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1 Introduction  
 

1.1 Drug development and biologically active small molecules 

 

 Even though there is a plethora of therapeutics for different kinds of diseases, 

many of them, including various forms of cancer, parasitic and severe bacterial infections 

are lacking proper specific treatment and are burdened with newly developed resistance 

or adverse side-effects. For this reason, there is major emphasis on finding new drugs that 

overcome these drawbacks. For clinically approved anticancer drugs, there are two main 

objectives. First, pathologically dividing and proliferating cells are targeted by 

conventional chemotherapeutic drugs, focusing on processes that lead to cancer cell 

division and proliferation. DNA replication is a key element in cellular division when an 

exact copy of the genetic material is made. Several classes of chemotherapy drugs target 

DNA synthesis and replication:   

 Alkylating agents bind to the DNA in the cell to prevent it from dividing. They 

work throughout the cell cycle and directly damage DNA. Alkylating agents include 

drugs from the following groups: Triazines (dacarbazine, temozolomide), Alkyl 

sulfonates (Busulfan), Nitrogen mustards (chlorambucil, cyclophosphamide and 

melphalan), Nitrosoureas (streptozocin, carmustine), Platinum derivatives (cisplatin, 

oxaliplatin, carboplatin) and others. Long-term usage of these drugs can, via their DNA 

damaging properties, cause bone marrow damage and lead to the development of 

secondary leukaemias. Bone marrow damage and secondary leukaemia are dose-

dependant; which means that lower doses of alkylating drug cause less risk of disease 

development (Kumar et al. 2015). 

 The mode of action of the Antimetabolites is replacement of functional DNA 

and RNA building blocks by their non-functional substances. Unlike the previously 

mentioned group of therapeutics, Antimetabolites affect cells mostly during the S phase 

of the cell (DNA replication). This group involves Antifolate drugs (methotrexate, 
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pemetrexed) Antipurines (mercaptopurine, thioguanine, cladribin, cytarabine, 

gemcitabine etc.) and Antipyrimidines (kapecitabine, 5-fluorouracil). 

 Antitumor antibiotics prevent DNA uncoiling and interfere with the DNA 

strucuture. They are cell cycle specific drugs. The most common ATBs used as anticancer 

drugs are the Anthracyclines (Daunorubicin, Doxorubicin, Idarubicin). Other non-

anthracycline ATBs include Actinomycin D, the radiomimetic drug Bleomycin (induces 

DNA strand breaks), Mitomycin C and Mitoxantrone. The main issue with these drugs is 

dose-dependent cardiotoxicity. Hence their application must be strictly controlled (Sikic 

1999, Kumar et al. 2015). 

 Inhibitors of Topoisomerase prevent DNA strand separation and therefore DNA 

replication during the S phase. There are two groups of Topoisomerase Inhibitors 

which vary in the target affected: Topoisomerase I inhibitors (Topotecan, Irinotecan) and 

Topoisomerase II inhibitors (Etoposide, Teniposide). This enzyme is targeted by 

Mitoxantrone (Antitumor ATB), as well. 

 Antimitotic drugs (Fig. 1); represented mostly by plant alkaloids, prevent cell 

division by interfering with the cellular cytoskeleton; specifically with microtubules 

creating mitotic spindles. They can be divided into two groups: inhibitors of 

polymerization (Vinca Alkaloids – vinblastine, vincristine and vinorelbine) and inhibitors 

of depolymerization (Taxanes – paclitaxel, docetaxel; Epothilones – ixabepilone) (Klener 

2010; Kumar et al. 2015). Other proteins, involved in mitotic spindle assembly, such as 

aurora kinases, can be targeted by Aurora kinase inhibitors (Marzo & Naval 2013). 
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Fig. 1: Representatives of Antimitotic drugs: Vinblastine (Vinca Alkaloids), Ixabepilone (Epothilones). 

 Use of these drugs is however limited by their general cytotoxicity as they affect 

both cancer and normal cells even though cancer cells tend to be more sensitive to these 

drugs owing to their faster proliferation (conventional chemotherapeutics affect mostly 

fast dividing cells) and reduced threshold for further proapoptotic stimuli. This explains 

why this therapy does not affect non-dividing cancer stem cells and can cause relapses 

after treatment termination.  

 Cell division can be affected by other classes of chemotherapy in other ways as 

well. For example: 

 Antihormonal drugs suppress hormone dependent processes that stimulate 

cancer growth (Estrogenes, Androgenes, Glucocorticoids, Peptidic hormones) and 

commonly used in the treatment of breast, prostate cancer, leukaemia etc. Another 

approach to targeting pathologically proliferating cells is the Induction of 

differentiation. All-trans retinoic acid is successfully used in Promyelocytic leukaemia 

therapy (Mayer & Starý 2002). Another way is activation or reinforcement of the immune 

system components, called Imunnotherapy, targeting specifically cancer cells after 

stimulation by different cytokines (interferons, interleukins, hematopoetic growth factors, 

death ligands) or by synthetic immunomodulators (Thalidomide, Lenalidomide) or other 

immunomodulating drugs. Standard chemotherapy can be reinforced by addition of 
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chemoprotective drugs and antidotes (folic acid- decreases the toxicity of methotrexate) 

as well (Klener 2010).  

Epigenetic modification provides another option for preventing cellular 

pathological behaviour. DNA methylation or histone modification is a way of gene 

expression control, which is often altered in cancer cells. DNA methyltransferase is an 

enzyme involved in DNA methylation and its inhibitors can cause reactivation of 

pathologically silenced gene expression (Howell et al. 2010). Regulation of transcription 

is provided by acetylation or deacetylation of histones as well. Enzymes involved in 

chromatin remodeling are histone deacetylases (HDACs) and histone acetyl-transferases 

(HATs). Histone acetylation opens chromatin structure and allows transcription of 

specific genes. In contrast, deacetylation causes closure of chromatin and disables gene 

transcription. In cancer cells, propapoptotic stimuli are often blocked by specific gene 

silencing via histone deacetylation. Histone deacetylase inhibitors (HDACi) can 

reactivate the transcription of silenced genes and induce apoptosis in cancer cells. It is 

also known that many other proteins involved in cell death and proliferation, are 

substrates for HDACs, such as cytoskeleton proteins, hormone receptors and chaperons 

(Xu et al. 2007).  

 The second approach is to target specific cellular pathways and the individual 

components involved in cancerogenesis. These are called targeted therapies. The 

advantage of this approach is high specifity, and therefore significantly lower 

cytotoxicity, with fewer side effects (compared to general cytostatics).  

The two main categories of targeted therapy are currently small molecules and 

monoclonal antibodies. Monoclonal antibodies are artificial constructs prepared via 

hybridoma technology by fusion of spleen cells from mouse (immunized by specific 

antibody) and human myeloma cells. A broad spectrum of antibodies is in clinical use or 

being tested in clinical trials. Firstly, mouse antibodies were used but with little efficacy 

and causing systemic inflammatory response via production of human anti-mouse 

antibodies (HAMA). To avoid this, recombinant antibodies are now used. Today, we can 

find chimeric forms (rituximab, cetuximab), humanized antibodies (bevacizumab) and 
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completely human forms as well (panitumumab). These antibodies bind to a specific 

substance and are used in anticancer, anti-inflamatory, antiviral and other therapies, 

targeting different cellular proteins, such as growth factor receptors (VEGFR– 

bevacizumab, EGFR– cetuximab, ERBB2/HER2/neu receptor- trastuzumab), interleukins 

(IL-1β- canakinumab, IL-12, IL-23 ustekinumab) and many others (complement system 

proteins, integrines). Monoclonal antibodies are successfully used in the treatment of 

various cancers, such as breast and colorectal carcinoma, acute myeloid leukaemia, B-cell 

leukaemia and Non-Hodgkin´s lymphoma. 

 Although many new monoclonal antibodies as a form of specific targeting have 

recently been introduced into clinical treatment and even more are still in the clinical 

trials, the development of new active small molecules still stands as a solid and 

promising form of potential treatment discovery. The current focus is inhibition of 

particular targets and therefore we can talk about small molecular inhibitors. However, 

the process of the new drug development is time consuming, with low effectivity and 

highly expensive. Chemical libraries prepared by chemists subscribe to a few important 

rules, which improve the chances of finding molecular hits, with low initial cost and time, 

otherwise spent in preclinical testing. Based on their design, different kinds of libraries 

can be prepared; targeting specific molecular targets (proteases, kinases, G-protein 

coupled receptors), based on natural product molecule, protein-protein interaction, drug-

like, lead-like (Lipinski 2000, Lipinski et al. 2004) or Fragment compounds Libraries. 

