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I1l. INTRODUCTION

A. Present state of cancer burden

Cancer-related mortality is the second major cause of death and principal factor in years
of potential life lost (YPPL) among the 18-64 years old population, posing as a significant
public health burden worldwide (Figure 1.) [1-3]. In 2012, cancer accounted for 8.2 million
deaths and 14.1 million new cancer cases across the globe, while 32.6 million people entered
the period of 5-year remission (partial or complete) [4—6]. This means that one out of six deaths
was associated with cancer. Based on the estimates of the World Health Organization (WHO),
the incidence of malignant diseases will increase 50% by 2030 and it is expected that cancer
will surpass cardiovascular illnesses as the leading causes of mortality [6]. Malignant diseases
have a considerable economic impact on the healthcare infrastructure: in 2010 the economic
costs of cancer were estimated to be around 1 trillion euros [7,8].

Estimated New Cases Estimated Deaths
Male Female Male Female
Lung, bronchus, & trachea Breast Lung, bronchus, & trachea Breast
1,241,600 1,676,600 1,098,700 521,900
Prostate Colon & rectum Liver Lung, bronchus, & trachea
1,111,700 614,300 521,000 491,200
Colon & rectum Lung, bronchus, & trachea Stomach Colon & rectum
746,300 583,100 469,000 320,300
Stormach Cervix uteri Colon & rectum Cervix uteri
631,300 527,600 373,600 265,700
Liver Stomach Prostate Stomach
554,400 320,300 307,500 254,100
i Urinary bladder Carpus uteri Esophagus Liver
Worldwide 330,400 281,200 224,500
Esophagus Ovary Pancreas Pancreas
323,000 238,700 173,800 156,600
Non-Hodgkin lymphoma Thyroid Leukemia Qvary
217,600 229,900 151,300 151,900
Kidney Liver Urinary bladder Esophagus
213,900 228,100 123,100 119,000
Leukemia Non-Hodgkin lymphoma Non-Hedgkin lymphoma Leukemia
200,700 168,100 115,400 114,200
All sites* All sites* All sites* All sites*
7,427,100 6,663,000 4,653,400 3,548,200

Figure 1. Estimated new cancer cases and deaths for various types of cancer with significant mortality
worldwide, 2012 [6]

Colorectal cancer is the third most common cancer in men and the second in women,
with an estimated 1.4 million new cases worldwide in 2012 [4]. The highest incidence rates
were observed in developed countries, such as the United States, Australia, members of the
European Union and South Korea, and the incidence of colorectal cancer is steadily increasing,
even in countries, where risk was historically low (e.g., Japan) [6]. About 693,900 deaths
occurred in 2012 from colorectal cancer, accounting for 8% of all cancer deaths [9].

An estimated 1.8 million new cases and 1.6 million deaths (around 70% male) were
associated with lung cancer in 2012 (about 13% of overall cancer diagnoses), the highest
incidence rates were in Northern America, Europe, Eastern Asia, Uruguay and China for both
males and females [2,6]. Lung cancer is the leading cause of cancer death in men and the second
leading cause in women (although in some countries, lung cancer deaths surpass breast cancer
mortality) [10].
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Figure 2. Incidence of various cancer types in Eastern Europe [6]

In Eastern European countries, persistent delays and inadequancies in cancer
management strategies still exist, resulting in pronounced differences among Western and
Eastern European countries in cancer incidence and mortality rates (Figure 2.) [11,12]. With
the increase in life expectancy, the incidence of chronic diseases and thus, the mortality rate
associated with them has increased as two thirds of cancers are diagnosed in patients over 60
years of age [8]. The phenomenon of the ageing population is also present in Hungary: the
population of the country has been decreasing by 0.2-0.3% every year since 1982, while the
mortality associated with malignancies increased by 50%, compared to the mortality rates of
1960’s, due to the increase in average life expectancy (ALE) and lifestyle changes [12-14]. In
the period between 2009 and 2013, there was on average 85,000 new cases and 33,000 cancer-
related deaths in Hungary; mortality was most frequently due to lung (31%), colorectal (16%),
prostate and oral cancer (7%) in males, while in females, lung (21%), colorectal (16%), breast
(15%) and cervical (6%) cancers were predominant [15,16]. International variations and sex
differences in rates of lung cancer reflect historic differences in the pattern of smoking uptake
and cessation, and the degree of the tobacco epidemic [6,12,17]. In Hungary, lung cancer rates
are also decreasing in men, but continuing to increase in women, due to the delayed peak in the
tobacco epidemic. Among the EU member states, the incidence of lung and colon cancers and
the mortality associated with these tumors is highest in Hungary (Figure 3.) [15,16].
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Figure 3. Incidence rates of lung cancer in developed countries between 1950-2010 [2]

B. Basic concepts of malignant diseases, treatment options

Cancer refers to a broad group of diseases characterized by the conversion of healthy cells
into malignant cells that are able to divide and grow uncontrollably, becoming a danger to the
integrity of the rest of the organism [5,6,8,18]. The biological characteristics of malignant cells
that differentiate them from healthy cells in the body were proposed by Hanahan and Weinberg
[19], which are the following: a. quick division without the need to receive external stimuli in
form of growth signals, b. inability to trigger apoptotic processes due to repression of these
pathways, despite having considerably altered genetic material, c. lack of functioning cell cycle
checkpoints and inability to respond to growth inhibition signals (i.e., senescence), d. release
of substances that stimulate formation of new blood vessels (angiogenesis) to ensure the supply
of nutrients, allowing them to divide quickly, e. invasion of adjacent tissues and migration
within the body (through the bloodstream or lymphatic system) from the original malignancy;
this process of secondary tumor formation is called metastasis and it is a characteristic of
invasive carcinomas, f. they possess unlimited replicative potential, unlike normal cells, which
can only divide a finite number of times (Figure 4.). Cancer cells exhibit a typical histological
appearance when observed microscopically, while the shape of the cells may be heterogeneous
within the same tumor [20-22].

As for the causative agents of malignant disorders, an etiological approach is generally
accepted that genetic predisposition (e.g., hereditary mutations in the BRCA gene cause an
increased risk for developing breast and ovarian cancer) [23], lifestyle choices (tobacco and
alcohol consumption, sedentary lifestyle, diet and nutrition) [2,6], environmental factors
(pollution, occupational exposure, contamination with carcinogens, ultraviolet and ionizing
radiation) [6,24], chronic infections (Helicobacter pylori, HPV, HBV, HCV, EBV, HIV, HTLV
and Schistosoma haematobium) [25-29] and other factors, such as immunosuppression and
various medicinal drugs (e.g., oral contraceptives, cyclosporine A) all play important roles in
the development of neoplasms [6]. The transformation of normal cells to tumor cells is a slow
and gradual process, involving three distinct stages: initiation, promotion and progression [19].
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Years or decades may pass from the underlying molecular event (e.g., DNA damage,
induction of mutations in critical target genes, activation of proto-oncogenes, inactivation of
tumor suppressor genes) to the development of symptoms and clinical disease [30-32].
Malignant transformation occurs if cells suffer a series of successive mutations that affect
mechanisms that regulate cell division or programmed cell death [33].

Figure 4. The biological characteristics of malignant cells [19]

The main objective of cancer treatment is the elimination of all tumor cells present in the
patient’s body. However, this is not always possible, as in the case of hematological
malignancies (e.g., leukemia, lymphoma) or metastatic tumors, therefore, the purpose of
treatment is to reduce the number of malignant cells, relieve symptoms, prolong the survival of
the patient and improve the quality of life (QoL) [19,34]. The selective killing of cancer cells
is a challenging task, due to the similarities with normal tissue. The three most commonly
utilized strategies for the treatment of cancer are: surgery, radiotherapy and chemotherapy,
which can either be used alone or in combination. Surgical excision of tumors is the oldest
existing therapeutic alternative, which consists of removing the primary malignancy with the
adjacent regions of tissue. It can be used for curative, preventive (removal of benign tumors or
organs preemptively) and diagnostic (performing biopsies) purposes. Radiation therapy is
characterized by using high-energy particles to generate mutations in critical genes in cancer
cells, making them unviable. This treatment modality takes advantage of the higher sensitivity
of malignant cells to radiation, due to their high rate of division. It is used both as curative
therapy against tumors sensitive to radiation, and to reduce tumor mass before surgery [35].
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When it comes to the treatment of cancer, chemotherapy is the most frequently used method,
both for hematological malignancies and solid tumors. Chemotherapy uses cytotoxic drugs with
various mechanisms of action to destroy cancer cells. Depending on the aim of administering
the drugs, chemotherapy may be curative (aiming for remission), adjuvant (complementing the
efficacy of another therapeutic modality), neoadjuvant (administration of therapeutic agents
before a main treatment) or palliative (appropriate for relieving symptoms and improving QoL)
[34]. Some of these drugs originated from molecules found in nature (e.g., vincristine and
paclitaxel), while others are products of synthetic chemistry (e.g., temozolomide). They can
exert their antitumor activities through inhibition of nucleic acid synthesis (e.g., methotrexate,
5-fluorouracil), alkylating DNA (e.g., cyclophosphamide, cisplatin), modulation of the
microtubule system (e.g., vincristine, paclitaxel), inhibition of the topoisomerase enzymes (e.g.,
doxorubicin, irinotecan) or through being hormone receptor agonists/antagonists (e.g.,
buserelin, tamoxifen).

However, most of the anticancer drugs do not selectively target tumor cells, but also healthy
cells that divide frequently, such as the bone marrow and the epithelium. Therefore, the
administration of these agents is associated with serious side effects, such as nausea and
vomiting, phlebitis, alopecia, anemia, thrombocytopenia and leukopenia (or presenting as
pancytopenia), kidney failure and lesions on the liver and in the lungs. Moreover, a number of
antitumor agents (e.g., cyclosporine, thiotepa, tamoxifen) are also accountable for the formation
of secondary tumors [36—-39]. Moreover, most of the anticancer agents currently used in clinical
practice have low bioavailability, therefore they cannot reach their cellular targets in high
concentrations [40,41]. From a clinical perspective, the efficacy of cancer chemotherapy can
be classified as complete remission (CR; the entire tumor mass is eliminated), partial remission
(PR; the size of the tumor is decreased by more than 50%), stable (<50% change in tumor size)
or progression (more than 25% increase in size) [42].

Recently, new types of chemotherapeutic agents have been introduced into the clinical
practice: a. monoclonal antibodies (such as trastuzumab) binding to specific extracellular
antigens on the surface of cancer cells [43,44], b. small-molecule tyrosine-kinase inhibitors
(TKI, such as imatinib), targeting phosphorylation cascades and signal transduction
intracellularly [45,46], c. genetically engineered chimeric antigen receptor (CAR) T-cells,
designed to attack various blood cancers and solid tumors [47-50]. These agents represent a
novel approach to cancer treatment, but due to their similarly severe adverse reactions, limited
accessibility, high price and narrow therapeutic indications, they are not likely to soon replace
classic cytotoxic drugs [51,52].
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C. Mechanisms of multidrug resistance (MDR) in cancer cells

Due to its significant drawbacks, chemotherapy cannot be considered as an all-round
solution for the treatment of malignant diseases [34]. Another factor to consider, which
complicates treatment further, is the emergence of drug resistance, which affects around one-
third of cancer patients overall [53,54]. Drug resistance in cancer is a well-known event in the
clinical practice, which was first described in vivo by Dano et al. in respect to Ehrlich-Lettre
ascites carcinoma cells showing cross-resistance to vinca alkaloids [55]. The phenomenon
whereby tumors show resistance to chemotherapeutic agents of different structure and
mechanism of action is termed multidrug resistance (MDR) [56]. Drug resistance in tumors can
be of intrinsic and acquired origin, both are associated with sub-optimal clinical outcomes [57].
Intrinsic resistance can be detected right as the tumors fail to respond to first-line agents, while
acquired resistance is often observed when the malignancy responds favorably to initial
treatment, but on recurrence, the same therapeutic regimen has little or no effect [58]. MDR
may be mediated by the following mechanisms: a. drug compartmentalization, b. changes to
the structure and permeability of cell membrane lipids, c. changes in metabolic pathways,
d. overproduction of the target molecule(s), e. induction of DNA repair, f. alterations in target
molecules, g. drug inactivation, h. epigenetic effects, i. inhibition of programmed cell death
(apoptosis), j. overexpression of efflux pump proteins. It is not uncommon for cancer cells to
be resistant to cytotoxic drugs due to multiple mechanisms present at once (Figure 5.) [59,60].

In recent literature, however, the MDR of cancer cells is treated as a broader concept,
defining four main factors associated with therapeutic failure: ATP-binding cassette (ABC) and
other energy-dependent efflux pump mechanisms, defective apoptotic pathways, tumor cell
heterogeneity and presence or self-renewing tumor “stem cells” and the tumor
microenvironment. Other sources define resistance mechanisms as tumor cell-dependent or
microenvironment-dependent [61]. Research related to MDR and experimental model systems
commonly approach these resistance mechanisms one by one [62]. However, more and more
studies suggest that these mechanisms need to be considered in in vivo experiments as the
phenotype of MDR in the clinical setting is resulting from the complex interplay and synergy
of these molecular mechanisms [61]. For the purposes of this thesis, the importance of
deficiencies in apoptosis induction and efflux pump-mediated MDR of cancer cells will be
discussed in detail.

