 1 µM, and 10 µM even after 5 days of 

treatment. However a significant inhibition of cell growth was detected in the presence of 

20 µM of biotin at 120th hour. In contrast, the cell numbers of SeCN-biotin treated cells 

increased from the 24th to 72nd hour at 1, 5, and 10 µM yet decreased from 72nd to 120th 

hour, while the cell numbers were decreased after 72 hours of treatment with 20 μM 

SeCN-biotin and they continued to decrease up to 120 hours of treatment (Table 1). 

A concentration-dependent effect of SeCN-biotin was carried out with 

MDA-MB-231 cell growth. As shown in Fig. 2, there was a gradual reduction in 3H 

http://www.ncbi.nlm.nih.gov/pubmed/9592619?ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/12101433?ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
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incorporation at the 24-, 72-, and 120-hour time points, respectively. It was observed that 

SeCN-biotin began to inhibit the cell growth significantly (P < 0.05) at either 5 μM at 24 

and 72 hours and even started inhibition at 1 µM at 120 hours time when compared with 

untreated control cells. The cytotoxic effect was also enhanced by increasing the 

concentration of SeCN-biotin. The data also showed that at 20 μM SeCN-biotin, the 

anti-proliferation effects of SeCN-biotin are very similar at all time points. Specifically, 

SeCN-biotin induced 94%, 98%, and 99% inhibition of cell growth as measured by DNA 

synthesis at 24-, 72-, and 120-hour, respectively compared with the control group (Fig. 

3). 

The capacity of biotin and SeCN-biotin to inhibit the cell proliferation of 

MDA-MB-231 cells was then compared. It was observed that at 10 and 20 µM, 

SeCN-biotin had a significant inhibitory activity in MDA-MB-231 cell proliferation over 

biotin alone. This concentration effect was observed at 24-, 72-, and 120-hour of 

treatments (Table 1).
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Table 1 

Effect of hydroxyurea, biotin, and SeCN-biotin on the [methyl-3H]Thymidine incorporation in human breast cancer 

MDA-MB-231 cells. 

Treatment 24-hour1 72-hour1 120-hour1 

Control 2412.7 ± 60.8 5364.7 ± 241.3 6193.5 ± 80.8 

Hydroxyurea 1 mMa 292.7 ± 5.9** 1106.8 ± 46.4** 303.5 ± 35.8** 

  2 mMa 158.2 ± 3.5** 602.7 ± 33.7** 102.3 ± 6.0** 

Biotin 1 µM
b 2680.3 ± 84.8 4654.7 ± 304.5 4947.3 ± 374.9 

  10 µMa 2294.8 ± 37.9 † 5304.2 ± 326.8 † 4182.5 ± 379.7 † 

  20 µM
a 2524.7 ± 49.6 † 4840.5 ± 604.5 † 2715.3 ± 320.4** † 

SeCN-biotin 1 µM
a 2461.8 ± 54.8 4998.3 ± 133.9 4785.2 ± 199.3* 

  5 µMa 1185.0 ± 53.0** 3044.0 ± 170.0** 1869.3 ± 291.9** 

  10 µMa 272.5 ± 7.9** † 1805.8 ± 110.4** † 896.0 ± 224.8** † 

  20 µMa 164.2 ± 3.5** † 93.2 ± 5.6** † 74.5 ± 3.8** † 

1Results are expressed as Mean ± SEM (aN = 6, bN = 3). 

*P < 0.05 vs. control group, **P < 0.01 vs. control group; † P < 0.05 Biotin vs. SeCN-Biotin group at the same concentration. 
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Figure 2: Effect of hydroxyurea, biotin, and SeCN-biotin on the [methyl-3H]Thymidine incorporation in human breast cancer 

MDA-MB-231 cells. Data are presented as Mean ± SEM; N = 6 for each treatment at each time point but N = 3 for 1 µM 

biotin. *P < 0.05, **P < 0.01 compared to control. 
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Figure 3: The effect of SeCN-biotin on cell proliferation in human breast cancer MDA-MB-231 cells at 24-, 72-, and 120-hour 

time points, respectively. Results are expressed as % of untreated control [methyl-3H]Thymidine incorporation.
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CHAPTER V 

DISCUSSION 

 

 Recent studies have suggested that selenium may be a potential dietary 

chemopreventive agent for mammary cancer (Ip et al., 2000b; Sinha et al., 2001; Ip and 

Dong, 2001). The effect of most anticancer agents used now is ascribed to their arresting 

action on rapid tumor cell proliferation. Many studies indicated that these anticancer 

drugs are able to induce apoptosis based on their cytotoxic activity (Matés and 

Sánchez-Jiménez, 2000; Engel and Evens, 2006). However, it has also been reported that 

anticancer agents induce apoptotic cell death in normal tissues as well as cancer cells 

(Lowe and Lin, 2000). Accordingly, selectively delivery of the cytotoxic agents to the 

tumor cells without increasing toxicity in normal tissues is an important and challenging 

goal for scientists to achieve. Since the over-expression of folate receptors on a wide 

range of human cancers has been reported, one such technique of covalent coupling of 

anticancer agents on to folic acid and delivering the conjugate to the tumor cells through 

the folate receptor is coming into focus. In 2004, Russell-Jones et al. (2004) stated that 

“the tumor cells that over-expressed receptors involved in either folate or vitamin 

B12-uptake also showed over-expression of biotin receptors.” In this study, a 

selenocyanate (SeCN-) molecule was covalently attached on biotin to examine the 

cytotoxicity of a newly synthesized SeCN-biotin conjugate in MDA-MB-231 cells. 