Fragment compound Libraries are the result of Fragment-based screening, focusing on 

drug leads discovery from small molecular fragments modification (Erlanson 2006). To 

obtain a lead drug candidate, many factors must be optimized, designed and modified to 

obtain the molecule with optimal physicochemical properties. So far the most common 

approach to finding these molecules is time consuming and financially demanding 

biological screening. Further, the number of successful drugs, leaving preclinical research 

is minimal, compared to the input amount of structures. There are different approaches to 

drug discovery. Drug development usually starts with the identification of lead molecule 

targeting specific molecular target (hit discovery), followed by optimization of its 

properties to obtain favourable binding efficiencies (hit-to-lead optimizition) (Keserü & 
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Makara 2009; Perola 2010). It has also been observed that clinical candidates are usually 

more complex than lead candidates because of modification during development (Keserü 

& Makara 2009).To avoid the necessity of testing a large number of promising 

compounds, in silico prediction models, which allow designing and optimizing different 

compounds with optimal properties before their direct synthesis, can be used. There are 

many ways for computing the potency of drug-like molecules. Prediction of ADME 

properties allows exclusion of compounds with poor accessibility and deliverance and 

selection of more potent structures with oral bioavailibility. ADME characteristics 

involve the evaluation of different biochemical parameters, such as blood-brain barrier 

permeability, whole molecule properties (solubility, hydrophobicity etc.), human 

bioavailability, intestinal absorption and metabolism. Various techniques can be used for 

ADME modelling involving patern recognition and classification models, molecular and 

quantum mechanics, statistical regression,  using artificial neural networks and genetic 

algorithms, all contributing to distribution and toxicity profile establishment (Butina et al. 

2002). For evaluation of interaction between small molecules with main classes of 

proteins, the QSAR modelling system (Bugrim et al. 2004) has been implemented. 

Toxicity, as a safety issue, is a very important limiting factor for drug modelling and 

causes a large number of failures in clinical trials. Many molecules have complex toxicity 

profiles (species- or organ-specific) and therefore its establishment is very difficult. 

Compounds with optimal toxicity profiles have high therapeutic index. Plasma levels 

together with toxicity manifestation are much higher than those for therapeutic efficiency. 

Thus, it is important to establish prediction and in vitro models for hepatotoxicity (main 

drug toxicity manifestation) or other system organ toxicity profiles (cardiotoxicity) (Li 

2001). 

  

Synthesis of chemical compounds is in theory not limited but can be focused and 

specified by application of different sets of predictors, such as the Lipinski rules, which 

define the desired properties for the best potential outcome for the drug, to become orally 

available and to have the best therapeutic absorption, distribution, metabolism and 

excretion (ADME) properties (Lipinski 2000, Lipiniski et al. 2001).  



15 
 

 The Lipinski rules express the drug-likeness and basically focus on the molecular 

properties of the compound consisting of a:  

- Maximum of 5 hydrogen bond donors ( number of oxygen-hydrogen and 

nitrogen-hydrogen bonds 

- Molecular mass lower than 500 Daltons 

- A partition coefficient log P (a measure of lipophilicity) of less than 5 

- No more than 10 hydrogen bond acceptors 

- 40-130 molar refractivity 

 These ranges of chemical properties can predict the potential and capability of a 

small molecule to become an active compound and allow elimination of inconvenient 

candidates from development (Lipinski 2004). The number of hydrogen bond donors 

marks the ability of a compound to dissolve in an aqueous environment (blood, 

cytoplasm). Important characteristics which greatly affect the drug-likeness of 

compounds are lipophilicity and molecular weight. Lipophilicity is measured as the 

octanol-water partition coefficient logarithm (Log P) and imposes the rate of permeability 

through membranes, toxicity profile, determines metabolism and pharmacokinetics and 

are important features for the lead optimization process (Perola 2010; Tarcsay et al. 

2012). Molecular size has a major role in terms of ligand efficiency. It has been observed 

that the molecular weight of tested compounds has a strong influence on average and 

maximal computed ligand efficiencies (LE). Usually molecules with a large number of 

heavy atoms display lower rates of LE (Reynolds et al. 2007; Hann 2011). The lower 

molecular mass improves the diffusion properties of the compound and facilitates its 

accessibility. The rate of lipophilicity provides information on permeability through the 

cell membrane and predicts the solubility of small molecule (Lipinski 2000).These 

settings seem to be widely accepted these days. They are validated mostly for oral 

application. Attempts have been made to apply the “Rule of five” to non-oral 

administrations (ophthalmic, transdermal and inhalation) and although most traditionally 

used non-oral drugs proved to have properties within the Lipinski rules, this should not be 

used to predict non-oral candidates which may be more limited than those for oral 

administration. This can be caused by unsuitable lack of enzymes in the skin, eye cornea 
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or lung epithelium, shorter retention time than in the intestines or by stronger epithelial 

barrier (Choy & Prausnitz 2011). Nevertheless, even some compounds out of the 

“Lipinski rules” range became routinely used in clinical practice as a standard 

chemotherapy (Fig. 2). 

 

Fig. 2: Examples of molecules with (A) optimal properties according to Lipinski rules (Roscovitin R) 

and (B) non-Lipinski properties drugs (Paclitaxel). 

 

 There are also other definitions based on physicochemical properties, than 

Lipinsky rules, postulated by Veber, Oprea, Walters and Murcko, or by Rishton (Zhang et 

al. 2014). 

Many different structures with various substituents are introduced into the initial 

screening and it is impossible to proceed to clinical trials with all of them. It is crucial to 

have a reliable model resembling the pathological and physiological properties of 

tumors, parasitic or bacterial infections and inflammation. This is one way of 

diminishing the number of potentially unsuccessful compounds in clinical trials and the 

financial costs their development.  
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 In this work, we have focused on two major diseases, cancer and tuberculosis, 

diseases with several things in common. Apart from the for global and constantly 

increasing incidence and high mortality, newly developed resistance towards commonly 

applied drugs is  a huge problem in both cases and  needs to be dealt with. Although the 

origin, development, symptoms and prognosis of these illnesses are completely different 

and therefore comparison is not in place, they have features in common which can be 

used in drug development, such as similar or even identical therapeutic targets. For 

instance, even though there are structural and species related differences, drugs designed 

as tyrosine kinase inhibitors can affect both human and mycobacterial adenosine kinase 

and therefore represent potent molecules for future application to both these diseases.  

 This approach (application of standardized therapeutic to a different disease), 

called Repurposing, may be a way of discovering multi-potent drugs with interesting and 

unexpected activities and there is a tendency in research to do so. Repurposing or 

repositioning of clinically approved drugs for different applications has many advantages. 

It decreases the cost of new drug development as for the preclinical data 

(pharmacokinetics, pharmacodynamics, toxicity and side effects) are already known. It 

can improve success rate of treatment and exploit all possible applications of known 

molecules. Moreover, the active compound is usually easily available, there are vast 

libraries with drug-like compounds for this purpose and the possibility of clinical failure 

is greatly decreased (Geetharamani et al. 2015).  The repositioning of drugs can be 

achieved via two options: as an “off target” approach, in which unknown new 

mechanisms of actions are explored or the “on target” approach, when an already known 

mechanism is used for different therapies (Kato et al. 2015). There are many drugs which 

have already been approved for different indications (Table 1). The libraries for drug 

repositioning are prepared by private institutions and public services as well. Except for 

patent agencies, where informations about various potent molecules are gathered and 

presented, other programs arise as a source of information for drug repurposing, such as 

National Institutes of Health (NIH) and the Chemical Genomics Centre which possess 

approved drug collection and contains bioinformatic and profiling data for many 

compounds. For example, the National Centre for Advancing Translational Sciences has a 
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programm for drug repurposing as well. Food and Drug Administration (USA) created a 

Rare Diseases Repurposing Database with all known molecular targets (Muthyala 2011).  

 

Table 1: Selection of repurposed drugs. 
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1.2 Anticancer activities 

 

1.2.1 Cancer cell lines and standard 2D experimental models 

 

 Identification of new potentional drugs and predicting drug response in cancer 

patients are major challenges in oncology. Scientists practicing clinical and translational 

research attempt to transform laboratory discoveries into new therapies for patients. 

Tumor-derived cell lines have been used for many years as drug discovery tools. There 

are advantages to the use of immortalized non-tumor cell lines in drug discovery as 

well.  