Epigenetics Drug Efflux

Drug Inactivation \ \ / DNA Damage Repair

Drug Resistance

/
L T Cell Death Inhibition

Drug Target Alteration

Figure 5. Mechanisms of multidrug resistance (MDR) in cancer cells [57]
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a. Efflux pump mediated drug resistance, ABC transporters

One of the best characterized mechanisms of MDR is the ability of cancer cells to
remove the anticancer agents from inside their cytoplasm (thus, reducing their therapeutic
efficacy), due to the overexpression of energy-dependent efflux pumps [56]. The ATP-binding
cassette (ABC) transporter superfamily is an extremely important and prevalent group of
transport proteins in the human body [63,64]. ABC transporters bind and hydrolyze ATP to
provide the energy needed to transport their substrates across the cell membranes [65]. Two of
the most important structural elements of these pumps are the nucleotide binding regions
(NBDs, responsible for binding ATP) and their transmembrane domains (TMs, anchoring the
proteins into the cytoplasm and providing the channel for extruded compounds) [66]. Under
physiological conditions, these transport proteins can be found in almost all tissues of the body,
and they are essential for the healthy functioning of barrier systems (blood-brain, blood-testes,
blood-thymus), the placenta, bronchi, sweat glands, intestinal absorption and the proximal
tubules of the kidney [67,68]. These transporters are vital for the defense of healthy cells against
toxic compounds, and they also play a role in the elimination of harmful endogenous
metabolites and xenobiotics (e.g., various chemical agents, medicines) [65,67]. To date, 49
distinct types of ABC genes have been described, which are divided into 7 subfamilies (A-G)
based on sequence homology and number of transmembrane domains (which may be 6, 12 or
17 TMs) [65,69].

The first characterized ABC transporter was the 170kDa ABCB1 (MDR1/P-glycoprotein/Pgp-
170), which has since become the most studied member of the superfamily, because it was
recognized early on that the overexpression of this protein is often associated with the
development of MDR phenotype in cancer and disadvantageous clinical outcome [68—70]. This
transporter consists of twelve TMs and two NBDs (Figure 6.). Other transport proteins are also
implicated with MDR in anticancer therapy, the most clinically relevant transporters include
ABCC1/MRP1, ABCB2/MRP2 and ABCG2/BRCP [58,64,71].
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Figure 6. Three-dimensional structure of the ABCB1 protein [66]
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The operation of the ABCBL1 efflux protein is characterized by a conformational change;
after binding the compound has to be expelled and ATP has been hydrolyzed, the substrate is
then removed. Due to the flexible and non-specific substrate binding site of this transporter, it
can expel a wide variety of chemotherapeutic agents (e.g., anthracyclines, Vinca alkaloids,
taxanes, steroid derivatives, colchicine), peptides and other amphiphilic compounds that would
be detrimental for the survival of the cells [65,66,72]. Therefore, it is not difficult to concur that
overexpression of this transporter is associated with the MDR phenotype of tumor cells [57].
An emerging research approach and therapeutic strategy is the use of efflux pump inhibitors
(EPIs) as adjuvant compounds (so-called ‘chemosensitizers’) to improve the efficacy of
antitumor therapy, by co-administering them with chemotherapeutic agents [40,65,73-75].
Considerable number of compounds have been described capable of inhibiting the function of
the ABCBL efflux pump, therefore reversing the MDR phenotype associated with these cancer
cells [76,77]. Efflux pump modulators of the ABCB1 pump can be assigned to three different
generations of compounds:

i. first generation ABCBL inhibitors are medicinal drugs, whose primary pharmacological
effects are not associated with the inhibition of efflux pump function. The activity of
compounds, such as verapamil (Ca?*-channel blocker for the treatment of arrhythmias),
cyclosporin A (immunosuppressive), quinidine (antimalaria drug) and tamoxifen (selective
estrogen receptor modulator) was observed subsequently. These compounds are in fact,
substrates of ABCB1, therefore they competitively inhibit the expelling of other substances.
Taking this into consideration, these drugs would need to be administered in high doses to
produce adequate concentration in vivo for adequate clinical activity. Because most of these
compounds cause serious toxic side effects, their potential use as MDR reversing agents in
clinical practice was discarded [76,78-80] (Figure 7.).

ii. second generation ABCBL1 inhibitors, e.g., dexverapamil, dexniguldipine, valspodar
(PSC-833) or biricodar (VX-710) are chemically modified derivatives or enantiomers of first-
generation agents. As they have weak or no pharmacological activities associated with their
parent compounds, they do not have the dose-limiting side effects that plagued the drug
molecules, however, their potency to inhibit the transporter protein was retained. The
disadvantage of these compounds is that they are substrates of the cytochrome P450 enzymes
(particularly CYP3A4), resulting in peculiar pharmacokinetic patterns, making the dose
adjustments during chemotherapy difficult. In addition, these molecules also inhibited other
efflux pumps in the body that are required for physiological integrity, thus causing some off-
target responses (e.g., neurological toxicity) [76,78,81,82] (Figure 7.).

iii. third generation inhibitors of ABCB1 are products of high-throughput screening and
combinatorial chemistry, targeted specifically for inhibition of pump function. They do not
possess the limitations of previous generation compounds; they have no other pharmacological
activity, they do not influence the pharmacokinetic parameters of antitumor drugs and they
specifically inhibit ABCB1, without being a substrate of this pump or affecting other ABC-
transporters. Another advantage of compounds, such as tariquidar (XR9576; an anthranilamide
derivative), zosuquidar (LY335979; cyclopropyl-dibenzosuberane derivative) and laniquidar
(R101933; a chemically modified derivative of verapamil) is that they exhibit efflux pump
modulatory activity in very low concentrations (in the nanomolar range), which is advantageous
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for in vivo dosage [56,76,78] (Figure 7.). The pharmacokinetic properties of these compounds
were studied in several Phase | clinical trials and they were well tolerated by the participants,
no dose-limiting toxicity (DLT) was observed in a wide therapeutic dose range (50-400 mg/day)
[83-86]. However, the co-administration of these compounds with standard-of-care
chemotherapy in various Phase I1-111 clinical trials did not significantly alter clinical outcomes
or patient survival, as a result, none of these compounds have been marketed or used in clinical
therapy thus far [72,78,84,87,88].

Tamoxifen

uﬁ?f
}/:%F J\,N#IY

First generation modulators of Second generation modulators of
the ABCBI transporter the ABCB1 transporter

valspodar (PSC-833)

o0

laniquidar (R101933)
tariquidar (XR9576) 5

~O .'

Ny zosuquidar (LY335979)

Third generation modulators of
the ABCBI1 transporter

Figure 7. Chemical formula of first to third generation ABCBL1 inhibitors
(adapted from [79,80])
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b. Programmed cell death (apoptosis)

Cell proliferation is a continuous process in the human body, therefore various mechanisms
are necessary for keeping the number of cells constant in organs and for the preservation of
physiological tissue homeostasis [89,90]. The division of cells is under similar supervision, as
the cell cycle is controlled at three distinct checkpoints: at the G1/S phase transition, at the end
of the G2 phase and in the metaphase of the M phase. Under normal circumstances, cell division
can only occur, if there were no errors detected in the processes of respective phases [18,91].
Otherwise (e.g., DDR; DNA damage response is initiated), cyclin-dependent kinase-inhibitors
(Cdk-i) are activated [92,93]. If the error in the genetic material of the cell cannot be repaired,
the production of apoptotic proteins is consequently induced, leading to cell death [94].

One of the most important forms of cell death induced by antitumor chemotherapy is
apoptosis and MDR is a scenario where the apoptotic processes are defective, resulting in
therapy refractory malignancy; this may occur due to loss (e.g., p53) or overexpression (e.g.,
bcl-2) of genes [57,94,95]. The molecular mechanism of apoptosis is a conserved signaling
pathway, which takes place the same way, irrespective of the stimuli and the type of cell
affected. Apoptosis may be triggered through three distinct pathways: the intrinsic (or
mitochondria-dependent), the extrinsic (or death receptor-mediated) and the intrinsic
endoplasmic reticulum (ER) pathway [96,97]. Caspases are the proteins that initiate and execute
apoptotic processes. Seven different caspases are involved in apoptosis: caspases 2, 8, 9, and
10 are initiators; while caspases 3, 6, and 7 are executioner caspases [98]. Caspases are
synthesized as proenzymes that need to be activated through the withdrawal of an inhibitory
domain by proteolysis. The difference between the two subgroups of caspases resides in their
activation: initiators are cleaved by autolysis induced by a conformational change produced by
binding to certain proteins (FADD in the extrinsic pathway and Apaf-1-Cytochrome ¢ complex
in the intrinsic pathway), while the executioner caspases are activated by proteolysis mediated
by the initiator caspases [96]. Once caspase 3 is activated the processes are common to both
pathways. The apoptotic process is regulated by the activity of caspases, the basis of their
selectivity is that they cleave their target proteins at specific aspartic acid residues [99].

The death receptor-mediated pathway is activated by external signals; death receptors are
transmembrane glycoproteins that are classified into the tumor necrosis factor receptor
(TNF-R) superfamily, while death ligands are also transmembrane-like proteins [94]. In
consequence of the receptor-ligand binding, the conformation of death receptors changes, and
the binding of various molecules results in the formation of a signal complex, which later
activates caspase 8 (initiating apoptosis through activation of caspase 3), in addition to
induction of other processes [97]. The mitochondrial pathway of programmed cell death is
initiated by internal signals, such as viral infection, DNA damage, elevated levels of reactive
oxygen species (ROS) or presence of oncogenes. Because of these signals, the permeability of
the mitochondrial membrane is increased, and pro-apoptotic compounds flow out to the
cytoplasm. The intrinsic ER pathway is lesser known, and it is thought to be dependent on
caspase 12 and an adaptor protein known as TNF receptor associated factor 2 (TRAF2) [97].
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After the proteolytic cascade of apoptosis has been induced, changes occur in the membrane
phospholipids of apoptotic cells, causing phosphatidyl serine (PS) to be displaced to the outer
surface of the cell membrane (i.e., externalization). During this process, protrusions appear in
the cytoplasm as the size of the cell decreases and gradually separates from its neighboring cells
in tissue. In the end, the nucleus shrinks and becomes fragmented and chromatin is condensed
[96,100].

In contrast, necrotic processes are different from apoptosis, because one or several cells
break uncontrollably, releasing their contents (together with mediators of inflammatory
processes) to the extracellular space, with no regard for surrounding, healthy cells [100,101].
This is usually occurring because a cell was unable to withstand internal (overproduction of
free radicals) or external (toxic agents, burns) damage. In addition, necrosis is a passive process,
while apoptosis is associated with active participation of the affected cell [101-103].

D. Selenocompounds and cancer

Selenium (Se) is an element belonging to the VVI.A group of the periodic table (termed
‘chalcogens’), which was discovered by Swedish chemists Jons Jakob Berzelius and Johann
Gottlieb Gahn in 1817 [104]. Before the 1950’s, Se was regarded as a potentially toxic agent
(causing selenosis, characterized by hair loss, CNS disorders, brittle nails, skin rashes and garlic
breath, if more than 850 pg/day is ingested), however, nowadays selenium is known as an
important trace element [105]. This is further underlined by the various diseases associated with
Se deficiency (Keshan’s disease: a cardiomyopathy occurring in childhood, caused by
pathogens, such as coxsackievirus or streptococci, typical of Chinese regions with low Se
concentrations in the soil [106]; Kashin-Beck disease: myxedematous cretinism due to a co-
existing deficiency of iodine and selenium, which causes the iodothyronine deiodinase enzyme
to function at a low capacity [107]) and other illnesses, where association was found with serum
levels of Se and disease progression (immune function [108], mental disorders [109],
hypercholesterolemia [110], type-2 diabetes [111], asthma [112] and arthritis among others
[113]). For this reason, the US Food and Drug Administration (FDA) recommends a daily
intake of 55-70 pg/day in a healthy diet [113,114].

Se can be present in various chemical forms in the human body, like Se-containing
amino acids (selenomethionine, selenomethylselenocysteine, selenocysteine) and
selenoproteins [115,116], methylselenol, selenodiglutathione and inorganic Se-compounds
(H2Se, Na>SeOs, selenophosphate) [117], thus being an integral part of our biochemical
homeostasis, while excretion of Se-compounds usually occurs through the lungs and urine
[114,118]. Many selenoderivatives, both organic and inorganic [119], have been studied as
cancer chemopreventive agents and/or as cytotoxic compounds [120] for tumor cells and these
results are supported by epidemiological trials (see Nutritional Prevention of Cancer [NPC]
[121], Selenium and Vitamin E Cancer Prevention Trial [SELECT] [122,123] and the work of
Li et al. [124,125] in China). The rationale behind the notion of Se compounds as cancer
therapeutic agents is associated with the common phenotype of all malignant cells [126]. Under
physiological conditions, healthy cells are characterized by a low and constant level of ROS
and an adequate supply of reducing agents [127].
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In contrast, malignant cells have increased levels of ROS and a maximum threshold for
antioxidant capacity, due to the accelerated metabolism of these cells, contributing to successive
cell division and proliferation [128,129]. Recent literature suggests that cancer cells are more
vulnerable to exogenous oxidative stress (i.e., their endogenous levels of ROS are closer to the
critical threshold at which apoptotic processes are induced) than healthy, non-tumoral cells
[130,131]. Another possible strategy is to inhibit the antioxidant mechanisms of neoplastic
cells, exposing them to highly damaging species (Figure 8.) [111,129,132]. The latest research
point to the fact that modulation of oxidative stress as an attractive target for the rational design
of novel anticancer agents with selective activity [128,133-136]. The activity of organic
compounds containing chalcogen elements (particularly Se) gained reasonable attention in the
field of modulation of ROS in malignant cells, both as chemopreventive (antioxidant) agents
and cytotoxic drugs [127-129,135-139]. An increasing number of biological studies are also
involved in the production of reactive selenium species (RSeS) after treatment of cells with
organic selenium compounds [140].
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Figure 8. Modulation of intracellular redox state as an attractive target for therapeutic purposes [129]

Initially, experimental studies tested inorganic selenium compounds (selenites,
selenates, Se-dioxide) for their cytotoxicity and their potential for enhancing the efficacy of
chemotherapy as adjuvants [117]. However, successive investigations discovered that
organoselenium derivatives presented with superior biological activities and with less toxicity
[139]. These compounds were tested in a wide range of in vitro cancer cells model systems and
in animal experiments, exhibiting potent anticancer and ROS-modulating properties, both as
singular agents and in combination chemotherapy with clinically relevant anticancer drugs
[141]. The most relevant organoselenium compounds in experimental oncopharmacology
include methlyseleninic acid [142], selenoamino acids [115], organic selenides and diselenides
[143], selenocyanates, Se-containing heterocycles, sugar esters, steroids and nucleoside
analogues [111,144].
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Nanoparticles containing Se (SeNPs) are also attractive therapeutic modalities, due to their
excellent bioavailability and low toxicity [145]. In addition, the surface of these nanocarriers
may be augmented (surface-decorated SeNPs) with conjugation of various ligands (e.g., sialic
acid, folate, transferrin) to target proteins that are overexpressed on cancer cells [146]. Keeping
in mind that these nanoparticles are colloidal systems, there is additional opportunity for
controlled release of biologically active agents and to make in vivo pharmacokinetic properties
more advantageous [147].