Measurement of DNA synthesis is often taken as representative to estimate the cell 

proliferation activity. [Methyl-3H]Thymidine incorporation assay is one of the techniques 

utilized as an index of DNA synthesis and proliferative rate of cells. In this study, 

http://www.ncbi.nlm.nih.gov/pubmed/10688869?ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
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[methyl-3H]Thymidine was used to determine the DNA proliferation and cytotoxic 

potency of SeCN-biotin. An apparent novel strategy using the biotin receptor as the target 

whereby selenium may serve as the chemotherapeutic agent for breast cancer has been 

demonstrated. Using MDA-MB-231 cells, results show that SeCN-biotin produced a 

suppression of DNA synthesis in a time- and dose-dependent manner against 

MDA-MB-231 breast cancer cells in vitro (Fig. 2). It was unexpected to see that when 

treated with 20 µM of biotin, the cell numbers decreased significantly at 120-hour. One 

speculation for this phenomenon is that the cells divided rapidly in the presence of biotin 

at high concentration, but the over-growth of the cells in the limited well space might 

cause the cell death. 

 Consistent with our results, many reports show cytotoxic effect of selenocompounds 

in numerous cultured malignant and normal cell lines. Sinha et al. (2001) observed the 

inhibition of cell growth in TM6 mouse mammary tumor cells after both methylseleninic 

acid and dimethyl diselenide treatments. Other studies examined the in vitro cytotoxic 

effect of other selenocompounds such as selenomethionine and sodium selenite (Na2SeO3) 

in various kinds of cancer and normal cells also showed selenium-induced growth 

inhibition, apoptosis, and cell arrest in those tumor cells (Kajander et al., 1990; Shen et 

al., 1999; Stewart et al., 1999; Menter et al., 2000; Zhong and Oberley, 2001; Li et al., 

2003). The results of these studies also found selenocompounds to generally produce 

lesser toxicity in normal cells (Kajander et al., 1990; Menter et al., 2000). Furthermore, 

they reported that the cytotoxicity of selenocompounds and their ability to induce 

apoptosis in cells is because of the generation of reactive oxygen species. The capacity of 

selenocompounds to inhibited cell proliferation and enhance apoptosis is also manifested 
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in rat mammary gland cells in vivo as shown by Ip et al. (2000b; 2000c; 2001). These and 

our studies are suggestive of the postulate that selenium compounds serve as a 

chemotherapeutic agent by suppressing cell proliferation and inducing apoptosis when 

targeting overly expressed cancer cell proliferation. 

 For decades, the anticancer activity of selenium has been shown in several cell lines 

and tumor models (Ip et al., 2000a; Mark et al., 2000; Duffield-Lillico et al., 2002; 

Fernández-Bañares et al., 2002; Lopez-Saez et al., 2003; Duffield-Lillico et al., 2003). 

There is now a great deal of evidence implicated that the growing interest in selenium for 

oncologists is not only for its antioxidant properties but also for the pro-oxidant effect 

through numerous synthetic selenium compounds (Drake, 2006; Forceville, 2006). 

Considerable studies exist that now suggest that oxidative stress is not always detrimental 

to cells, but it can be beneficial in therapeutic strategies. Several anticancer drugs used 

now for cancer treatment have been shown to kill cancer cells by increasing cellular ROS 

stress (Pelicano et al., 2004; Evens et al., 2004; Evens et al., 2005). As previously noted, 

several investigators have indicated that the pro-oxidant effect of selenium compounds 

may be attributed to the reaction of selenite with reduced glutathione (GSH) and produce 

O2
-, H2O2, and ·OH all cause cytotoxicity (Chaudiere et al., 1992; Spallholz, 

1994; Spallholz, 1997; Seko and Imura, 1997; Stewart et al., 1999). The biotin containing 

selenocyanates (SeCN) used in this study has also been reported as toxic because it reacts 

with thiols and generates selenoate anions (RSe-) via a seleneylsulfide intermediate 

(RSe-SG) as illustrated in the reactions below (Ganther and Lawrence, 1997): 

RSeCN + GSH            RSeSG + HCN 

RSeSG + GSH            RSeH + GSSG 

30 

http://www.ncbi.nlm.nih.gov/pubmed/9315319?ordinalpos=15&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
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The selenoate anions subsequently undergo redox cycling and produce superoxide. 

 The potential toxicity of SeCN-biotin to other than targeted cancer cells in an in vivo 

trial remains the major concern as in any other chemotherapy. Although folate/biotin 

receptors are expressed at very low levels in normal cells, Weitman et al. (1992) reported 

that only the normal renal epithelium cells express quite a considerable amount of folate 

receptor. Because of the small molecular weight of SeCN-biotin (MW = 376 g/mol), this 

conjugate is easily reabsorbed in the proximal tubules of the kidney after excreting by the 

kidney. Thus SeCN-biotin may accumulate in the kidney and in turn result in damage to 

the kidneys. Therefore, it was a surprise to see the results recently reported by Leamon 

and Reddy (2004). They found that a FR-drug conjugate, EC72, was effective as a 

chemotherapeutic agent in mice while it caused no harm to normal tissues, including the 

FR-positive cells in the kidney. However, because biotin was used in this study as a 

targeting agent instead of folate, it will be essential to determine SeCN-biotin cytotoxic 

effects in the kidney in any in vivo study. 

In summary, we delivered a SeCN-biotin conjugate through biotin receptors to a 

human breast cancer cell line, MDA-MB-231, and determined the cell proliferation rate 

using [methyl-3H] DNA thymidine incorporation assay. Our results generally support the 

hypothesis that SeCN-biotin caused cell death in a time- and dose-dependent manner 

because of the cytotoxic activity of Se. It would be interesting to further certify this 

finding by an apoptosis investigation and even to determine whether SeCN-biotin offer 

specific targeting to other cancer cells in vivo and in vivo. 
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