 Traditionally, during the pre-clinical testing, immortalized cell lines bearing 

specific characteristics are used for observation of various effects caused by potential 

therapeutic drugs. Such cell lines represent libraries of different cancer and non-cancer 

cells derived from specific diseases´ manifestations. They usually tend to grow either in 

suspension or as a semi- or fully-adherent layers and are dependent on artificial 

environments and cultivation media supplements. The cultivation conditions and other 

variables greatly affect the reproducibility of results. The type of selected cultivation 

flask, plate or dish (different kinds of plastic, glass, porosity, adhesion surface structure 

etc.), as well as design of treatment (treatment after adhesion of the cells, or immediate 

treatment of cell suspension with compound, number of cultivation passage, lot of fetal 

calf serum which varies in endotoxins, Ig concentrations, growth factors, cell seeding 

concentration and eg.) can seriously contribute to variation in outcomes regarding  

growth, viability and response of  cultured cells. Also, other microenvironment conditions 

(normoxic or hypoxic conditions) and usually the lack of its development in 2D cultures 

can decrease the reliability of experiments. Immortalized cell lines have many advantages 

for which they have become the most commonly used form of in vitro model tissues. 

Although, they have many disadvantages, which can cause misleading and false positivity 

of some compounds, and therefore selection of molecules which will eventually fail in 

clinical trials. 
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 The establishment of the National Cancer Institute 60 (NCI60) cell line panel was 

a significant scientific commitment that required the development of a number of new 

technologies, such as the development of assays for measuring cytotoxicity, introduction 

of miniaturization in the form of microplates, automation of liquid handling and high 

volume data analysis on an unprecedented scale. Launched in 1990, the NCI60 platform 

consists of 60 human tumor cell lines, representing 9 cancer types; namely, leukemia 

(represented by 6 cell lines), melanoma (8 lines), cancers of the lung (9 non-small-cell 

lung cancer lines), colon (7 lines), brain (6 lines), ovary (7 lines), breast (6 lines), prostate 

(2 lines) and kidney (8 lines) (Stinson et al. 1992). Recently, advanced genetic techniques 

have revised the number of unique cell lines in the NCI60 panel to 57 (Lorenzi et al. 

2009). However, the limitations imposed by the use of only 60 cell lines have become 

increasingly apparent in recent years. The recent introduction of “targeted anticancer 

drugs” show that clinical activity is often limited to small subsets of treated patients, 

rendering the composition of the NCI60 cell line panel somewhat inadequate for the task 

of capturing such low frequency responses.  

 In fact, the use of targeted therapeutics in the clinical setting has revealed that, as 

with the traditional cytotoxic chemotherapy agents, the clinical response to treatment with 

these agents varies substantially between patients — even among those with 

histologically indistinguishable disease. This is particularly well exemplified in the case 

of tyrosine kinase inhibitors (TKIs) that target epidermal growth factor receptor (EGFR) 

(Kris et al. 2003; Fukuoka et al. 2003; Thatcher et al. 2005; Shepherd et al. 2005; Moore 

et al. 2007; Saltz et al. 2004; Vermorken et al. 2007). The reasons for this are differences 

on the molecular level. Tyrosine kinases (TK´s) are enzymes which serve as modulators 

of growth factor signaling and through their activity- antiapoptotic effects, higher 

proliferation rate, angiogenic and metastatic activity can occur. Many inhibitors targeting 

specific tyrosine kinases were prepared and approved for clinical treatment. BCR-ABL 

fusion protein, typical for chronic myeloid leukaemia (CML) encoded by Philadelphia 

chromosme, is inhibited by Imatinib Mesylate (Gleevec). Other tyrosine kinases are 

overexpressed in different types of cancer as well. Epidermal growth factor (EGF) and 

the receptor for this protein (EGFR) overexpression occurring in non-small cell lung 

http://www.uniprot.org/uniprot/P00533
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cancer can be targeted by Gefitinib, Erlotinib, Lapatinib and other drugs. Semaxinib, 

Vatalanib and Sorafenib represent inhibtors for vascular endothelial growth factor 

(VEGF) or its receptor (VEGFR) and for example Leflunomide targets Plateled-derived 

growth factor (PDGF) (Arora & Scholar 2005). Nevertheless, molecular changes in TK´s 

can greatly affect the response to these drugs. Somatic mutations in these proteins can 

significantly alter the response to this treatment.  It has been observed that treatment of 

NSCLC by Gefitinib was more successful in patients with somatic mutations (Paez et al. 

2004). On the other hand, similar mutations occurring in KRAS protein in the same 

disease, predicted poor response to the same treatment. It is obvious that preceding 

genotyping is necessery for indication and selection of therapy (Massarelli 2007). 

 Other studies have suggested the need for larger and well characterised human 

cancer cell line panels, such as CMT1000 or the Cancer Cell Line Encyclopedia, to fully 

capture and mimic tumor heterogeneity (McDermott et al. 2008; Barretina et al. 2012). 

However, it is only recently that investigators have begun to appreciate the enormous 

degree of genomic heterogenity across the human cancer patient population, and therefore 

across tumor-derived cell lines, and the crucial role that this diversity has in the variable 

clinical response to treatment.  

In concordance with such approaches, other studies have used smaller cancer cell line 

panels consisting either of short-term tumor-derived cultures or established cell lines to 

recapitulate the genomic diversity of cancer. This model of tumor-derived cell lines is 

remarkably similar to that of the primary tumors from which they originated, implying 

that cultured tumor-derived cell lines are valid genetic surrogates of tumors in vivo. (Sos 

et al. 2009; Neve et al. 2006; Lin et al. 2008). 

Many studies emphasize the necessity for new in vitro cancer models and the use of 

primary tumor models in which gene expression can be manipulated and small molecules 

tested in a setting that more closely mimics the in vivo cancer microenvironment so as to 

avoid radical changes in gene expression profiles produced by extended periods of cell 

culture. For example, Gillet J. and colleagues investigated the multidrug resistance 

(MDR) transcriptome of six cancer types in cancer established cell lines and clinical 
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samples and no correlation was found (Gillet et al. 2011).  The cell lines bearing specific 

mutations with characterized cellular pathways are now used to identify targeted 

inhibitors of molecular processes which are crucial for diseases treatment. They are called 

Reporter cell lines and their preparation uses the application of biological reporters, such 

as Bacterial Luciferase (Lux), Green Fluorescent protein (GFP), (Nivens et al. 2004) or 

Aequorin, Obelin, Clytin and Mitrocomin, which are usually isolated from different kinds 

of bacteria (Lux) or some marine invertebrates (GFP, Aequorin, Obelin, Mitrocomin, 

Clytin), (Malikova et al. 2014). 

 

1.2.2 2D vs. 3D models  

 

 More effort should be directed toward the development of new ex vivo models 

that more closely mimic the in vivo cancer microenvironment. The role of 

microenvironment is particularly important, for it was shown, that cells tend to behave 

differently under more complex conditions, similar to in vivo tissues and therefore display 

different sensitivity to various drugs or in their capability and speed diversity of growth 

(Pampaloni et al. 2007). Present trends imply that for adaptation of experiments towards 

the most similar environment to that in vivo, as possible,relationships between different 

cell types and their biological/chemical dependences need to be considered. It is known 

that in 2D models, cell-cell and cell-stroma interactions are not involved and therefore do 

not exactly mimic the natural environment in the human body (Birgersdotter et al. 2005). 

It was observed that for example primary hepatocytes cultured under standard two-

dimensional conditions lose their specific function very quickly. On the contrary, 3D 

culture was able to sustain these functions. For future research, factors such as 

electrophysiological properties (Mulhall et al. 2013), hypoxia, sensitivity towards 

different drugs, interactions with other cells and ECM and many others must be included 

(Fig. 3). 
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 One very important factor, not considered in 2D culture screening, is hypoxia. 

Because of limited ability of oxygen diffusion (described maximum for O2 diffusion is 

100-200 µm), in 3D spherical forms of cultured tissues with greater size, this parameter 

can be taken for consideration. On the contrary, in 2D cultures, induction of hypoxia is 

almost impossible to achieve. According to Amish Astana, optimal size of aggregate 

preventing hypoxia is considered 250 µm (Asthana  & Kissaalita 2012). The hypoxic 

conditions in vitro are nevertheless very important even in drug screening because 

hypoxia has been shown to be a significant factor affecting many biological processes and 

it is involved in tumor development and progression, for example, as an initiator of 

angiogenesis. Significant differences of VEGF and IL-8 expression (as the main 

angiogenesis inducing factors) were observed in 2D and 3D models, especially alterations 

in expression of IL-8, which is several-fold higher in 3D cultures than in 2D (Fischbach 

et al. 2007). 