The effect of organoselenium compounds on mammalian cells is influenced by many factors.
The anticancer activity of Se-compounds is often described as a “double-edged sword”: on one
hand, a large number of studies concluded that Se-supplementation is associated with cancer
risk reduction (antioxidant), on the other hand, a plethora of in vitro studies demonstrated that
malignant cells are more sensitive to Se compared to healthy cells (pro-oxidant) [138]. Apart
from the ability of the compounds to modulate the intracellular redox state of the cells, they
may act through inducing double stranded DNA breaks or facilitating DNA repair, controlling
cell cycle progression, influencing the expression of various signal molecules in cellular
processes (Figure 9.) [138,139,141]. The compounds may also influence disease pathogenesis
indirectly, through modulating immune functions (e.g., levels of various cytokines) [148],
angiogenesis [149] and inhibition of metastasis formation [150]. Se-compounds in various
chemical forms (inorganic vs. organic) and with dissimilar functional groups also presented
with different biological activity [137,141]. The concentration of the tested Se-compound also
has a significant role, their efficacy usually takes up a U-shaped curve depending on the dose
[114]. Another important variable is the redox homeostasis and metabolic activity of the model
systems (cell lines, test animals) used [136]. In fact, some studies suggest that two intracellular
processes are simultaneously initiated after the treatment of cells with organoselenium
compounds: firstly, due to decreased thiol levels, the amount of ROS increases in the cells,
which in turn will cause the cleavage of PARP (an important mediator of programmed cell
death and DNA repair), inducing pro-apoptotic processes [151,152]. On the other hand,
antioxidant systems are also induced simultaneously, and if intracellular thiol levels are
normalized and the oxidative damage is counteracted, then pro-survival processes are initiated
[127] (Figure 8.). Therefore, the conditions of the cells before the Se-compounds exert their
effects also play a role in what direction the redox status of the cells will shift. It should also be
remembered that glutathione peroxidase (GPx) plays a key role in the redox balance of our
body, and the deficiency in this enzyme (which is Se-dependent) increases the incidence of
tumor formation [127,141].
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Figure 9. Possible mechanisms of anticancer activity for selenocompounds [153]

Based on the promising data available in the literature related to novel Se-based
anticancer agents, a new structural variety of organoselenium compounds (cyclic
selenoanhydride and selenoesters) were synthesized by Dominguez-Alvarez et al. [154]. The
study group of Dominguez-Alvarez evaluated the structure and stability of the new compounds,
as well as their redox modulating properties using chemical methods and their nematicidal
activity [154-156]. The subject of this thesis the characterization of the abovementioned
organoselenium compounds as novel antitumor agents and potential compounds for reversing
multidrug resistance in cancer. In addition, their potential for future in vivo use is also assessed
using in silico methods.
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IV. AIMS OF THE STUDY

The aim of our study was to evaluate the activity of novel organoselenium compounds
synthesized by Dominguez-Alvarez et al. [154] to find effective and selective anticancer
derivatives using various cell lines (cell lines of murine and human origin, tumoral and non-
cancerous cell lines) as in vitro model systems. In addition to their cytotoxic activity, their
potency as multidrug resistance reversing compounds was studied against two resistance
mechanisms, namely inhibition of ABCB1-mediated efflux and induction of apoptosis in tumor
model systems. Furthermore, their attributes as potential lead compounds for further
derivatization and their potential for future in vivo use were also investigated.

The specific goals of the study were the following:

1.

Determination of the cytotoxic activity and selectivity of the compounds (a cyclic
selenoanhydride, ten selenoesters and four inorganic chalcogen cyanates) on L5178Y
parental (PAR) and ABCB1-transfected resistant (MDR) mouse T-cell lymphoma cell lines,
Colo 205 (doxorubicin-sensitive) and resistant Colo 320 (ABCB1-overexpressing) human
colonic adenocarcinoma cell lines, A549 human lung adenocarcinoma cells, NIH/3T3
mouse embryonic fibroblast, and MRC-5 human embryonic lung fibroblast cell lines by
MTT method.

Evaluation of the efflux pump modulatory activity of the compounds (a cyclic
selenoanhydride, ten selenoesters and four inorganic chalcogen cyanates) on L5178Y
parental (PAR) and ABCB1-transfected resistant (MDR) mouse T-cell lymphoma cell lines,
Colo 205 (doxorubicin-sensitive) and resistant Colo 320 (ABCB1-overexpressing) human
colonic adenocarcinoma cell lines using a flow cytometry-based rhodamine 123 retention
assay.

Characterization of the selenocompounds (a cyclic selenoanhydride, ten selenoesters and
four inorganic chalcogen cyanates) as apoptosis inducers using Annexin V-FITC detection
system on L5178Y parental (PAR) and ABCB1-transfected MDR mouse T-cell lymphoma
cell lines and resistant Colo 320 (ABCB1-overexpressing) human colonic adenocarcinoma
cell line.

In silico analysis of predicted physico-chemical and in vivo absorption properties of
the compounds using OSIRIS Molecular Property Explorer and PreADMET 2.0 software.
Correlation-regression analysis to study the relationship between the predicted physico-
chemical properties of the selenocompounds and their activity as efflux pump inhibitors.

Determination of structure-activity relationships (SAR) of the selenocompounds based
on experimental results.
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V. MATERIALS AND METHODS

A. Compounds
Organoselenium compounds

The tested compounds include a cyclic selenoanhydride (1) and selenoesters (2-11) with
various functional groups (2-5: methyl group; 6: amide; 7-8: carboxylic ester; 9-11: ketone)
(Figure 9. and Table 1.; Appendix 1.). The synthesis of the cyclic selenoanhydride (1) was
carried out by the reaction of lithium aluminium hydride with selenium in anhydrous
tetrahydrofuran (to generate the selenating agent), followed by the reaction with 2-benzofuran-
1,3-dione or phthaloyl chloride and a final dehydration step with sulfuric acid (Appendix 2.),
with yields up to 94% [154]. The selenoesters (2-11) were synthesized by the reaction of
sodium hydrogen selenide (generated by the reaction of elemental selenium powder and
sodium hydrogen selenide) and the aroyl or heteroaroyl chloride, after which the intermediate
sodium aroylselenide products were treated with the corresponding a-halo derivative
(Appendix 3.), based on a protocol devised by Sanmartin et al [156]. The yields of this reaction
scheme were around 70% for all compounds. Additionally, some of the compounds could be
synthesized from the corresponding selanylacetic acids by Fischer esterification, with yields
varying between 18-63% [154,156]. The cyclic selenoanhydride (1) could also be obtained by
the procedure based on the sodium boronhydride reaction, although with considerably lower
yields (around 18%). The synthesized compounds were pure and chemically stable on air,
according to the spectroscopic (*H, 3C NMR, MS) and elemental analysis carried out for the
structure confirmation of the compounds [154]. The stock solutions (in 10 mM concentration)
of the compounds were prepared in DMSO.

Structure A Structure B
Selenoanhydride Selenoesters
]

Se

Reference compounds

0
13: KOCN
0 14: NHsSCN
15: KSeCN
0

12: Phthalic anhydride

Figure 9. Structure of the tested compounds (1-15)
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Table 1. Substituents of the tested compounds (1-11)

Compound | Structure n X Ri1 R2
1 A - - - -
B 0 S 5-COSeCH3s -H
3 B 1 N 6-COSeCHs -H
4 B 1 C 3-COSeCH3 -H
5 B 1 C 4-COSeCHjs -H
6 B 1 C -H -CONH>
7 B 1 C 4-Cl -COOCH3
8 B 1 C -H -COOPh
9 B 1 C 4-Cl -COCHs
10 B 1 C 4-Cl -COC(CHa)3
11 B 1 C 3,5-diOCH3 -COC(CHsa)3

Phthalic anhydride (12; the oxygen isoster of compound 1) and three inorganic chalcogen
cyanates (13-15; 13-KOCN, 14-NH4SCN, 15-KSeCN) were included in the study (Sigma) and
used as references in the experiments.

Other compounds

The following compounds were used in the assays as reagents: rhodamine 123 (R123; Sigma,
St. Louis, MO, USA; Appendix 4.), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT; Sigma, St Louis, MO, USA), sodium dodecyl sulfate (SDS; Sigma), verapamil
(EGIS Hungarian Pharmaceutical Company, Budapest, Hungary), cisplatin (TEVA
Pharmaceutical Company, Petah Tikva, Israel) and dimethyl sulfoxide (DMSO; Sigma). All
the chemical compounds used in the apoptosis assay, except for the positive control M627
(12H-benzo[a]phenothiazine; Appendix 5.) were included in the Annexin V-FITC Apoptosis
Detection Kit Cat. No. PF 032, purchased from Calbiochem (EMD Biosciences, Inc. La Jolla,
CA). The positive control M627 was kindly provided by Prof. Dr. Noboru Motohashi (Meiji
Pharmaceutical University, Kiyose, Tokyo, Japan) and dissolved in DMSO. Stock solution of
R123 was prepared in PBS and verapamil was dissolved in water. All solutions were prepared
on the day of assay.

B. Cell lines

L5178Y mouse T-cell lymphoma cells (PAR) (ECACC Cat. No. 87111908, obtained from
FDA, Silver Spring, MD, USA) were transfected with pHa MDRZ1/A retrovirus, as previously
described by Cornwell et al [157]. The ABCB1-expressing cell line (MDR) was selected by
culturing the infected cells with colchicine. The L5178Y human ABCB1-transfected subline
was cultured in McCoy’s SA medium (Sigma-Aldrich, St Louis, MO, USA) supplemented
with 10% heat-inactivated horse serum (Sigma-Aldrich, St Louis, MO, USA), 200 mM L-
glutamine (Sigma-Aldrich, St Louis, MO, USA), nystatin (Sigma-Aldrich, St Louis, MO,
USA) and a penicillin-streptomycin mixture (Sigma-Aldrich, St Louis, MO, USA) in
concentrations of 100 U/L and 10 mg/L, respectively. The cell lines were incubated at 37°C,
in a 5% CO2, 95% air atmosphere.
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Human colonic adenocarcinoma cell lines (Colo 205 doxorubicin-sensitive and Colo
320/MDR-LRP multidrug resistant, overexpressing ABCB1 (MDR1)-LRP), ATCC-CCL-
220.1 (Colo 320) and CCL-222 (Colo 205) were purchased from LGC Promochem,
Teddington, UK. The cells were cultured in RPMI-1640 medium (Sigma-Aldrich, St Louis,
MO, USA) supplemented with 10% heat-inactivated foetal bovine serum (FBS; Sigma-Aldrich,
St Louis, MO, USA), 2 mM L-glutamine (Sigma-Aldrich, St Louis, MO, USA), 1 mM Na-
pyruvate, 100 mM HEPES (Sigma-Aldrich, St Louis, MO, USA), nystatin (Sigma-Aldrich, St
Louis, MO, USA) and a penicillin-streptomycin mixture (Sigma-Aldrich, St Louis, MO, USA)
in concentrations of 100 U/L and 10 mg/L, respectively. The cell lines were incubated at 37°C,
in a 5% CO2, 95% air atmosphere. The semi-adherent human colon cancer cells were detached
with 0.25% Trypsin-Versene (EDTA) solution for 5 min at 37°C.

A549 human lung adenocarcinoma cell line (ATCC CCL-185) was purchased from LGC
Promochem, Teddington, UK. The cells were cultured in Eagle’s Minimal Essential Medium
(EMEM, Sigma-Aldrich, St Louis, MO, USA) supplemented with 1% of non-essential amino
acid (NEAA) mixture (Sigma-Aldrich, St Louis, MO, USA), 10% heat-inactivated foetal
bovine serum (FBS), 2 mM L-glutamine (Sigma-Aldrich, St Louis, MO, USA), 1 mM Na-
pyruvate (Sigma-Aldrich, St Louis, MO, USA), nystatin (Sigma-Aldrich, St Louis, MO, USA)
and a penicillin-streptomycin mixture (Sigma-Aldrich, St Louis, MO, USA) in concentrations
of 100 U/L and 10 mg/L, respectively. The cell lines were incubated at 37°C, in a 5% CO2, 95%
air atmosphere.

NIH/3T3 mouse embryonic fibroblast cell line (ATCC CRL-1658) was purchased from LGC
Promochem, Teddington, UK. The cell line was cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM; Gibco Life Technologies Co., UK), containing 4.5 g/L glucose,
supplemented with 10% heat-inactivated foetal bovine serum (FBS), 2 mM L-glutamine
(Sigma-Aldrich, St Louis, MO, USA), 1 mM Na-pyruvate (Sigma-Aldrich, St Louis, MO,
USA), nystatin (Sigma-Aldrich, St Louis, MO, USA) and a penicillin-streptomycin mixture
(Sigma-Aldrich, St Louis, MO, USA) in concentrations of 100 U/L and 10 mg/L, respectively.
The cell lines were incubated at 37°C, in a 5% CO2, 95% air atmosphere.

MRC-5 human embryonic lung fibroblast cell line (ATCC CCL-171) were purchased from
LGC Promochem, Teddington, UK. The cell line was cultured in Eagle’s Minimal Essential
Medium (EMEM, Sigma-Aldrich, St Louis, MO, USA) supplemented with a non-essential
amino acid (NEAA) mixture (Sigma-Aldrich, St Louis, MO, USA), a selection of vitamins,
10% heat-inactivated foetal bovine serum (FBS), 2 mM L-glutamine (Sigma-Aldrich, St Louis,
MO, USA), 1 mM Na-pyruvate (Sigma-Aldrich, St Louis, MO, USA), nystatin (Sigma-Aldrich,
St Louis, MO, USA) and a penicillin-streptomycin mixture (Sigma-Aldrich, St Louis, MO,
USA) in concentrations of 100 U/L and 10 mg/L, respectively. The cell lines were incubated at
37°C, in a 5% CO3, 95% air atmosphere.
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C. Assay for cytotoxic effect

The effects of increasing concentrations of the compounds on cell growth were tested
in 96-well flat-bottomed microtiter plates. The two-fold serial dilutions of the tested compounds
were made starting in the third row of the 96-well microtiter plate (4 uL of the 10 mM stock
solutions were added to 196 uL of medium, then diluted in the respective wells). Then, 10* of
mouse T-cell lymphoma and human colonic adenocarcinoma cells in 100 puL of the
corresponding medium were added to each well, except for the medium control wells, resulting
in a final concentration of 100 uM. The adherent mouse embryonic fibroblast cells (10%/well),
human lung fibroblast cells (1,5x10*well) and human lung adenocarcinoma cells (10*well)
were seeded in the corresponding medium in 96-well flat-bottomed microtiter plates for 4 hours
before the assay. The serial dilutions of the compounds were made in a separate plate, and then
transferred to the plates containing the corresponding adherent cell line.

The culture plates were incubated at 37°C for 24 h; at the end of the incubation period,
20 pL of MTT (thiazolyl blue tetrazolium bromide, Sigma) solution (from a 5 mg/mL stock
solution) were added to each well [158]. After incubation at 37°C for 4 h, 100 uL of sodium
dodecyl sulfate (SDS) (Sigma) solution (10% SDS in 0.01 M HCI) were added to each well and
the plates were further incubated at 37°C overnight. Cell growth was determined by measuring
the optical density (OD) at 550 nm (ref. 630 nm) with Multiscan EX ELISA reader (Thermo
Labsystems, Cheshire, WA, USA) (Appendix 6.). Inhibition of cell growth was expressed as
ICso values, defined as the inhibitory dose that reduces the growth of the cells exposed to the
tested compounds by 50%, determined according to the formula below:

OD sample — OD medium control
OD cell control — OD medium control

ICso =100—[ }xlOO

A control experiment was performed with each tested compound with the same
experimental setup without cells, to assess whether there are any redox-interactions with the MTT
dye, which could potentially lead to color change. No such interactions with MTT were observed.
Cisplatin (from a 0.5 mg/mL stock solution) was used as positive control, as it is routinely
administered in clinical practice for the treatment of hematological malignancies and of solid
tumors such as lung and colon cancer [5]. The solvent (DMSO) did not have any effect on the cell
growth in the tested concentrations.

Selectivity indices (SI) were calculated to determine the potency of the tested compounds
towards the tumoral and non-malignant cell lines, respectively. The Sl values were calculated
as a quotient of the 1Cso values in the non-tumoral cells divided by the ICso values in the
(sensitive or MDR, where applicable) cancer cell lines. The compounds are considered as
strongly selective if the SI values are higher than 6, moderately selective if 3 < Sl <6, slightly
selective if 1 < SI < 3 and non-selective if the SI values are lower than 1 [159].
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D. Assay for the inhibition of the ABCB1 efflux pump

The inhibition of the cancer multidrug efflux pump ABCBL1 by the tested compounds was
evaluated using flow cytometry, measuring the retention of rhodamine 123 by ABCB1 (P-
glycoprotein) in MDR mouse T-lymphoma cells and Colo320 colonic adenocarcinoma cells,
as both cell lines overexpress the ABCBL1 transporter (P-glycoprotein) [160]. This method is
a fluorescence-based detection system which uses verapamil (a first-generation, competitive
EPI) as reference inhibitor [161]. Briefly, cell number of mouse T-lymphoma and colonic
adenocarcinoma cells were adjusted to 2x10° cells/mL, re-suspended in serum-free McCoy’s
5A medium in case of mouse T-lymphoma cells and serum-free RPMI-1640 medium in case
of colonic adenocarcinoma cells and distributed in 0.5 mL aliquots into Eppendorf centrifuge
tubes. The tested compounds were added at different concentrations (2 and 20 uM; from 1 and
10 mM stock solutions, respectively) and the samples were incubated for 10 minutes at room
temperature. Verapamil (EGIS Hungarian Pharmaceutical Company, Budapest, Hungary) was
applied as positive control (20 uM final concentration) and DMSO was used as solvent control
(at 2 VIV%) [160]. Next, 10 pL (5.2 uM final concentration) of the fluorochrome rhodamine
123 (Sigma, St. Louis, MO, USA) was added to the samples and the cells were incubated for
20 minutes at 37°C.

Rhodamine 123 (R123) is a non-toxic, lipophilic, cationic fluorescent dye
(Aexrem = 505/534 nm), which is a substrate of the ABCB1 transporter (Appendix 6.). As the
compound is membrane-permeable, it is rapidly taken up by the cells, therefore it can be
effectively used for the screening of efflux pump inhibiting compounds [161]. After the
incubation period, the cells were washed twice and re-suspended in 0.5 mL PBS for analysis.

The fluorescence of the gated cell population was measured with a Partec CyFlow® flow
cytometer (Partec, Miinster, Germany). The percentage of mean fluorescence intensity was
calculated for the treated MDR cells as compared with the untreated cells. The results were
obtained from a representative flow cytometry experiment in which at least 20,000 individual
cells of the overall population were evaluated for the rhodamine 123 retained inside the cells.
The fluorescence activity ratio (FAR) was calculated based on the following equation which
relates the measured fluorescence values:

_ MDR treated / MDR control
parentaltreated/ parentalcontrol

Parameters evaluated from flow cytometric experiments were: Forward Scatter Count
(FSC, provides information about cell size); Side Scatter Count (SSC, proportional to cell
granularity or internal complexity); FL-1 (Mean fluorescence of the cells) and Fluorescence
Activity Ratio (FAR), which was calculated by the equation given above. The efflux pump
inhibitory activity of the tested compounds was compared to the activity of verapamil,
additionally, a FAR-quotient was calculated, according to the following equation:

Quotient =100 x (FARcompound/FARverapamiI)
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E. Assay for apoptosis induction

The capacity of the selenocompounds to induce apoptosis was investigated by using
L5178Y mouse T-cell lymphoma cells (parental and ABCB1-transfected) as well as multidrug
resistant (MDR) Colo 320 colonic adenocarcinoma cells as in vitro model systems. The
apoptosis induction assays were performed using Calbiochem Annexin V-FITC Apoptosis
Detection Kit, following the manufacturer’s instructions. This method enables the
quantification and differentiation of early and late apoptotic events as well as necrosis and cell
death in the cell population exposed to the respective selenocompounds [164]. In the assay,
Annexin V was used as phospholipid binding protein, to which fluorescein isothiocyanate
(FITC) was conjugated as a fluorescent substrate (hexem=495/519 nm) (Appendix 7.) [162].
Because the Annexin-FITC conjugate also binds to the externalized phosphatidyl serine of the
necrotic cells, propidium iodide (PI; Aexem=535/617 nm) staining was used to detect cells in
distinct stages of cell death [103,163]. These two stains can be used in parallel in this fashion,
because they don’t have overlapping wavelength ranges (Table 2.) [33].

Table 2: Differentiation of cells in distinct stages of cell death with Annexin V-propidium iodide
double staining, using flow cytometry [34]

Condition of cells Annexin-FITC Propidium iodide
Healthy, living Negative Negative

Early apoptotic Positive Negative

Late apoptotic, necrotic Positive Positive

Cell death Negative Positive

The concentration of the cell suspension was adjusted to 1x10° cells/mL. The L5178Y
mouse T-cell lymphoma cell suspension was distributed into 0.5 mL aliquots (5x10° cells) to
Eppendorf tubes. The mouse T-lymphoma cells were then incubated in the presence of the
compounds for 1 h at 37°C. In case of the Colo 320 cell line, the cell suspension was distributed
to 24-well plate and incubated overnight at 37°C in 5% CO> incubator. On the following day,
the medium was removed, and fresh medium was added to the cells containing the tested
compounds. The incubation period for colonic adenocarcinoma cells in the presence of the
compounds was 3 h. 12H-benzo[ a]phenothiazine M627 was used as positive control at the
final concentration of 20 uM, which is a known early apoptosis inducer, whereas DMSO was
used as solvent control (at 2 V/V%) [164,165]. The samples were washed in PBS and the
harvested cells were centrifuged at 2000xg for 2 minutes. Fresh medium was added to the
cells, followed by the overnight incubation of the plate at 37°C, in 5% CO> atmosphere. After
the incubation period, the Colo 320 cells were removed gently from the wells using a cell
scraper. Following this step, the apoptosis assay was carried out according to the ,,rapid”
protocol of the kit, and the fluorescence was analyzed immediately using a ParTec CyFlow
flow cytometer (Partec, Munster, Germany).

29



F. Predictive in silico assay

A preliminary in silico assay was performed using the freely accessible software
packages OSIRIS Molecular Property Explorer (Actelion Pharmaceuticals, Allschwil,
Switzerland) and PreADMET 2.0 (Yonsei University, Seoul, Republic of Korea) to predict
the physico-chemical and in vivo absorption properties of the tested compounds [166,167].
OSIRIS works with a database of 2000-5000 drug molecules (depending on the model in
question), while PreADMET 2.0 contains the experimentally measured physico-chemical
attributes of more than 1 million molecules [168,169]. The following properties of the tested
compounds were assessed to verify their conformity with Lipinsky’s Rule of Five (RO5)
[170,171]: molecular weight (M) [172], number of hydrogen bond donors (n-OHNH), number
of hydrogen bond acceptors (n-ON) [171,173], base 10 logarithm of the octanol/water partition
coefficient (cLogP) [174,175], base 10 logarithm of water solubility (logS; expressed as
mol/L) [175] and topological polar surface area of the molecules (TPSA) [176-179] (see
detailed description of criteria in Appendix 8.). Additionally, the programs were used to
predict the pharmacokinetic (i.e., ADME) properties of the tested compounds, such as the
percentage of plasma protein binding (PPB%) [179], permeability on different model systems
of cellular monolayers (Caco-2, MDCK) [180,181], percentage of human intestinal absorption
(HIA%) [180,182] and interaction with various cytochrome P450 enzymes [183]. To compare
our data to clinically relevant anticancer agents, various, structurally and functionally different
chemotherapeutic drugs (doxorubicin, gemcitabine, irinotecan, methotrexate and 5-
fluorouracil) were chosen as references.

Additionally, a correlation-regression analysis was performed with the aim of assessing
the relationship between the measured fluorescence ratios (i.e. efflux pump inhibitory activity)
on mouse T-lymphoma and colonic adenocarcinoma cells and selected physico-chemical
properties (M, cLogP, logS and logTPSA) [184]. The statistical analyses were performed using
Past 3.16 statistical software: p<0.05 was considered statistically significant, furthermore the
coefficient of determination (R?) was also calculated, which shows percentage variation in
FAR values which is explained by the respective physico-chemical parameters [184-186].
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VI. RESULTS
A. Cytotoxicity assay

Eleven selenocompounds (1-11) and four reference compounds (12-15) were evaluated for
their cytotoxic activity against various cell lines of murine and human origin. The results
presented in Tables 3-4. (and Appendix 9-10., with SD data) are derived from three independent
experiments carried out under identical conditions. For compounds where the calculated ICso
values were greater than 100 uM were not considered effective and the selectivity indices could
not be determined either. The reference compounds (12-15) did not have cytotoxic activity on
any of the tested cell lines.

Table 3. Cytotoxic activity and selectivity of the tested compounds against various cell lines of
murine origin

A:PAR  B:MDR C:

NIH/3T3
mouse T- mouse T-

fibroblast
I1Cs0 (uM)  1Cs0 (uM) 1Cs0 (nM)
1 3.97 4.65 0.85 > 100 >25.19 =>21.51
2 >100 >100 - 23.72 <0.24 <0.24
3 19.50 16.90 1.15 > 100 >5.13 >5.92
4 >100 >100 - > 100 - -
5 >100 >100 - > 100 - -
6 >100 36.4 >2.75 69.69 <0.70 1.91
7 >100 87.8 >1.14 23.72 <0.24 0.27
8 >100 >100 - 74.47 <0.74 <0.74
9 0.78 1.03 0.76 0.62 0.79 0.61
10 0.94 0.43 2.19 1.35 1.44 3.14
11 1.31 0.97 1.35 0.82 0.63 0.85
12 >100 >100 - > 100 - -
13 >100 >100 - > 100 - -
14 >100 >100 - > 100 - -
15 >100 >100 - > 100 - -
Cisplatin 4.87 16.65 0.29 11.16 2.29 0.67
DMSO >2 VIV% >2 VIV% >2 VIV% - -

ICs0: the inhibitory dose that reduces the growth of the cells exposed to the tested compounds by 50%;
Sl: selectivity index; DMSO: dimethyl sulfoxide
Values in boldface letters represent compounds with pronounced cytotoxic activity and/or selectivity.