 Apropos drug sensitivity/resistance, a number of studies have shown high 

reliance of spatial dimensions towards this factor. Pickl and Ries (2009) found that cells 

Fig. 3: Realistic model of cancerous tissue with its developed microenvironment. (Das, Konečný 

2015) 
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growing under different spatial conditions, have different levels of HER family gene 

expression and even the form of dimerization, from heterodimers in 2D model, to 

homodimers localized in membrane rafts in 3D, which resulted in switch in signaling 

pathways from phosphoinosite 3-kinase (PI3K) to mitogen-activated protein kinase 

(MAPK), activation of integrin β4/rac1/PAK2 signaling cascade and therefore different 

response to trastuzumab treatment, favoring those in 3D cultures (Pickl & Ries 2009). In 

some cases, IC50 values significantly vary in 2D and 3D models, which can be caused by 

different levels of targeting molecules produced by 3D growing cells or by more difficult 

transport of drug throughout all spheroid, due the individual cells´heterogenity (Pickl & 

Ries 2009; Mehta et al. 2012; Sun et al. 2006; Fischbach et al. 2007). 

 There are several 3D platforms available today using different methods for 

establishing 3D cultures. Each of them has its advantages and disadvantages and not all 

can be used for HTS under current conditions (Breslin & O’Driscoll 2012; Pampaloni et 

al. 2007; Mehta et al. 2012; Kim 2005; Li et al. 2013). They can have different physical 

properties (rigid/pliable), creating matrix nets for cells adhesion or scaffold-free 3D 

cultures accomplished by hanging drops method or by Rotating Wall vessel, spinner 

vessels or microfluidic chambers (Astana and Kisaalita 2012; Pampaloni et al. 2007; 

Rimann & Graf-Hausner 2012; Fennema et al. 2013). The selection of spheroids 

preparation method is dependent on the design and purpose of the experiment. 

 To summarize, the main attributes of consideration. The direction of screening 

properties development leads toward the cheapest, fastest and most accurate, 

standardized, method. With 3D models, not all these characteristics can be achieved 

easily and it is necessary to make more effort in the evolution of new possibilities and 

approaches.  

 

1.2.3 Drug discovery with High Throughput screening 

 

 High throughput screening is a powerful tool for drug screening, widely used for 

identification of active compounds in the thousands of chemical molecules (Fig. 4). 
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Basically, to test such a quantity of molecules is impossible without automatization and 

therefore a robotization and automatization of different processes is needed. Liquid 

handling, compound management system and data storage and evaluation, are processes 

which have to be automatized and electronically tracked. Current development in the field 

is enabling us to automatise quite complex tasks with multiple methodology steps which 

may vary, based on the interim results. 

 

Fig. 4: Atomated robotic platform. (Institute of Molecular and Translational Medicine, Olomouc) 

 

However, limitations occur even here. So far, mostly 2D models are used for HTS. 

Therefore, 3D cultures, for their closer relevance to living tissues, are thought to be 

implied in this screening and currently, many studies are engaged in this field. A few 

practical models have been introduced in these studies (Fernandes et al. 2009; Gidrol et 

al. 2009; Castel et al. 2006; Yliperttula et al. 2008). Although most of the issues were 

resolved, some of them complicate the situation, considering the cost of the assays or the 

quantitative analysis issue, for example. Also, in specific experiments, the size of 3D 
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structures must be evaluated. Due to hypoxia factors, a certain size of the culture must be 

achieved.  

For drug discovery, different types of cell cultures are used. Together with traditionally 

used immortalized cell lines, primary cells, embryonic stem cells and human (or animal) 

pluripotent cells are being lately implemented in HTS as well. The 3D experimental 

models provide more specific and suitable conditions, resembling those in vivo. 

Nevertheless, not all of the issues have been solved so far and much has to be done for 

optimization of methodology, for cultures derived directly from patient samples evince 

different properties and complexity (Eglen et al. 2008). Several HTS platforms have been 

introduced lately using 3D models. Gidrol et al. (2009) summarized different approaches 

in 2 and 3D cell microarrays including modified glass slides, soft lithography based 

microfabrication of microwells in hydrogel or using microfluidic systems (Gidrol et al 

2009). 

 3D cellular structures were successfully introduced for HTS by Horman et al. 

(2013). They were able to screen a library of 1528 compounds using soft agar assays, in 

which colorectal carcinoma cells HCT116 were grown and created multicellular 

spheroids. Compounds activity were then observed and characterized by different impact, 

into groups of non-active, cytotoxic, cytostatic or suppressive compounds. Moreover, the 

selectivity towards cancer cells was evaluated by co-culture with normal colon derived 

epithelial cells (Horman et al. 2013). 

 

1.2.4 Primary cultures and third dimension 

 

 The other question rises, considering the cell types, used for drug screening. 

Comparison of genetic behavioral and other studies between commercially available cell 

lines and primary tissues obtained from cancer patients has provided interesting 

information about alterations between these two types. Even though cell lines are 

originally derived from tumors, immortalization and continuous cultivation under 

different conditions (than those in human bodies) caused several significant 
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transformations that can substantially affect therapeutic activity of tested drugs. The 

estimation of genes with different expression between primary cell cultures and cell lines 

is about 30%. Most of the alterations were observed in genes involved in cell cycle 

regulation which were upregulated in cell lines and caused therefore faster growth and 

proliferation in comparison with 3D structures (Bigersdotter et al. 2005). Lately, primary 

cells, derived from patient samples or embryonic tissues have been introduced into the 

HTS. With their phenotype and physiological properties, simulating those in vivo, these 

cells could become a more valuable model for preclinical studies, than immortalized 

cells. However, primary cells used in many experiments are mostly derived from animal 

models so far. Some of human normal cells have been used in drug screening too, for 

example human hepatocytes, neural cells, myocytes or pituitary cells. One possible 

implementation of primary cells was demonstrated by Sudo et al. 2009, discussed above. 

Although primary cells could be suitable, powerful tools for drug and HTS, the present 

direction of research abandons cells derived directly from patient samples and is more 

focused on embryonic stem cells and inducible pluripotent stem cells (hiPSC), which 

could actually overcome some of the issues connected with the cultivation and handling 

of primary cells, such as low proliferation activity, low transfectability and low survival 

susceptibility towards freezing and thawing. In fact, stem cells have been proved to 

display even better physiological properties, significantly higher potential of disease 

modeling and higher human relevance then primary cells. For example, Gao et al. (2014) 

stimulated differentiation of adipose derived stem cells into osteoblasts and endothelial 

cells and compared the growth characteristics of mono- and co-culture with relevance to 

the bone tissue engineering. This could solve the problem of insufficient vascularization 

during bone grafts fabrication (Gao et al. 2014).  However, many HTS platforms use 

primary cells, and proved it to be a relatively suitable model for some important cellular 

properties, such as in toxicity assays or as patient derived xenografts, implanted in animal 

tissues and allowing growth under in vivo conditions (Eglen et al. 2008).  

 Not only cancer primary cells but normal tissues derived from patients have their 

place in drug screening. It is important to minimize compound toxicity and therefore 

potential side effects in early drug discovery phases. 3D screening and co-culture can 
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provide some of the information but it is necessary to perform parallel toxicity studies on 

normal tissue. In 2D models and with commercially available cell lines, this has been 

done traditionally. For application of primary cells, studies have been done, using several 

model tissue derived cells important in toxicity evaluation, including liver hepatocytes, 

neural cells and for example cardio myocytes. These are one of most affected tissues in 

humans, as targets for non-specific toxicity effects after drug treatment (Eglen et al. 

2008). It is then very important to establish the so called therapeutic index (TI), 

expressing specific toxicity towards cancer cells and normal tissue (as mentioned above). 

It is one way of distinguishing compounds targeting directly cancer cells in early 

screening. For that reason, some researchers have focused their attention in this direction. 