The cyclic selenoanhydride (1) and the selenoesters (9-11) exerted remarkable cytotoxic
activity on both the parental and multidrug resistant cell lines (0.94-3.97 uM and 0.43-4.65 uM,
respectively), the latter three compounds were proven to be cytotoxic in nanomolar range, the
ICso value for the most active selenoester (10) was 430 nM in MDR cells. Compounds 3 and 6
also presented with strong cytotoxicity, but they exhibited their activity in concentrations 5-40
times higher, than the previous four compounds.
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Selenoesters 9-11 also proved to be toxic on non-tumoral mouse embryonic fibroblast cells
at low concentrations (ICso: 0.62-1.35 puM), while compounds 2 and 7 (ICso: 23.72 uM), and 6
and 8 (ICso: 69.69 and 74.47 uM) exhibited toxic properties in similar concentrations.
Compound 10 was moderately selective (S1=3.14), while the selenoanhydride showed excellent
(S1>25.19) selectivity towards the cancerous cell lines. The cytotoxic activity of the positive
control cisplatin on murine cell lines was superior to the reference compounds (12-15) and
selenoesters 2-8, while it was less potent than compounds 1 and 9-11 in respect to their 1Cso
values and to compounds 1, 3, and 10 when Sl values were compared (Table 3., Appendix 9.,
with SD data).

Table 4. Cytotoxic activity and selectivity of the tested compounds against various cell lines of

human origin
A: B: c: D:
Colo 205 Colo 320 S| AB549 lung MRC-5 S| S| S|
Sample colon colon lung
adenocarc. adenocarc. (A/B) adenocarc. fibroblast (D/A) (b/B)  (DIC)
ICso (uM)  ICs0 (uM) ICso (uM) ICs0 (uM)
1 >100 63.90 >1.6 >100 >100 - >1.6 -
2 >100 >100 - 49.30 4.26 <0.04 <0.04 0.09
3 >100 >100 - >100 17.90 <0.18 <0.18 <0.18
4 >100 12.50 >8.0 >100 28.40 <028 2.30 <0.28
5 >100 >100 - >100 61.50 <0.62 <0.62 <0.62
6 >100 >100 - >100 76.6 <0.77 <0.77 <0.77
7 >100 >100 - >100 33.40 <0.33 <0.33 <0.33
8 >100 53.70 >1.90 51.20 >100 - >1.9 1.95
9 5.48 0.55 10.0 5.91 5.35 0.98 9.70 0.91
10 1.63 0.96 1.70 9.10 8.10 5.00 8.40 0.89
11 1.19 0.35 3.40 15.22 5.04 420 1440 0.33
12 >100 >100 - >100 >100 - - -
13 >100 >100 - >100 >100 - - -
14 >100 >100 - >100 >100 - - -
15 >100 >100 - >100 >100 - - -
Cisplatin 62.26 37.90 1.64 3.63 33.45 054 0.88 9.21
DMSO >2V/IN% >2 VIV% - >2VIV%  >2VIV% - - -

ICs0: the inhibitory dose that reduces the growth of the cells exposed to the tested compounds by 50%;
Sl: selectivity index; DMSO: dimethyl sulfoxide
Values in boldface letters represent compounds with pronounced cytotoxic activity and/or selectivity.

The assays on human colonic adenocarcinoma cells showed that selenoesters 9-11 had
strong cytotoxic effect on both the sensitive (Colo 205) and multidrug resistant colonic
adenocarcinoma (Colo 320) cell lines (ICs0:1.19-5.48 uM and 0.35-0.96 uM, respectively), the
ICso value for the most active selenoester (11) was 350 nM in Colo 320 cells. It is worth noting
that selenoesters 9 and 11 demonstrated moderate-strong selectivity (SI: 3.40-10.0) towards the
Colo 320 cell line and colonic adenocarcinoma cells (SI: 4.2-14.40). The cyclic
selenoanhydride and two other selenoesters (4 and 8) were similarly promising, as they did not
show cytotoxic activity on the Colo 205 cell line, but exerted activity on the resistant cells,
although in higher concentrations that would be expected of such compounds. The ICso values
of cisplatin were 11.36-108.29-times higher than that of selenoesters 9-11 and the
selenocompounds were 2.07-6.09-times more selective towards colonic adenocarcinoma cells
(Table 4., Appendix 10., with SD data).
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Similarly, selenocompounds 9-11 proved to be potent cytotoxic agents on A549 lung
carcinoma cells (ICso: 5.91-15.22 uM), together with two other compounds (2 and 8) which
were cytotoxic at approximately 50 uM. However, the compounds showed slight or no
selectivity (0.09-1.95) in respect to cytotoxic and selective in case of lung adenocarcinoma cells
(ICs0: 3.63 uM; SI: 9.21) (Table 4., Appendix 10., with SD data).

B. Inhibition of the ABCB1 efflux pump

The aim of the study was to determine the efflux pump inhibitory activity of the
compounds on multidrug resistant mouse T-lymphoma and Colo 320 colonic adenocarcinoma
cells, since they overexpress the human ABCBL1 transporter, which may be responsible for the
multidrug resistant phenotype by expelling anticancer agents from the cytoplasm of the cell.
Because inhibitors of these proteins may reverse the MDR phenotype of cancer cells, the co-
administration of EPIs with anti-neoplastic agents is a promising therapeutic strategy. In the
experiment, the calculated fluorescence activity ratios (FAR) were compared, which is directly
proportional to the intracellular accumulation of rhodamine 123 (Figure 10-12.).
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Figure 10. Efflux pump inhibitory activity of selenocompounds on MDR mouse T-lymphoma cells in
2 and 20 pM concentrations
(FAR: fluorescence activity ratio; DMSO: dimethyl sulfoxide)
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Four derivatives (1, 9-11) out of the eleven compounds exhibited potent ABCBL1 inhibitory
activity (the intracellular concentration of R123 was the highest) on the MDR mouse T-
lymphoma and Colo 320 colonic adenocarcinoma cell lines at 20 uM concentration (Figure 10.
and 12.). The FAR quotients of the active compounds (1, 9-11) were 217.71-458.48% compared
to the positive control’s (verapamil, 20 uM) activity on the MDR lymphoma cells
(FAR=21.29). Interestingly, the two most active compounds (cyclic selenoanhydride 1 and
selenoester 9) were more potent inhibitors of ABCBL1 than verapamil in concentrations ten
times lower (20 vs. 2 uM), with quotient values of 202.58% and 442.41% at 2 uM, respectively
(Appendix 11.).

Comparable results were observed on the ABCB1-overexpressing Colo 320 cells: the
cyclic selenoanhydride 1 and selenoesters 9-11 proved to be promising inhibitors of the
transporter protein, outperforming verapamil (FAR=2.85) in 2 uM concentration (quotients
ranging from 135.44-401.05%) (Figure 11.). Selenoesters 9-11 were not tested at 20 uM on
colonic adenocarcinoma cells because of the cytotoxicity of the compounds (Appendix 12.).
The other compounds investigated in our study (selenoesters 2-8 and reference compounds 12-
15) did not show efflux pump inhibitory activity similar to verapamil on either cell lines
(Appendix 11-12.).
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Figure 11. Efflux pump inhibitory activity of selenocompounds on Colo 320 colonic adenocarcinoma
cells in 2 and 20 pM concentrations
(FAR: fluorescence activity ratio; DMSO: dimethyl sulfoxide)

34



A 4K 7]
3K FSC : Mean: 1843
FSC : StdDev: 458
0 2K SSC : Mean: 962
SSC : StdDev: 612
1K A
U T
0
| M } R1: 18916
600
. 400
c
3
8 M2
0.476%
M1
P
200 4 99.1% .
0 |1”| T .,..‘|1. T T
0 10 10 10 10
FL1
4K ]
3K FSC : Mean: 1826
] FSC : StdDev: 555
% 2K SSC : Mean: 1357
] SSC : StdDev: 861
1K
0
0
120 | | R1:12725
T 1
90
g
8 1 Mz
50.9%
‘ M1
‘ 47.0%
30 —
0 LRI LLL B B LALL B R LY BRSNS R 5
10 10 10 10 10

FL1

B 4K
3K FSC : Mean: 1805
o 1 FSC . StdDev: 588
% 2K — SSC : Mean: 1312
] SSC : StdDev: 889
K
0 T
0
| | Ri:8642
150 ' 90.3% 1
100
E ]
3
Q
50
0 LRI ALY B R R e ||\||n|2| |||uu3
10° 10 10 10 10
FL1
4K 7]
3K FSC : Mean: 1724
o b FSC : StdDev: 613
8 2K - SSC : Mean: 1478
] SSC : StdDev: 935
1K -
0 ™T
0
4 M3 .| R1:4525
120 98.3% A—
90 -
€
o
S 60 M2z
8.95%
M1
89.4% -
30
0 |1|-]uu| T LR R | T A
10 10 10 10 10
FL1

Figure 12. Measured fluorescence intensities from flow cytometry experiments

A: untreated PAR mouse T-lymphoma cells; B: untreated MDR mouse T-lymphoma cells; C:
verapamil-treated (20 pM) MDR cells; D: compound 1-treated (20 uM) MDR cells.

FL1 represents the intracellular fluorescence (R123) of cells.
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C. Apoptosis assay

The aim of the experiment was to investigate whether the selenocompounds have apoptosis-
inducing properties on parental and multidrug resistant L5178Y mouse T-lymphoma and
multidrug resistant human colon adenocarcinoma cell lines. Their efficacy was compared to the
positive control M627 (12H-benzo[ o ]Jphenothiazine (Table 5-7.).

Table 5. Capacity of selenocompounds to induce apoptosis on L5178Y parental mouse T-lymphoma
cells

Percentage of gated events

. Early Late . Cell Total .

Sample Concentration (uM) apoptosis apoptosis, death apoptotic
(%) NEecrosis (%) events
(%) (%)
A- I- - 0.22 0.00 0.00 0.22
A- I+ - 0.09 1.14 1.55 2.78
A+ |- - 4.27 0.02 0.00 7.52
A+ 1+ - 2.60 0.82 0.12 3.54
DMSO 2 VIN% 3.96 0.86 0.19 5.01
M627 20 51.20 5.58 0.28 57.06
1 2 31.50 53.90 0.77 86.17
2 2 6.64 6.93 0.35 13.92
3 2 5.97 7.18 0.20 13.35
4 2 4.47 3.79 0.08 8.34
5 2 3.61 2.01 0.11 5.73
6 2 2.46 2.24 0.08 4.78
7 2 5.09 2.52 0.50 8.11
8 2 3.00 2.11 0.24 5.35
9 2 30.80 52.70 0.87 84.37
10 2 36.10 56.10 0.26 92.46
11 2 15.70 66.60 0.17 82.47
12 2 0.10 0.28 0.23 0.61
13 2 0.12 0.19 0.60 0.91
14 2 0.43 0.63 1.00 2.06
15 2 0.18 0.90 1.01 2.09

A- I-: annexin negative/propidium-iodide negative; A- I-: annexin negative/propidium-iodide positive;
A- 1-: annexin positive/propidium-iodide negative; A- I-: annexin positive/propidium-iodide positive.
Values in boldface letters represent compounds with pronounced apoptosis inducing properties.

The tested selenocompounds were effective apoptosis-inducers on the murine cell lines.
In general, the cyclic selenoanhydride (1) and the selenoesters (9-11) were the most potent
derivatives, compared to the positive control (M627) when considering the total percentage of
apoptotic events. It should also be noted that M627 only matched the activity of the
abovementioned compounds at ten times higher concentrations (2 vs. 20 uM) (Table 5., Figure
13).
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Table 6. Capacity of selenocompounds to induce apoptosis on L5178Y MDR ABCB1-overexpressing
mouse T-lymphoma cells

Percentage of gated events

. Late apoptosis, Cell Total .
Sample  Concentration (uM) Early S apoptotic
apoptosis (%) NECrosis death events
) %)
A-1- - 0.00 0.00 0.00 0.00
A- I+ - 0.02 0.01 2.18 2.21
A+ |- - 4.35 0.00 0.00 4.35
A+ 1+ - 2.20 1.57 0.03 3.80
DMSO 2VINY% 6.46 1.57 0.09 8.83
M627 20 47.90 45.70 0.12 93.72
1 2 32.20 45.00 0.47 77.67
2 2 5.07 2.34 0.30 7.71
3 2 5.38 3.28 0.24 8.90
4 2 4.35 2.80 0.45 7.60
5 2 3.01 3.25 0.37 6.63
6 2 3.01 291 0.33 6.25
7 2 2.69 1.47 0.03 4.19
8 2 3.90 2.26 0.16 6.32
9 2 3.86 85.80 7.66 97.32
10 2 15.90 21.90 1.21 39.01
11 2 16.60 30.50 0.51 47.61
12 2 0.04 0.14 0.06 0.24
13 2 0.16 0.30 0.18 0.64
14 2 0.08 0.81 0.62 1.51
15 2 0.32 0.56 0.24 1.12

A- |I-: annexin negative/propidium-iodide negative; A- I-: annexin negative/propidium-iodide positive;
A- 1-: annexin positive/propidium-iodide negative; A- I-: annexin positive/propidium-iodide positive.
Values in boldface letters represent compounds with pronounced apoptosis inducing properties.

In the experiment on multidrug resistant mouse T-lymphoma cells, compound 1 had
excellent activity, as it induced early apoptosis in 32.2% of the gated cell population (77.67%
overall), M627 induced early apoptosis in 47.9% of the population in a concentration ten times
higher. In addition, the selenoesters 9-11 were also effective, although their activity was
predominantly detected as late apoptosis/necrosis inducers (Table 6.). The compounds
exhibited comparable apoptosis inducing effects on the susceptible (parental) mouse T-
lymphoma cells. However, it is of interest that compounds 10-11 were notably more effective
on the susceptible cell line (apoptotic events in 39.01% vs. 84.37% and 47.16% vs. 92.46% of
the gated cell population, respectively). The functions of MDR transporter proteins (most
notably ABCB1) have been described in apoptosis evasion, mediated by dampening of the
extrinsic apoptotic pathway (through suppression of TRAIL protein and caspases 3 and 8) and
the stabilization of cell membrane phospholipids (through acting as an outwardly directed
flippase) [187]. The inter-relatedness of overexpressed efflux pumps and programmed cell
death may explain the results obtained in the apoptosis detection assay.
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Another possible explanation is the lower intracellular concentration of these
compounds due to the operation of the ABCBL1 efflux pump: while compounds 9-11 were all
cytotoxic (ICs0<2 uM), thus contributing to their late apoptosis/necrosis inducing properties on
murine cells, selenoester 9 was an effective efflux pump modulator at 2 uM concentration,
while compounds 10-11 were only effective at 20 uM. The fact that the compounds exhibited
similar percentages of late apoptosis/necrosis on PAR cells, while compound 9 was
disproportionally (2.8-3.9-times) more effective on MDR cells further validates this hypothesis
(Table 5-6.).
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Figure 13. Representative cytograms of the apoptosis assay on MDR mouse T-lymphoma cells;
A: compound 1 (2 uM); B: compound 9 (2 uM); C: M627 (20 uM); D: DMSO (2 V/V%)
FL1, FL3: measured fluorescence; Q4: healthy, living cells; Q3: cells undergone early apoptosis; Q2: cells
undergone late apoptosis/necrosis; Q1: dead cells (see Appendix 13.)

The compounds (1, 9-11) showed a similar activity profile for multidrug resistant (Colo
320) human colon adenocarcinoma cells (apoptosis was induced in 64.6-80.5% of gated cell
population overall). The experiment was not performed on the susceptible (Colo 205) subline
of colon adenocarcinoma, because of the results obtained in the murine in vitro system (Table
5-7.). Comparing the results on all three cell lines, it can be observed that the cyclic
selenoanhydride 1 was a potent inducer of early apoptosis (32.2-66.1%), while the active
selenoesters (9-11) mainly induced late apoptosis or necrosis, which may be attributed to their
strong cytotoxic properties. Considering our results, the selenocompounds exhibited more
potent early apoptosis inducing effect in the human colonic adenocarcinoma system (Table 7.).
Other selenocompounds (2-8) and reference compounds (12-15) did not have comparable
apoptosis inducing properties.
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Table 7. Capacity of selenocompounds to induce apoptosis in Colo 320 MDR colonic adenocarcinoma cells

Percentage of gated events

. Late apoptosis, Cell Total .
Sample  Concentration (uM) Early S apoptotic
apoptosis (%) nec0r05|s d%ath events
(%) (%) (%)
A- 1- - 3.42 0.00 0.46 3.42
A- 1+ - 2.33 0.10 0.00 2.43
A+ |- - 23.60 0.00 0.00 23.60
A+ 1+ - 13.50 5.58 10.50 19.08
DMSO 2VINY% 20.30 9.93 4.75 30.23
M627 20 58.50 22.00 291 80.50
1 2 66.10 5.08 141 71.18
2 2 12.00 12.50 7.56 24.50
3 2 16.30 13.40 5.69 29.70
4 2 13.40 15.80 6.37 29.20
5 2 16.20 13.50 4.93 29.70
6 2 14.30 15.70 4.98 30.00
7 2 20.50 14.40 5.55 34.90
8 2 16.00 18.60 10.40 34.60
9 2 28.90 41.70 15.30 70.60
10 2 28.80 35.80 15.40 64.60
11 2 29.70 41.70 11.60 71.40
12 2 3.79 1.09 7.18 6.06
13 2 411 1.75 7.28 7.28
14 2 6.07 1.62 6.98 9.55
15 2 4.22 1.40 7.39 6.98

A- |I-: annexin negative/propidium-iodide negative; A- I-: annexin negative/propidium-iodide positive;
A- 1-: annexin positive/propidium-iodide negative; A- I-: annexin positive/propidium-iodide positive.
Values in boldface letters represent compounds with pronounced apoptosis inducing properties.
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D. Predictive in silico assay

As a part of the study, the compliance of compounds to Lipinsky’s Rule of Five (RO5) was
evaluated. The predicted physico-chemical parameters of the tested compounds are presented
in Table 8. The selenocompounds are in accordance with the evaluation criteria detailed in
Appendix 8., regarding their physico-chemical properties, and they all complied with the Rule
of Five without exception, as opposed to certain reference compounds (doxorubicin,
methotrexate, irinotecan).

Table 8. Predicted physico-chemical properties of the tested selenocompounds and reference
chemotherapeutic agents

Conformity to

Compound cLogP logS M TPSA n-OHNH n-ON Lipinsky’s
Rule of Five
1 251 -3.35 211 34.1 0 2 +
2 0.68 -3.77 326 62.4 0 2 +
3 -0.16 -290 321 47.0 0 3 +
4 0.73 -3.65 320 34.1 0 2 +
5 0.73 -3.65 320 34.1 0 2 +
6 0.02 -241 242 60.1 2 3 +
7 145 -3.20 292 34.1 0 3 +
8 236 -3.80 319 43.4 0 3 +
9 1.7 -3.52 276 34.1 0 2 +
10 294 -413 318 34.1 0 2 +
11 219 -3.43 343 52.6 0 4 +
doxorubicin  0.17 -1.23 543 206.0 7 12 -
gemcitabin  -2.04 -2.04 263 108.3 4 7 +
irinotecan 356 -450 586 112.5 2 7 -
methotrexate -1.23 -3.77 454 210.5 7 13

5-fluorouracil -0.59 -1.07 130 65.72 2 4
cLogP: base 10 logarithm of the octanol/water partition coefficient; logS: base 10 logarithm of water
solubility; M: molecular weight; TPSA: topological polar surface area; n-OHNH: number of hydrogen
bond-donors; n-ON: number of hydrogen bond acceptors;
+: conformity with RO5; -: violation of RO5

According to the results of the predictive in silico assay the organoselenium compounds are
expected to have excellent oral bioavailability (96.74-99.10%) and based on the predicted
permeability on Caco-2 monolayers it can be concluded that the compounds have moderate
penetration properties. The predicted plasma protein binding (PPB%) is nearly 100% for all
respective selenocompounds, which can be attributed to the presence of the selenium atom in
the biologically active molecules (Table 9.). The newly developed selenium compounds should
be inhibitors of the CYP2C9 enzyme and excluding compound 6, they are presumably
substrates and inhibitors of the CYP3A4 enzyme, which may pose an issue, if these compounds
were to be co-administered with anticancer drugs that are metabolized by these enzymes. The
molecules are not expected to interact with the CYP2D6 enzyme.
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Table 9. Predicted pharmacokinetic properties of the tested selenocompounds and reference
chemotherapeutic agents

PPB  Permeability on Caco-2  Permeability on MDCK  HIA
Compound

[%6] monolayer [nm/s] monolayer [nm/s] [%%6]

1 ~ 100 11.83 0.35 99.33

2 ~ 100 34.66 0.33 98.55

3 ~ 100 24.29 0.51 98.10

4 ~ 100 30.22 0.33 99.10

5 ~ 100 22.86 0.33 99.10

6 ~ 100 10.46 0.43 96.74

7 ~ 100 47.51 0.26 97.96

8 ~ 100 53.01 0.14 97.66

9 ~ 100 46.01 0.27 99.09

10 ~ 100 54.52 0.08 99.01

11 ~ 100 54.32 0.15 98.18
doxorubicin  31.16 17.73 1.02 56.84
gemcitabin  14.94 6.90 0.59 79.19
irinotecan 57.56 28.17 0.05 96.87
methotrexate 57.42 18.93 0.34 86.16
5-fluorouracil 9.9 17.25 0.17 75.93

PPB: plasma protein binding; MDCK: Madin-Darby canine kidney; HIA: human intestinal absorption

Based on the results of the correlation-regression analysis, the calculated base 10 logarithm
of fluorescence activity ratios (logFAR; which correlates with efflux pump modulatory activity)
for the tested selenocompounds showed significant association with their base 10 logarithm of
the octanol/water partition coefficients (cLogP), both in the case of the measured data (see
Section VI.B., page 32.) on MDR mouse T-lymphoma (p=0.0034; R?=0.6934) and Colo 320
colonic adenocarcinoma cells (p=0.0198; R?=0.5117) (Figure 14.) The molecular weight
(p>0.05; R?=0.027-0.1247), the base 10 logarithm of topological polar surface area (p>0.05;
R?=0.081-0.237) and the base 10 logarithm of water solubility (p>0.05; R?=0.024-0.1229) did
not show relevant correlation with the fluorescence (logFAR) data.
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Figure 14. Correlation of predicted cLogP values of the tested compounds with calculated
fluorescence activity ratio (FAR) values
A: MDR mouse T-lymphoma cells; B: Colo 320 colon adenocarcinoma cells
logFARIymphoma:CLOGPse: y=0,6413x-0,005; p=0.0034; R2=0.6934 (69.34 %)
lograrcoloszo:CLOgPse: y=0,3576x-0,325; p=0,0198; R?=0.5117 (51.17 %)
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VII. DISCUSSION

Malignant diseases present a significant public health burden, accounting for 8.2 million
deaths and 14.1 million new cancer cases worldwide (according to the data of the WHO).
Due to the phenomenon of ageing population in developed countries, the mortality rates
related to cancer are expected to increase further. Hungary has the worst mortality rates of
lung and colon cancer among EU member states. The goal of chemotherapy (the most
commonly used treatment modality) is the elimination or reduction of malignant cell mass
and to improve the quality of life of the patient. The use of chemotherapy is complicated by
its low bioavailability, disadvantageous side effects due to non-selective cytotoxic activity,
in addition to the emergence of multidrug resistance, whereby tumors show resistance to
chemotherapeutic agents of different structure and mechanism of action. The two
mechanisms of MDR elucidated in this thesis are the overexpression of energy-dependent
efflux pumps and failure of apoptosis induction. Considerable number of compounds have
been described with the ability to inhibit the function of the ABCB1 efflux pump, an
emerging therapeutic strategy of using chemosensitizers as adjuvants reversing the MDR
phenotype. Inorganic selenium salts and organoselenium compounds have been extensively
studied for their anticancer activities. Organic compounds containing selenium are known
modulators of the intracellular redox state of mammalian cells, therefore they may be
effective and selective anticancer drugs, since neoplastic cells are thought to be sensitive to
exogenous ROS. The aim of this study was to assess the activity of novel organoselenium
compounds as anticancer agents and their potency as MDR reversers with respect to the
epidemiology of cancer in Hungary. An additional aim was to establish structure-activity
relationship for the selenocompounds and to predict their attributes as lead compounds for
further studies.

Considering our results, we can conclude that selenocompounds with specific structures
(Figure 15.) showed potent activity in all assays, while others presented with limited or no
activity whatsoever. The compounds that were chosen as references (12-15) had no activity
in any of the experiments. In the cytotoxicity assays, the chemical variation of the alkyl
chain directly bound to the selenium atom in the selenoesters was key in modulating
anticancer efficacy. A methyl (9) or tert-butylketone-substituent (10,11) was the most
profitable for cytotoxic activity, in addition to the cyclic selenoanhydride (1). Conversely, if
these conditions are not met, or the alkyl ketone group was replaced by an amide, ester or
unsubstituted methyl group, then the compounds showed little or no cytotoxic activity. The
substituents on the aromatic ring seem to be less important for determining their anticancer
potency. In general, the selenocompounds were the least effective and selective on the A549
lung adenocarcinoma cells. The potency of the selenoesters 9-11 is further verified by the
fact that they had ICso values in the nanomolar range in many cases and showed Sl values
over 6, in respect to human adenocarcinoma cells. The selenoanhydride presented with very
high selectivity in murine cell lines (>20) and was not toxic on any of the non-tumoral cell
lines. An interesting pattern of selectivity was found in the cases of compounds 1, 4, and 8
because they had a preference for the MDR subline of the colon adenocarcinoma cells.
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Results obtained from the rhodamine 123 accumulation studies are in concordance
with those from the cytotoxicity assay. The 4-chlorophenyl-substituted methyl-ketone-
substituted selenoester (9) was the most active compound (surpassing any other tested
molecule in 2 uM concentration), followed by cyclic selenoanhydride and the two remaining
acylmethyl-selenoesters (10,11), showing similarly potent ABCBI inhibition at 20 uM. The
efflux pump modulatory activity of selenoesters 2-8 was not comparable to the activity of
verapamil, due to the variable side chains in their structures. It is also important to note that
the lipophilicity of the compounds influenced ABCB1 modulation, as the cLogP values
showed significant (p<0.05) correlation with the calculated FAR values. In the apoptosis
assay, the abovementioned four compounds induced apoptosis in 39.01-97.32% of the tested
murine cells and 64.6-71.4% of human cells, respectively. However, the selenoanhydride (1)
was the most effective inducer of early apoptosis (around one-third of the gated cell
population of mouse T-lymphoma cells and two-thirds of the colonic adenocarcinoma cells),
surpassing the activity of the positive control (M627) used in the experiments. On the other
hand, the acylmethyl-selenoesters also had pronounced toxic activity, which predominantly
presented as necrosis (up to 85.80% in murine cells). This distinction in the activity profiles
is relevant because early apoptosis is the advantageous type of cell death for chemotherapy-
treated malignant cells, as collateral damage will not occur in adjacent cells due to the release
of inflammatory mediators compared to necrotic cell death processes [100,188]. The
remaining selenoesters (2-8) had slight or no capacity to induce apoptosis, although the
human colonic adenocarcinoma cell line showed to be more sensitive to the treatment with
the selenocompounds.
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Figure 15. Selenocompounds identified as promising candidates for further studies