Primary cardio myocytes were cultivated to obtain information about growth properties, 

gene expression and migratory characteristics in both, 2D and 3D models. Significantly 

different results were observed under these two different spatial conditions, confirming 

the theory, that cells in 3D environment evince similar development and response to 

external stimuli as in vivo (Akins et al. 2010). Application of primary cells in vitro has 

major relevance for therapeutic response of different drugs, chemotherapy and 

radiotherapy especially for specific types of tumors, such as head and neck cancer, which 

are situated in sensitive and risk locations and therefore application of radiotherapy has 

serious side effects. Jiglaire et al (2013), achieved successful establishment of 

glioblastoma primary cells, obtained from seven patients, in ex-vivo 3D hydrogel cultures 

and compared the results from toxicity and sensitivity/resistance assays from 3D and 2D 

cultivated cells. They discovered that sensitivity of tumor cells towards traditionally used 

drugs (cisplatin, temozolomide, carmusin) was significantly different in primary cells 

cultured under 2D and 3D spatial conditions. Glioblastoma cells were generally more 

resistant in three-dimensional environment. These cells proved to grow much more 

slowly in 3D than those in 2D (Jiglaire et al 2013). 
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1.2.5 The challenge of primary cells´ isolation  

 

 The challenge that requires specialized techniques is the isolation and 

culture of solid tumor cells and placing the cells in an in vitro environment similar to 

that in vivo. There are several methods for disrupting the extracellular matrix (ECM) and 

this is critical for successful isolation of primary cells. Additional problems include: non 

tumor cells contamination, few viable cells due to the resection from a necrotic area and 

stromal cells that compete with the listless cancer cells.  

 Tumor resection is an important step in isolating neoplastic masses with minimal 

damage to normal tissue, blood vessels and nervous system. The methodologies to isolate 

the tumor specimen vary and depend on tissue of origin. (Torzilli et al. 2011; Ayabe et al. 

2011; Billis et al. 2012; Theodosopoulos et al. 2012; Yamamoto et al. 2012). After tumor 

resection, the next step is to isolate the cells from primary mass using different methods 

that dissociate the tumor to obtain a relative uniform population of cells. The neoplastic 

mass is dissociated by enzymatic, chemical or mechanical methods according to tissue of 

origin. Enzymatic dissociation is a common method to digest the specimens by enzymes 

including trypsin, collagenase, ialuronidase, pronase and deoxyribonuclease and certain 

enzymes are more effective than others for dissociation of specific tissues (Worthington 

Biochemical Online Tissue Dissociation Guide, Santangelo 2011). The chemical 

dissociation is based on the use of EDTA or EGTA that act by sequestration of numerous 

types of cations, such as Ca
2+

 and Mg
2+

, from epithelial cells to release intercellular 

bonds. Another approach is the mechanical dissociation of tissue with scissors or sharp 

blades, homogenization, filtration and so on. This process is quick but is not appropriate 

for obtaining tumor cells because it results in a high percentage of dead cells with 

secretion of degrading enzymes. After dissociation the next step is to culture and maintain 

the cells.  

 There are several methods but very few are reproducible to generate primary 

tumor cell lines. For example, the 2D monolayer culture was used first to elucidate the 

basic cell biology but in the case of primary culture, this fails because the cells are grown 

as a monolayer and lack architectural diversity. This method is not widely used to 
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establish primary tumor cell lines. In contrast, the 3D methodology mimics the natural 

environmental conditions. The cells grow on a synthetic scaffold (hydrogel, matrigel and 

collagen) that reproduce extracellular matrix (ECM). This kind of approach facilitates 

numerous features of tumor cell lines such as proliferation, secretion of a large number of 

factors, immune evasion strategies, hypoxic condition, angiogenic properties, anchorage-

independent growth, and metastatic potential. A recent paper, by Jiguet-Jiglaire and 

colleagues, described glioma cell growth and viability under various conditions in a 3D 

culture system. In particular, they characterized the three-dimensional culture system 

based on a hyaluronic acid-rich hydrogel, demonstrating that this culture model allows 

cell survival and proliferation, preserves cell morphology and is suitable for testing 

sensitivity to drugs and radiation (Jiguet-Jiglaire et al. 2014). The problems with this 

method are the appropriate seeding density, the tissue specific ECM and the composition 

of culture medium.  

 Other methods as well as explant-cell culture systems, precision-cut slice 

cultures, partial enzymatic degradation, sandwich cultures have been  used and each  is 

suitable for developing primary tumor cells but  several issues remain:  maintain  good 

characteristics like polarity, morphology, gene expression and population purity.  

 It is still clear that primary tumors and cells derived from them are seldom used 

for primary research. The reason is poor and irregular availability. Hence these cells have 

become quite rare material and usually can be used only for advanced experiments. 

 

1.2.6 Three dimensional experimental models and methods 

 

The standardization of experiments is a big issue because for screening purposes it is 

necessary to achieve as identical as possible in culture conditions which is difficult in 

advanced and complexed systems, such as 3D models. This can be achieved especially 

with the „Hanging drop” method, using matrices and scaffolds or by microfluidic cell 

culture platforms. The disadvantage of these methods,  is that they  can be  expensive or, 

in case of „Hanging drops“, difficulties with exchange of culture media without 
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disturbing cells, may occur. Matrices, scaffolds and culture platforms may cause 

difficulties in further analyses because of problematic isolation of cells from formation.  

 The Forced-floating method is a relatively simple way of 3D spheroid forming. 

It is also quite inexpensive and suitable for HTS. On the other hand, there is rather large 

variability in cell size and shape and plate-coating can be time consuming. 

 Agitation-based methods are a more expensive model for the preparation of 3D 

structures due to the specialized equipment needed. Moreover, it is quite time consuming 

for HTS purposes and there is no control over spheroid size because of individual 

spontaneous adhesion of cells in suspension. In contrast, this option provides easy 

exchange of media (although in large amounts) but cultivating cells is very easy and so is 

the manipulation with spheroids, due to their accessibility. Another type of preparation is 

the Rotary Cell Culture System, developed by NASA which basically simulates 

microgravity, forcing the cells to flow in suspension. This allows continuous supply of 

nutrients from media and transfer of waste (Breslin & O’Driscoll 2012; Kim 2005; Mehta 

et al. 2012). Sudo and his team (2009) used primary rat hepatocytes to establish an assay 

for angiogenesis evaluation. They also co-cultured the primary cells with rat or human 

microvascular endothelial cells and compared the vascularization in 2D and 3D forms. 

They were able to establish viable and functional 3D hepatocyte cultures using a 

microfluidic system. This system involves a polydimethyl siloxande (PDMS) device 

with coverslip and two microfluidic channels together with intermediate 3D gel scaffold 

(Sudo et al. 2009). 

 A different way of creating 3D scaffolds was demonstrated by Gao et al. (2014). 

For establishing a suitable environment, poly (lactic-co-glycolic acid) (PLGA) and 

amorphous calcium phosphate nanoparticles in the form of electrospun nanocomposite 

was used for cell seeding. Electrospun poly -Ɛ-caprolactone scaffolds (PCL) have been 

used for successful growth and proliferation of murine astrocytes with phenotype of in 

vivo cells. Different nanofiber patterns (random, aligned) have demonstrated the different 

behavior of  cells in various  spatial environments with astrocytes in a random fiber field 
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growing deep within the scaffold in circular colonies and cells on aligned fibers creating 

colonies along the direction of the fibers (Lau et al. 2014). 

 3D scaffold are constantly being updated and individualized for specific cell 

types and their needs, to create environments that approximate in vivo conditions and the 

microenvironment. For example, Florczyk et al. (2013) adjusted a porous scaffold with 

hyaluronic acid used for cultivation of 3D human glioblastoma. To improve the adhesion 

properties of the system, polysaccharide chitosan was added. Their results suggest that 

cells exhibit more natural phenotype and growth properties and they confirm the 

possibilities for further specification for individual cell types (Florczyk et al. 2013). 

 In general, hydrogels represent a useful tool for 3D cultures. The material is easy 

to maintain and many different porous scaffolds made from different polymers can be 

prepared. Hydrogels of different compositions are commercially available, for example 

BD Bioscience (Li et al. 2013), Tebu-bio (Jiglaire 2014), Lifecore Biomedical, 

Rheometric Scientific (Beck et al. 2013) or many other. Hydrogels represent a form of 3D 

environment with various applications adaptable for different platforms (Asthana & 

Kisaalita 2013, Dixon et al. 2014). One possible 3D structure preparation, using hydrogel 

technology, suitable for HTS and drug screening, is Microfluidic encapsulation, which 

allows enclose of a specific number of of cells inside the capsules composed of different 

natural or synthetic polymeric hydrogels. Apart from cancer cells, other particles or 

chemicals can be captured within these capsules, for example ECM components, such as 

proteins. This allows preparation of populations with specific microenvironments. Large-

particle flow cytometer subpopulations, consisting of cells expressing different 

fluorescence, can be sorted, re-cultivated and observed for  specific markers or controlled 

micro environmental characteristics (Li et al 2013). Hydrogel scaffolds can be easily 

adapted for 96-well plates (Jiglaire 2014) and miniaturization for formats of 384 or even 

1536 well- microtiter plates is being developed and optimized (Fig. 5).  
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Fig. 5: 3D experimental culture models. (Das, Konečný et al. 2015) 

 

 The potential of different 3D models and their applicability in High Throughput 

(HTS) or High Content screening (HCS) is summarized by Kimlin et al. (2013) or by 

Reid et al. (2014) and will not be discussed in detail here. 

 One factor, which has to be considered in the transfer of 3D cultures into HTS, 

is easy, fast and precise visualization of produced spheroids and following their 

modifications after drug treatment. It is clear that 3D models will present challenges 

compared to monolayers which can be analyzed by optical and other methods. Many 

forms of microscopy can be used for appropriate visualization of 3D cultures, though not 

all of them provide the same outcome. Verveer at al. (2007) evaluated the differences 

between light-sheed based microscopy (SPIM) and fluorescence confocal microscopy 

with better outcome for SPIM, due to its higher resolution even without deconvolution, 

minimal photo damage and fast acquisition. The excitation light extends photo bleaching 

and phototoxic effect. Other microscopic methods have been described by Pampaloni et 
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al. (2007). These compare the methods outlined with electron micrograph and 

microscopy, immunohistochemical staining, multiphoton microscopy and optical 

coherence tomography (OCT), optical projection tomography (OPT), which were 

developed primarily for imaging of large 3D samples. Friedrich et al. (2009) established a 

drug screening protocol using phase contrast automated microscope which can easily be 

implemented in HTS platform and Horman et al (2013) implemented laser scanning 

fluorescence cytometer in the HTS screening of compounds activities of cells enclosed in 

different polymer hydrogel capsules. 
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1.3 Targeting of Mycobacterium by small molecules  

 

1.3.1 General Antimycobaterial activity 

 

 Tuberculosis is a pulmonary disease in most cases caused by the pathogenic 

bacterium Mycobacterium tuberculosis. It is the cause of death in almost 1.5 million 

people of the more than 9 million infected, every year (WHO 2014). Its frequency 

decreases every year due to early and precise diagnosis but its prevalence is still 

enormous. Almost 25 percent (480 000) of infected patients were diagnosed as MDR-TB 

cases (WHO 2014). In some parts of the world, such as equatorial Africa, the treatment of 

TBC is burdened with a high incidence of HIV (or other) co-infection and combination of 

antiviral agents together with antituberculotics decreases the efficacy of the treatment. It 

is then necessary, to introduce more efficient compounds, with different mechanisms of 

action, targeting multidrug-resistant strains (MDR) and avoiding the contraindications 

between different drugs (Du et al. 2013, Bakuła et al. 2015). The ability to successfully 

target is rendered more difficult as different local strains have adapted during evolution to 

human population migrations. This correlates with the host immune system response 

(Gagneux et al. 2006; Gagneux & Small 2007). The Mycobacterium is a Gram-positive 

bacterium, although it cannot be visualized by Gram staining. This is due to lack of outer 

cell wall. Usually such bacteria are identified as acid-fast Gram-positive bacteria. They 

are oxygen dependent and transmission is usually airborne, or by soil, dust, water or by 

ingestion. When the mycobacteria are inhaled, they are phagocytised by pulmonary 

macrophages (Fig. 6). Mycobacterium uses several receptors for entry in the cell. Mostly 

Fc receptors, manose receptors and complement receptors (Glickman et al. 2001). The 

Mycobacterium enclosed in the phagosome prevents the fusion of the phagosome with 

lysosome and remains inside the cell, altering its surroundings to benefit itself. The 

bacterial cell wall is the main compartment in bacteria-cell interaction. It produces many 

different proteins, preventing the fusion, acidification of the phagosome, providing a way 

for nutrient supply from the outside and enabling its reproduction. This structure can 
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persist and thrive inside the cell. Eventually the cells are destroyed causing failure of 

lungs (Keane et al. 1997). 

 

Fig. 6: Mycobacterium smegmatis phagocyted by B10A#4 macrophages– Ziehl-Neelsen acid staining. 

(40x) 

 

  Mycobacterium can be found in many other body tissues, such as kidneys, liver 

or spleen and it can persist in a dormant state for a very long time (Barrios-Payán et al. 

2012). Properties, behaviour, and persistence of dormant M. tuberculosis change during 

its adaptation to non-active state.  

 

Fig. 7: Mycobacterium- Evolutionary tree. 
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 This involves different protein expression, respiratory inhibition, slower growth 

and reproduction rate and invasion of non-respiratory phagocytes. This leads to a number 

of adverse outcomes, such as more difficult diagnosis, late manifestation and resistance to 

many commonly used drugs, such as rifampicin and isoniazid (Betts et al. 2002, Du 

2013). For the purposes of screening, model strains used to obtain information about 

toxicity and specific activity, M. bovis and M. 

smegmatis can be obtained. M. bovis was 

derived from the standard vaccination strain 

BCG (Bacillus Calmette–Guérin). This bacterial 

strain has many advantages, such as non-

pathogenicity, similar properties to standard M. 

tuberculosis and they are evolutionarily on the 

same level (Fig. 7). The main problem is the 

slow growth rate. On the other hand, M. 

smegmatis, is a distant relative of M. tuberculosis, has similar protein structures as well as 

growth properties, useful for screening. We have tested several groups of potentially 

active compounds for their toxicity towards these bacterial strains, targeting different 

proteins or interfering with specific metabolic agents. Mycobacterium bovis is a slow 

growing bacterial strain, closely related to Mycobacterium tuberculosis. It causes 

tuberculosis in cattle. In medicine it is used in the BCG vaccine (Bacillus Callmate 

Guérin), with reduced virulence (Fig. 8). Usually it is applied subcutaneously as a vaccine 

against Mycobacterium tuberculosis. 

 

1.3.2 Potential mycobacterial targets 

 

 In the case of Mycobacterium, few cellular structures can be specifically targeted 

by different compounds (Table 2). There are a number of ways, to fight Mycobacterium 

and the approach should be focused on circumstances around the mechanism of infection. 

Treatment can be targeted to the bacteria itself, its metabolism or signalling properties, or 

it can concentrate on supporting a hostile environment of infected macrophage, mostly in 

Fig. 8 : BCG (Bacillus Calmette- Guérin). 

Statents Serum Institute - Copenhagen  
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induction of autophagy and maturation of phagosome (Harris et al. 2007, 2009; Gutierrez 

et al. 2004; Houben et al. 2006; Mueller & Pieter 2006; Pieters 2008; Sundaramurthy & 

Pieters 2007). In the beginning, quinolone and its derivatives were standardly used. This 

causes arrest of bacterial replication. Although it was very efficient, many strains 

acquired multi-drug resistance towards these agents and diminished their application. As 

mentioned above, most of the bacteria’s pathogenicity, adaptability to intracellular 

persistence and ability to transform its surroundings is provided by its cell wall 

components. The cell wall comprises peptidoglycans, galactofurans, arabinofuran and 

mycolic acids (Brennan 2003). Present-day approaches involve  more specific targets, 

such as inhibition of these cell wall compartments, affecting mycolic acid, necessary for 

the cell wall build up (ethambutol, isoniazid), inhibition of mycobacterial RNA 

polymerase, therefore inhibiting RNA synthesis (Rifampicin) and interference with the 

energetic systems of bacteria (Bedaquiline). Another possibility is the inhibition of 

important bacterial protein kinases using different serine/ threonine protein kinases 

inhibitors (Rapamycine, meridianine derivatives) (Leiba et al. 2014; Yadav et al. 2015). 

Specific mechanism of action involves inhibition of peptidoglycan, arabinogalactan, fatty 

and amino acids and cofactor biosynthesis. This decreases the capability of mycobacterial 

cell walls to make a full contribution to bacterial survival. Another way of targeting 

Mycobacterium directly is to disrupt any of its typical pathways, such as mycothiol 

synthesis (oxidative stress protection) or non-mevalonate pathway of terpenoid synthesis; 

both non existent in humans (Table 2). There are other structures existing only in 

Mycobaterium and therefore potential targets for different drugs including regulatory 

proteins for glutamine synthase and iron-responsive regulators, menaquinone synthesis 

(vitamin K2 homologues) or stringent response enzymes. Stringent response is a process 

providing adaptation for in vivo conditions (Mdluli & Spigelman 2006). Apart from these, 

two other basic mechanisms can be affected by different kinds of chemical compounds. 