1: Benzo[c]selenophen-1,3-dione; 9: Methoxycarbonylmethyl 4-chlorobenzoselenoate; 10: 3,3-Dimethyl-2-
oxobutyl 4-chlorobenzoselenoate; 11: 3,3-Dimethyl-2-oxobutyl 3,5-dimethoxybenzoselenoate
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Organic compounds containing chalcogenic elements (S, Se, Te) recently received
substantial interest in experimental oncopharmacology [128]. The literature suggests that the
most active member of this group is tellurium (Te); but it has been shown that the Te-
containing compounds are highly toxic and do not possess adequate selectivity [129,137].
The advantage of Se compounds is that they influence various cellular redox mechanisms
and signal transduction pathways, which makes them especially appealing for researchers.
The reference compound 12, which showed no activity in any of the experiments, is the
oxygen-isoster of the cyclic selenoanhydride, which suggests the significant role of Se atom
for the activity of these organic molecules [189]. In addition, the structurally similar sulfur
analogues of these compounds were synthesized by Dominguez-Alvarez et al., and the
biological characterization of these compounds was performed in our laboratory. Based on
these results, the role of Se for anticancer and MDR-reversing activity was further
highlighted [190-193], as the Se—S switch in these molecules resulted in diminished
biological activity (unpublished data).

The exact molecular mechanism of these compounds is yet to be described [135].
According to the previous studies and hypotheses of Dominguez-Alvarez et al., it is
proposed that the activity of organoselenium derivatives lies in the hydrolysis of the
selenoester group. This breakdown allows the liberation of selenium anions to the medium,
allowing for these particles to take part in oxidation-reduction reactions due to the charged
selenium atom. In other words, it is suggested that the novel selenoesters act as prodrugs that
make the transport of the molecules possible through the cell cytoplasm. Inside the cells, the
breakdown of the carrier molecule liberates the active ionic chemical forms of selenium with
cytotoxic properties in cells. The inclusion of electron withdrawing groups, like a ketone or
a carboxylic acid is thought to facilitate the breakdown for stabilizing the resulting
fragments. However, it is not desirable to design derivatives whose breakdown occurs before
the arrival of the compound to the cytoplasm of target cells. In this case, the ionic species
generated in the extracellular hydrolysis would not pass the cell membrane due to their
hydrophilic properties, which may explain the low activity of selenoesters 2-8.

The rationale behind the activity of the cyclic selenoanhydride (1) is presumably like
those of compounds 9-11, however, the degradation mechanisms and Kinetics of this
compound should be different, as it contains the Se atom in a five-member ring system. Also,
it is not clear whether the tested compounds are competitive inhibitors of the efflux pump or
bind to a specific domain of the ABCBL1 transporter, which is essential to the pumping
function of the protein. The use of experimental methods or molecular docking studies is
required to further elucidate the exact mechanisms of activity.
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Overall, four compounds were identified as promising candidates for further studies: the
cyclic selenoanhydride (1; benzo[c]selenophene-1,3-dione), in addition to the selenoesters
9-11 (Figure 15.). All respective compounds exhibited remarkable anticancer and multidrug
resistance reversing (ABCB1 pump-modulating and apoptosis inducing) properties.
Considering the predicted data from the in silico assays, these four compounds show
attractive properties for good in vivo bioavailability and potential for transitioning from the
pre-clinical to clinical study phase (as presented by their conformity to the RO5 and
predicted HIA percentages). As for future perspectives, the derivatization and synthesis of
novel structural variants of these compounds are warranted. In addition, as there is abundant
literature regarding various selenium compounds co-administered with various
chemotherapeutic drugs, the survey of these agents in vitro could shed some light about their
potency as combinational drugs.
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VIII. NEW FINDINGS

a. Selenocompounds as cytotoxic agents: Three selenoesters with ketone-containing alkyl
groups showed potent cytotoxic activity on mouse T-lymphoma, human colon adenocarcinoma
and human lung adenocarcinoma cell lines with 1Csp values in the nanomolar range. The cyclic
selenoanhydride was highly active and selective towards malignant murine cell lines.

b. Selenocompounds as efflux pump inhibitors: The cyclic selenoanhydride and three
selenoesters with ketone-containing alkyl groups showed potent efflux pump modulatory
effects in the ABCB1-overexpressing subline of mouse T-lymphoma and human colon
adenocarcinoma cell lines. The 4-chlorophenyl-substitution was the most beneficial for
ABCBL1-inhibiting activity on both murine and human cell lines.

c. Selenocompounds as apoptosis inducers: The cyclic selenoanhydride was an effective
inducer of early apoptosis, while the selenoesters with ketone-containing alkyl groups
predominantly induced late apoptosis/necrosis in parental and multidrug resistant mouse T-
lymphoma and MDR human colon adenocarcinoma cell lines.

d. Prediction of ADME properties of the selenocompounds by in silico methods: All
organoselenium compounds compiled with Lipinsky’s Rule of Five and they are expected to
have moderate intestinal penetration properties, very strong plasma protein binding and
excellent oral bioavailability. The results suggest a link between the lipophilicity and efflux
pump modulatory activity of the compounds.
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IX. SUMMARY

Cancer-related mortality is the second major cause of death with 8.2 million deaths and
14.1 million new cancer cases across the globe in 2012. Among the EU member states, the
incidence of lung and colon cancers and the mortality associated with these tumors is highest
in Hungary. The goal of chemotherapy (the most commonly used treatment modality) is the
elimination or reduction of malignant cell mass and to improve the quality of life of the patient.
The use of chemotherapy is complicated by its low bioavailability, disadvantageous side effects
due to non-selective cytotoxic activity and the emergence of multidrug resistance, whereby
tumors show resistance to chemotherapeutic agents of different structure and mechanism of
action. The two main mechanisms of MDR investigated by our study are the failure of apoptosis
induction and overexpression of energy-dependent efflux pumps. Considerable number of
compounds have been described with the ability to inhibit the function of the ABCB1 efflux
pump. An emerging therapeutic strategy is the use of chemosensitizers as adjuvants, reversing
the MDR phenotype associated with these cancer cells. Inorganic selenium salts and
organoselenium compounds have been extensively studied for their anticancer activities.
Organic compounds containing selenium are known modulators of the intracellular redox state
of mammalian cells, they may be effective and selective anticancer drugs, because neoplastic
cells are thought to be sensitive to exogenous ROS. The aim of this thesis was to assess the
activity of novel organoselenium compounds synthesized by Dominguez-Alvarez et al. as
anticancer agents and their potency as MDR reversers on various cancer model systems in vitro.
The cytotoxic activity of the compounds was assessed by MTT method, the inhibition of the
MDR transporter ABCB1 was studied by rhodamine 123 accumulation assay using flow
cytometry. The apoptosis inducing properties of the compounds were determined by Annexin
V-FITC detection method, using flow cytometry. A preliminary in silico assay was performed
using OSIRIS Molecular Property Explorer and PreADMET 2.0 to predict the physico-
chemical and in vivo absorption properties of the selenocompounds. We can conclude that
selenocompounds with specific structures (four compounds; a cyclic selenoanhydride and three
selenoesters with ketone-containing alkyl groups) showed potent activity in all assays, while
others presented with limited or no activity. The abovementioned compounds exhibited potent
cytotoxic activities, with effective concentrations in the nanomolar range, they were potent
inhibitors of the ABCBL1 efflux protein. Results suggest the lipophilicity of the compounds has
an important role in their efflux pump modulatory activity. The cyclic selenoanhydride was a
potent inducer of early apoptosis, while the alkyl-ketone-containing selenoesters induced
necrotic processes. According to the predicted in silico data, organoselenium compounds are
expected to have moderate intestinal penetration and excellent oral bioavailability. Our
experiments highlighted the role of selenium for anticancer and MDR-reversing activity. The
exact molecular mechanism of these compounds is yet to be described: it is proposed that the
activity of organoselenium derivatives lies in the hydrolysis of the selenoester group. Based on
our results, the derivatization and synthesis of novel structural variants of these compounds is
warranted.
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X. OSSZEFOGLALO

A daganatos megbetegedések a masodik vezetdé halaloknak szamitanak, 2012-ben
vilagszerte 8,2 milli6 rdkhoz kothetd haldlesetet és 14,1 millid 4j rakos beteget regisztraltak.
Az EU tagallamai koziil a tiid6- és vastagbélrak eléfordulasi gyakorisaga és az ezekhez a
daganatokhoz kapcsolddé haldlozas Magyarorszagon a legmagasabb. A kemoterdpia célja
(amely a leggyakrabban alkalmazott kezelési mdd) a rosszindulata sejttomeg elpusztitasa vagy
a méretének csokkentése, ezzel egyidében a beteg életmindségének javitdsa. A kemoterapia
alkalmazasat megneheziti a szerek alacsony biohasznosithatdsaga, a nem szelektiv citotoxikus
hatas és a multidrog rezisztens (MDR) fenotipus kialakulasa, melynek soran a daganatsejtek
tobb, kiilonbozé hatasmechanizmusti és kémiai szerkezetii szerrel szemben mutatnak
rezisztenciat. Az MDR két, altalunk is vizsgalt {6 mechanizmusa az energiafiiggd efflux
pumpak taltermelddése és az apoptozis indukcidjanak gatlasa. Szamos vegyiiletet leirtak mar,
mely képes gatolni az ABCBI efflux pumpa miikodését. Igéretes terapias stratégianak tekintik
az MDR-visszaforditdo vegyiiletek alkalmazasat adjuvansként, ismét érzékennyé téve a
daganatos sejteket a kemoterapiara. A szervetlen és szerves szelénvegyiileteket széleskoriien
tanulmanyoztak daganatellenes hatasuk szempontjabol. A szerves szelénvegyiiletekrol
koztudott, hogy képesek moduldlni az emldssejtek intracellularis redox homeosztazisat, igy
hatékony és szelektiv daganatellenes szerek lehetnek, mivel a daganatos sejtek érzékenyebbek
a kiilsé ROS hatisokra. A jelen disszertacio célja Dominguez-Alvarez és mtsai. altal
szintetizalt, ujszerli szerkezettel rendelkez6 szerves szelénvegyiiletek daganatellenes és MDR-
visszafordit6 hatasanak vizsgalata kiilonb6z6 daganatsejtes modellrendszerek felhasznalasaval
in vitro. A vegyiiletek citotoxikus aktivitasat MTT moddszerrel hataroztuk meg, az ABCBI1
efflux transzporter gatlasat rhodamin 123 akkumulécios vizsgalattal tanulmanyoztuk aramlasi
citometrias modszerrel. A vegyliletek apoptozist indukalo hatasat Annexin V-FITC modszerrel
hataroztuk meg aramlasi citometriaval. OSIRIS Molecular Property Explorer ¢s Pre ADMET
2.0 alkalmazasaval becsiiltik meg a vegyiiletek fizikai-kémiai és in vivo abszorpcios
tulajdonsagait. Megallapithato, hogy az adott szerkezeti elemekkel (négy vegyiilet: egy ciklusos
szelenoanhidrid és harom alkil-keton-szelenoészter) rendelkezd szelénvegyiiletek hatékonynak
bizonyultak minden vizsgalatban, mig masok csokkent vagy semmilyen aktivitdst nem
mutattak. A fent emlitett vegyliletek erés citotoxikus hatasuak voltak a nanomolaris
tartomanyban, emellett hatékonyan gatoltak az ABCBI efflux pumpat. Az eredmények arra
engednek kovetkeztetni, hogy a vegyiiletek lipofilitdsanak fontos szerepe van az efflux pumpa
miikodésének befolyasolasaban. A ciklikus szelenoanhidrid hatékony korai apoptézist indukald
vegylilet volt, mig az alkil-keton szelenoészterek nekrotikus folyamatokat indukaltak. Az in
silico eredmények alapjan a szerves szelénvegyiiletek varhatdan mérsékelt bélpenetracioval és
kivalo oralis biologiai hasznosithatosaggal rendelkeznek. Kisérleteink ravilagittotak a szelén
kozponti szerepére a rakellenes és az MDR-visszafordité hatas szempontjabol. A vegyliletek
pontos molekularis hatdsmechanizmusa még nem ismert: azt feltételezhetjiik, hogy a
szelénvegyiiletek aktivitdsa a szelenoészter csoport hidrolizis€hez kothetd. Eredményeink
alapjan az igéretes vegyiiletek tovabbi szarmazékainak szintézise €s biologiai hatasanak
vizsgalata indokolt lehet.
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XIV. APPENDIX

Appendix 1. IUPAC names of the tested compounds

1: Benzol[c]selenophen-1,3-dione; 2: Dimethyl thiophene-2,5-dicarboselenoate; 3: Dimethyl
pyridine-2,6-dicarboselenoate; 4: Dimethyl benzene-1,3-dicarboselenoate; 5: Dimethyl
benzene-1,4-dicarboselenoate; 6: Carbamoylmethyl benzoselenoate;
7:  Methoxycarbonylmethyl ~ 2-chlorobenzoselenoate;  8:  Phenoxycarbonylmethyl
benzoselenoate; 9: Methoxycarbonylmethyl 4-chlorobenzoselenoate; 10: 3,3-Dimethyl-2-
oxobutyl 4-chlorobenzoselenoate; 11: 3,3-Dimethyl-2-oxobutyl 3,5-dimethoxybenzoselenoate;
12: 2-Benzofuran-1,3-dione; 13: Potassium cyanate;
14: Ammonium thiocyanate; 15: Potassium selenocyanate
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Appendix 2. Synthesis routes for the cyclic selenoanhydride (1) [154]
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Appendix 3. Synthesis routes for selenoesters 2-11 [154,156]
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Appendix 4. Structure of rhodamine 123 (R123) [161]

oy

Appendix 5. Structure of M627 (12H-benzo[a]phenothiazine) [168]
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Appendix 6. Molecular basis for the MTT assay [158]

Annexin

V=-FITC PS5 externalisation

induced by
apoplosis

Appendix 7. Phosphatidyl serine externalization occurring after induction of
programmed cell death (apoptosis) [165]
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a.