Firstly, they can interfere with the iron metabolism of bacteria, which is crucial for its 

growth and reproduction. A second way is the inhibition of adenosine kinase (ADK), 

purine salvage enzyme involved in phosphorylation of adenosine to adenosine 

monophosphate (Long & Parker 2006), (Fig. 9). Very few bacterial species are known to 

express ADK. Of Gram-positive bacteria, Mycobacterium and Streptomyces lividans are 
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the only examples. As a representative of the group of Gram-negative category, 

Xanthomonas campestris was proven to express it as well. Nevertheless, Mycobacterium 

has ADK with a unique structure, unknown in any other species, which makes it a highly 

relevant target (Liu & Modlin 2008). For Mycobacterium, as well as for many other 

microorganisms, iron metabolism involves a series of processes crucial to survival and 

bacterial reproduction. It is essentially provided by 

proteins, called siderophores. Mycobacterium produces 

several siderophores called mycobactins and 

exochelins. Mycobactins are hydrophobic siderophores 

associated with the cell wall as porins, while 

exochelins are hydrophilic chelating receptors. Both of 

them are capable of attracting and reducting of Fe
3+

 

ions and its further internalization into storage depots 

or for direct metabolism. Fe
3+

 ions are taken up from 

the host environment through these structures and 

reduced through exochelins and Fxu complex to Fe2+ 

actively while creating ATP from ADP or passively through porins. These ions are then 

stored as bacterioferritin iron storage proteins (Fig. 10). Compounds with higher Fe
3+

 

affinity may prevent the storage of iron by the bacteria and therefore negatively affect its 

viability (Olakanmi et al. 2000). 

Fig. 9: Structure of mycobacterial 

Adenosine kinase. (Reddy et al. 2007) 
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Fig. 10: Iron uptake in Mycobacterium – siderophore system of iron metabolism. (modified from 

Schaible & Kaufmann 2004) 
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1.3.3 Intracellular Antimycobacterial activity 

 

 Many compounds have been proven to be highly selective in vitro 

antimycobacterial activity, ranging from micromolar to sub-micromolar concentration, 

similar towith the positive control, Rifampicin. However, Mycobacterium tuberculosis is 

usually an intracellular bacterium, thriving in macrophages´ phagosomes. The compound 

therefore, must be able to penetrate the cell membrane and still affect the enclosed 

bacteria. For that, an intracellular activity assay was established, using macrophages as 

Mycobacterial carriers and performed for two groups of compounds, Nucleosides and 

Chelators. B10A#4 cells, a cell line derived from mouse macrophages were seeded, 

incubated with Mycobacterium smegmatis and allowed to phagocytose. Treatment 

followed and after incubation, phagocytosed bacteria were released and seeded on agar 

plates and observed for their viability. As expected, in some cases, IC50 values 

dramatically increased compared to previous results obtained from direct exposure. Some 

compounds had poor permeability and did not reach the targeted structure. The 

methodology is presented in detail in the Methodology section. 
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2 Experimental part 
 

2.1 Methodology 

 

2.1.1 Cytotoxity evaluation  

 

 In the first steps of research, it is important to determine the general cytotoxicity 

of tested compounds. For this purpose, many different assays have been developed. 

Sulphorhodamine B, MTT, MTS, XTT and WST assays are the most common (Riss et al. 

2013). The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 

tetrazolium reduction assay was the first homogeneous cell viability assay developed for 

a 96-well format that was suitable for high throughput screening (HTS) (Mosmann 1983). 

The MTT tetrazolium assay technology has been widely adopted and remains popular in 

academic labs as evidenced by thousands of published articles. MTT is positively charged 

and readily penetrates viable eukaryotic cells. Viable cells with active metabolism 

convert MTT into a purple colored formazan product with an absorbance maximum near 

570 nm. When cells die, they lose the ability to convert MTT into formazan, thus color 

formation serves as a useful and convenient marker of only the viable cells. The exact 

cellular mechanism of MTT reduction into formazan is not well understood, but likely 

involves reaction with NADH or similar reducing molecules that transfer electrons to 

MTT (Marshall et al. 1995). Speculation in the early literature involving specific 

mitochondrial enzymes has led to the assumption mentioned in numerous publications 

that MTT measures mitochondrial activity (Berridge et al. 1996). One disadvantage of 

MTT is low solubility of the purple formazan product and subsequent solubilization step 

before spectrometry measurement. 

 Curently there are alternatives to MTT like XTT, MTS and WST class 

compounds. Their disadvantage is that the negative charge of the formazan products that 

contribute to solubility in cell culture mediums are thought to limit the cell permeability 

of the tetrazolium. This set of tetrazolium reagents is therefore used in combination with 

intermediate electron acceptor reagents such as phenazine methyl sulfate (PMS) or 
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phenazine ethyl sulfate (PES) which can penetrate viable cells, become reduced in the 

cytoplasm or at the cell surface and exit the cells where they can convert the tetrazolium 

into the soluble formazan product (Berridge et al. 2005). Another disadvantage is the 

price of the substrate. The cytotoxicity assays are usually performed using different 

cancer, bacterial, fungal or parasitic models as well as a healthy tissue representative. The 

obtained value is called IC50 (half maximal inhibitory concentration) (Pharm Stat. 2011). 

The optimal outcome is to have as low toxicity towards normal tissue as possible. This 

specific toxicity is expressed by a therapeutic index (TI), ratio between IC50 for normal 

tissue and IC50 for potential target (cell, bacteria, etc.). The higher the number, the more 

specific toxicity the drug evinces. In the case of antibacterial agents, comparison of 

toxicity towards bacteria and healthy tissue is very important. Compounds with an archaic 

general toxicity profile, must be excluded from the screening and attention must be 

focused on structures with narrow activitytoward specific therapeutic target. Cell lines 

selected for  cytotoxicity assays were chosen across  representatives of both 

haematological  and solid tumours, the same as its sensitive and resistant forms and 

consist of a  panel of CCRF-CEM (a cell line derived from acute lymphoblastic 

leukaemia), CEM-DNR (doxorubicin resistant variant) (Nosková et al. 2002), K562 

(acute myeloid leukaemia), K562-TAX (paclitaxel resistant variant) (Nosková et al. 

2002) as haematological representatives and A549 (lung adenocarcinoma), HCT116 

(colorectal carcinoma), HCT166p53
-/-

 (cell line with deletion of p53 gene) from solid 

tumours. The final IC50 value computed from absorbance measurement indicating the 

capacity of tested compound for further research. Compounds with IC50 lower than 10 

µM for sensitive CEM cell line qualified for cell cycle evaluation (Bourderioux et al. 

2011; Jansa et al. 2014; Kaplánek et al. 2015). 

 

2.1.2 Flow cytometry 

  

 Flow cytometry is a biotechnological method that first appeared in the middle of 

1950´s, and provides a useful and simple option for cellular properties evaluation. 
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Currently, this is routinely used in clinical and research facilities for cell counting, 

biomarker detection, cell sorting and for the diagnosis determination or confirmation. 

Other applications involve cell kinetics, cancer therapy monitoring, cell function analysis, 

tumor cell identification and chromosome karyotyping. Different properties (cell 

diameter, volume, membrane potential, internal structure etc.) and components (DNA, 

nuclear antigens, enzymes, proteins, RNA, surface antigene etc.) can be analysed by FC.  

 Flow cytometer usually consists of three main systems: Optical systems (with 

analogue to digital signal converting detectors), fluidic system providing sheath and 

cleaning solutions and computer systems for processing the data. The heart of the 

cytometer is a flow cell, which allows redistribution of cell suspension and laser beam 

exposure of cells. Based on hydrodynamic focusing, a sheatfluid mixes with the cell 

suspension and creates a stream consisting of specifically stabilized droplets containing 

embedded cells. This stream passes through a quartz-glass cuvette. The stream usually 

has a higher flow rate (~5ml/min) than the sample (~100 µl/min). This allows the cells to 

be constrained in the center of the flow chamber. 

 

Fig. 11: Scheme of flow cytometry. 