Appendix 8. List of physico-chemical and pharmacokinetic parameters predicted and
assessed, evaluation criteria used in predictive in silico assay

Physico-chemical properties

Molecular weight (M): based on literature data, potential pharmacological agents with a
high molar weight have a higher chance of failing in the clinical trial phase of studies, or
their development may even be halted in the pre-clinical phase. More than 80% of the
currently available small molecule pharmacological agents have an M<450, therefore this
value was chosen as threshold value.
Base 10 logarithm of octanol/water partition coefficient (cLogP = [CJoctanol/[C]water):
pharmacological molecules, which have inadequate lipophilicity, typically have poor
membrane penetration and absorption properties, consequently implying inappropriate
bioavailability in vivo. A cLogP value of <5.0 was selected as the highest threshold for
sufficient lipophilicity.
Topological polar surface area (TPSA) of the molecules; the polar surface area (PSA) of a
molecule consists of the sum of molecular surface attributable to polar atoms (in drug
molecules this predominantly means O and N atoms and corresponding H atoms). The
precise determination of PSA is expensive and time-consuming, which requires advanced
computational tools, while TPSA is an estimated value, which generally correlates well
with PSA values. The extent of polar surface area for any given molecule has implications
for cell membrane permeability: molecules with TPSA values higher than 140 A% (1 A
denotes 102° m) usually have disadvantageous permeability properties. To cross the blood-
brain barrier (BBB) and to reach molecular targets in the central nervous system, the TPSA
has to be even smaller (<90 A?).
Conformity with Lipinsky’s Rule of Five (RO5): the rules state that a given biologically
active substance is expected to have good oral bioavailability if it does not violate (or
violates no more than one of) the following criteria (Rule of Five, RO5): i.) molecular
weight has to be M<500, ii) the cLogP value has to be <5.0, iii) the overall number of
hydrogen bond-donors (predominantly -OH or -NH groups) has to be <5, iv) the overall
number of hydrogen bond-acceptors (acceptors can be O or N atoms, including the donor
groups) has to be <10. The RO5 was formulated by Christopher A. Lipinsky in 1997, based
on the observation that most of the drugs with good oral bioavailability are relatively small,
moderately lipophilic molecules.
Base 10 logarithm of water solubility (logS; expressed as mol/L concentration): more, than
80% of the currently marketed drug molecules have a logS value >-4, therefore this value
was chosen as reference.
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b. Predicted pharmacokinetic properties

Percentage of plasma protein binding (PPB%): the binding of drug molecules of plasma
proteins (serum albumin, lipoproteins and glycoproteins, a, 3 and y-globulin) significantly
influences the biological half-life and distribution of the given drug. The protein-bound
fraction may act as a depot, from which the substance in question is slowly released, so
that the free fraction of the drug is metabolized and then complemented by the bound
fraction to sustain the biological balance. Plasma protein binding may also play a role in in
vivo drug interactions because the bound pharmacological agents with various affinities to
the proteins can be compressed to influencing the free/bound concentrations in the body.

Degree of permeability on Caco-2 human colonic adenocarcinoma and Madin-Darby
canine kidney (MDCK) epithelial cell monolayers: several in vitro models have been
developed to quantify the intestinal absorption of various drug molecules. Among these
models, the Caco-2 (a cell line with high metabolic activity and numerous drug carrier
proteins) and MDCK (a cell line with low metabolic activity and transport protein
expression) cells have proved to be the most reliable model systems to predict the
permeability [nm/s] of compounds. Our results were evaluated as follows: low
permeability <4 nm/s, moderate permeability 4-70 nm/s and effective permeability >70
nm/s.

Degree of human intestinal absorption (HIA%): the compounds were classified into the
following categories based on their estimates HIA% values: compounds with poor
intestinal absorption 0-20%, moderate absorption 20-70% and excellent absorption 70-
100%.

Interactions with the cytochrome CYP450 enzymes: the substrate/inhibitor interaction
profile of the tested compounds with CYP2D6, CYP2C9 and CYP3A4 enzymes can be
evaluated with the use of the PreADMET 2.0. CYP2D6 (inducers, such as dexamethazone,
rifampin; inhibitors, such as chloroquin, cimetidine, diltiazem, doxorubicin, moclobemide,
vincristine), CYP2C9 (inducers, such as barbiturates, rifampicin; inhibitors, such as
apigenine, fluconazole, valproic acid) and CYP3A4 (inducers, such as carbamazepine,
phenytoin, rifampicin, phenylbutazone, St. John’s Wort; inhibitors, such as amiodarone,
cyclosporine A, erythromycin, fluconazole, grapefruit juice, ritonavir, valproic acid)
enzymes play a major role in the metabolism of drug molecules for a number of
pharmacologically active compounds.
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Appendix 9. Cytotoxic activity and selectivity of the tested compounds against various cell lines of
murine origin

A: PAR mouse T- B: MDR mouse T- C: NIH/3T3 mouse
Compound lymphoma lymphoma (AS/IB) fibroblast (CS/!A) (CS/:B)
1Cs0 (uM) SD + 1Cs0 (M) SD + 1Cs0 (nM) SD +
1 3.97 1.26 4.65 071 0.85 >100 - >25.19 =>21.51
2 >100 - >100 - - 23.72 386 <024 <024
3 19.50 2.10 16.90 323 115 > 100 - >513 =592
4 >100 - >100 - - > 100 - - -
5 >100 - >100 - - > 100 - - -
6 >100 - 36.4 991 =275 69.69 034 <0.70 1.91
7 >100 - 87.8 554 =>1.14 23.72 3.86 <024 0.27
8 >100 - >100 - - 74.47 223 <074 <074
9 0.78 0.17 1.03 031 0.76 0.62 0.13 0.79 0.61
10 0.94 0.11 0.43 025 219 1.35 0.01 1.44 3.14
11 131 0.12 0.97 028 135 0.82 0.06 0.63 0.85
12 >100 - >100 - - > 100 - - -
13 >100 - >100 - - > 100 - - -
14 >100 - >100 - - > 100 - - -
15 >100 - >100 - - > 100 - - -
Cisplatin 4.87 0.58 16.65 1.02 0.29 11.16 0.08 2.29 0.67
DMSO >2 VIN% - >2 VINV% - >2 VIV% - -

ICso: the inhibitory dose that reduces the growth of the cells exposed to the tested compounds by 50%;
SD+: standard deviation; Sl: selectivity index; DMSO: dimethyl sulfoxide

67



Appendix 10. Cytotoxic activity and selectivity of the tested compounds against various cell lines of
human origin

A: Colo 205 B: Colo 320 C: A549 lung D: MRC-5
colon colon SI  adenocarcinoma lung Sl Sl Sl
Compound adenocarcinoma adenocarcinoma fibroblast
(A/B) (D/A) (D/B) (DIC)
ICso (uM) ICs0 (uM) SD 1Cs0 (uM) SD 1Cs0 SD
50 (M N 50 (. N 50 (. N (uM) N
1 >100 - 6390 212 >1.6  >100 ] >100 - - >l6 -
2 >100 - >100 - - 4930 346 426 065 <904 <0.04 0.09
3 >100 - >100 - - >100 - 1790 000 <018 <0.18 =0.18
4 >100 - 1250 1.76 >8.0 >100 - 2840 070 <028 230 <0.28
5 >100 - >100 - - >100 - 6150 216 <062 <0.62 <0.62
6 >100 . >100 - - >100 - 766 092 <077 <0.77 <0.77
7 >100 - >100 - - >100 - 3340 3.08 <033 <033 <0.33
8 >100 - 5370 091 >190 5120 163 >100 - - >19 19
9 5.48 0.75 0.55 0.11 100 5.91 024 9535 024 98 970 091
10 163 055 096 015 1.70 9.10 037 810 09 500 840 089
11 1.19 0.21 0.35 0.09 3.40 1522 061 504 071 420 1440 033
12 >100 - >100 - - >100 - >100 - - - -
13 >100 - >100 - - >100 - >100 - - - -
14 >100 - >100 - - >100 - >100 - - - -
15 >100 - >100 - - >100 - >100 - - - -
Cisplatin 6226  1.98 3790 4.12 164 363 024 3345 292 054 088 921
DMSO  >2VN% -  >2VN% - - S2VN% - S2VN% - - - -

I1Cso: the inhibitory dose that reduces the growth of the cells exposed to the tested compounds by 50%;
SD+: standard deviation; Sl: selectivity index; DMSO: dimethyl sulfoxide
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Appendix 11. Effects of selenocompounds on rhodamine 123 retention by L5178Y multidrug

resistant (MDR) mouse T-lymphoma cells

Sample pM FSC SsC FL-1 FAR Quotient (%)

VER 20 1826 1357 31.20 21.29 100.00
1 2 1761 1385 63.20 43.13 202.58
1 20 1724 1478 143.00 97.61 458.48
2 2 2354 972 1.00 0.99 4.65
2 20 2276 960 1.09 1.07 5.03
3 2 2277 957 1.15 113 5.31
3 20 2248 1001 151 1.49 7.00
4 2 2323 984 0.94 0.93 4.37
4 20 2284 957 0.99 0.98 4.60
5 2 1892 1319 5.82 3.97 18.65
5 20 1848 1378 452 3.09 1451
6 2 2302 961 1.04 1.02 4.79
6 20 2218 902 1.07 1.05 4.93
7 2 1860 1321 9.45 6.45 30.30
7 20 1832 1351 12.00 8.53 40.07
8 2 1855 1338 0.95 0.65 3.05
8 20 1886 1336 8.32 5.68 26.68
9 2 1706 1406 138.00 94.19 442.41
9 20 1755 1450 124.00 84.64 397.56
10 2 1874 1354 13.60 9.28 4359
10 20 1841 1326 71.30 48.67 228.62
11 2 1824 1355 18.40 12.56 58.99
11 20 1835 1335 67.90 46.35 217.71
12 2 1984 995 0.87 0.76 3.57
12 20 2046 1142 0.79 0.69 3.24
13 2 2059 1017 0.72 0.61 2.87
13 20 1886 1256 0.56 0.41 1.92
14 2 1977 1372 0.96 0.88 413
14 20 1868 1050 0.72 0.61 2.87
15 2 2013 1435 0.63 0.50 2.34
15 20 1861 1041 0.80 0.73 3.42

DMSO 2 VIV% 1932 1331 1.11 0.76 3.57

FSC: Forward Scatter Count; SSC: Side Scatter Count; FL-1: Mean fluorescence of the cells; FAR:
Fluorescence activity ratio; VER: verapamil
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Appendix 12. Effects of selenocompounds on rhodamine 123 retention by Colo 320 colonic

adenocarcinoma cells

Sample pM FSC SsC FL-1 FAR Quotient (%)

VER 20 1826 1357 31.20 2.85 100.00
1 2 1761 936 17.00 3.86 135.40
1 20 1938 985 23.00 12.30 431.90
2 2 1912 793 23.00 0.64 22.46
2 20 1835 864 1.09 0.59 20.70
3 2 1956 761 1.15 0.55 19.30
3 20 1794 658 151 0.63 22.11
4 2 1659 809 0.94 0.53 18.60
4 20 1865 854 0.99 0.68 23.86
5 2 1895 852 5.82 0.55 19.30
5 20 1792 701 452 0.58 20.35
6 2 1816 776 1.04 0.60 21.05
6 20 1890 753 1.07 0.58 20.35
7 2 1838 723 9.45 0.79 27.72
7 20 1567 687 12.00 0.75 26.32
8 2 1588 693 0.95 0.75 26.32
8 20 1562 512 8.32 1.94 68.07
9 2 1802 1142 31.90 11.40 401.10
10 2 2037 919 24.00 6.19 217.20
11 2 2045 929 36.70 6.49 227.70
12 2 1984 870 8.97 0.50 10.83
12 20 1933 862 8.21 0.73 15.70
13 2 1846 887 7.16 0.76 16.49
13 20 1879 871 4.86 0.70 15.09
14 2 1933 881 10.40 0.61 13.16
14 20 1915 871 7.15 0.41 8.93
15 2 1946 909 5.89 0.88 19.12
15 20 2050 886 8.54 0.61 13.14

DMSO 2 VIV% 1932 1331 6.92 0.59 357

FSC: Forward Scatter Count; SSC: Side Scatter Count; FL-1: Mean fluorescence of the cells; FAR:
Fluorescence activity ratio; VER: verapamil
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Appendix 13. Interpretation of flow cytometry result diagram (cytogram) for apoptosis induction

experiment
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