The cuvette is aligned with the laser beams and creates an optimal optical pathway, 

ensuring the highest sensitivity with a relatively low laser power.  Optical systems can be 

covered by lapms, high-powered water- cooled lasers, low-powered air-cooled lasers or 
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laser diods. Usually low-powered air-cooled lasers are provided with different 

wavelength (488 nm, 633 nm or UV laser). Older cytometers consist of only two basic 

lasers. Modern instruments can possess multiple lasers with wide wavelength ranges. 

These laser beams pass through the cell flow and fall on the passing stream containing the 

analysed cells. Lasers have a Gaussian intensity distribution, which means, that the 

maximal intensity is in the centre of the 

beam. Therefore, the stream must be 

very stable at the same time, as well. 

Light scattered after the cell passes the 

stream allows us to analyse some of the 

basic physical properties, such as size 

(FSC) or granularity (SSC) of the cells. 

These two parameters are detected by a 

photodiode with a 488/10 nm bandpass 

filter (Forward scatter detection) and 

PMT detector with beam splitter (side 

scatter). Cell fluorescence is a form of 

luminescence and it stands for a light 

emmited by a cell or bacteria after light absorption (emission usually has a longer 

wavelength) (Fig. 11). After the laser falls on the cell surface, light excitation/emission is 

measured by PMT detectors and converted into an electrical signal enabled for processing 

and analysis (Kachel et al. 1990). Visualisation of various cellular components is enabled 

by application of molecules called fluorophores/fluorochromes. Fluorophores are 

fluorescent small molecules (200 – 1000 Daltons) emitting light and staining different 

cellular structures. Their excitation/emission parameters are the most important features 

for precise analysis. Among the most common fluorophores are nucleic acid dyes 

(Hoechst, DAPI, ethidium bromide, 7-AAD, propidium iodide etc.), fluorescent proteins 

(GFP, RFP, DsRed, APC, PerCP etc.) and cell function dyes (Fluo 3, Fluo 4, SNARF). 

Usually, some of these dyes are used as conjugates with macromolecules called 

Antibodies; structures specifically binding to different intra- or extra-cellular markers 

(Fig. 12). For the purpose of detailed analysis, many fluorophores have been developed 

Fig. 12: Cell with attached antibodies conjugated 

with different fluorophores. 
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for the fluorescent labelling but they are usually represented by fluorescein isothiocyanate 

(FITC; 494/520 nm), phycoerythrin (PE; 496/578 nm), perydinine chlorophyll (PerCP; 

482/678 nm) with its tandem conjugates PerCP Cy 5.5 (482/695 nm), allophycocyanine 

(APC; 650/660 nm), Alexa Fluore 488 (495/519 nm) and few others (Shapiro 2003).  

 Flow cytometer used for cell cycle analysis is the BD FACS (Fluorescence- 

activated cell sorting) Calibur from Becton Dickinson Company. Instrument contains two 

lasers- 488 nm 15mW air-cooled low-powerd laser and 633 nm 10mW laser. As a 

fluorescence detection system, four PMT detectors are used; three for the 488 nm laser 

(530/30 nm; 585/42 nm; > 670 nm) and one for the 633 nm laser (661/16 nm). According 

to screening requirements, several related parameters are analysed. These include 

apoptosis, distribution of cells in different cell cycle phases, synthesis of DNA, RNA and 

phosphorylation of phosphor histone (pH3
Ser10

). Additionally, information about 

compound activity related protein biosynthesis alterations can by analysed. This method 

uses the ability of propidium iodide to intercalate into DNA, therefore visualize the cell 

cycle according to its DNA content. For DNA, RNA synthesis, pH3
Ser10

 phosphorylation 

and protein synthesis, additional staining with primary and secondary antibodies is 

necessary. All these parameters were measured and analysed using BD software 

CellQuest with the exception of cell cycle analysis, which was performed in specialized 

Cell Cycle Analysis Software developed by Verity Software House, Inc. The final flow 

cytometry analysis provides closer information about the compounds´ basic mechanism 

of action and indications for further research, or consecutive modification of tested 

compounds. These modifications may serve for adjustment or enhancement of their 

therapeutic properties (Bourderioux et al. 2011; Jansa et al. 2014; Kaplánek et al. 2015). 

  

2.1.2.1 Cell cycle and apoptosis analysis (Fig. 13, 14) 

 

 Cultivated CEM cells were maintained in a CO2 incubator, seeded at standard 

density 1 x 10
6 

cells/ well in 6-well plates. 24 hours later, compounds were added to the 

cell suspension (1x IC50, 5x IC50) and the sample was incubated until the next day. The 
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cell suspension was harvested after 24 hours, washed with 5 ml of PBS and fixed in 2 ml 

of 70% ice-cold ethanol. Cells in ice-cold ethanol were centrifuged at 800 g, for 7 min at 

room temperature and washed with 4 ml of citrate buffer. 500 µl of RNAase was added to 

the pellet and incubated for 15 min. Then, 600 µl of propidium iodide were added, 

incubated for 15 min in waterbath and samples were stored in a fridge for 1 hour and 

analysed using FACS Calibur (Bourderioux et al. 2011; Jansa et al. 2014; Kaplánek et al. 

2015). 

 

Fig. 13: Cell cycle analysis- Untreated control and cells treated with compound LEM 607 5x IC50. 

 

Fig. 14: Apoptosis analysis– Untreated control and cells treated with compound LEM 607 5x IC50 

(compound 7).  
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2.1.2.2 pH3
Ser10

staining – marker of M-phase initiation analysis (Fig. 15) 

 

 Cultivated CEM cells were maintained in a CO2 incubator seeded at standard 

density 1 x 10
6 

cells per well in 6-well plates. Following day, compound at desired 

concentration (1x IC50, 5x IC50) was added and cells were incubated for 24 hours. The 

cell suspension was harvested, washed with 5 ml of PBS and fixed in 2 ml of 70% 

ethanol. Cells fixed with ice-cold ethanol were used for phosphohistone phosphorylation 

analysis. Cells were washed with 1ml of PBS with 1% fetal bovine serum (FBS) and 

centrifuged at room temperature and 2000 rpm, for 5 min. Then they were incubated with 

1 ml of 1x PBS containing 0.25% Triton X-100 for 15 minutes, washed with 5 ml of PBS 

+ 1% FBS again and centrifuged (2000 rpm, 5min, RT). Primary antibody Anti-phospho-

Histone pH3
Ser10 

antibody (Millipore) was prepared in PBS + 1% FBS and 100 µl was 

added to each sample. After 1 hour of incubation, samples were washed with 5 ml of 

washing solution (PBS + 1% FBS) and centrifuged again (2000 rpm, 5 min, RT). 30 

minutes incubation with 100 µl of secondary antibody Alexa Fluor 488 goat anti-rabbit 

IgG (Invitrogen) followed. Samples were washed afterwards and incubated for 30 

minutes with 700 µl of Propidium iodide with RNAase (PI – 50 µg/ml, RNAase – 0.5 

mg/ml in PBS + 1% FBS). For analysis, FACS Calibur (Becton-Dickinson) was used 

(Bourderioux et al. 2011; Jansa et al. 2014; Kaplánek et al. 2015). 

 

Fig. 15: Analysis of phosphorylation of histone H3 on Serin 10 (pH3Ser10) – Untreated control and cells 

treated with compound LEM 607 5x IC50 (compound 7). 
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2.1.2.3 BrU incorporation analysis (Fig. 16) 

 

 Cultivated CEM cells were maintained in a CO2 incubator seeded at standard 

density 1 x 10
6 

cells per well in 6-well plates. The following day, compound at desired 

concentration (1x IC50, 5x IC50) was added and the cells were incubated for 24 hours. 

Then, 40 µl of 100 mM of 5-bromouridine (BrU) was added and suspension was 

incubated for a further 30 min. Cell suspension was harvested after 30 min, washed with 

PBS and fixed in 2 ml of 1% paraformaldehyde (added drop-wise). Cells fixed in 1% 

paraformaldehyde were used for this analysis. Suspensions were centrifuged and washed 

with 3 ml of cold PBS containing 1% glycine and then again with PBS at 500 g, for 5 

min, RT. 100 µl of primary antibody Antimouse BrdU (cross-reactive to BrU), clone 

MOBu-1 (Exbio, Cat. No. 11-286-C100) prepared in PBS + 0.1% BSA + 0.1% NP40 was 

added afterwards and cells were incubated for 45 minutes. Then, the cells were washed 

with 3ml of PBS + 0.1% BSA + 0.1% NP40 and centrifuged (500 g, 5 min, RT), labelled 

with 100 µl of secondary antibody Anti-Mouse IgG (whole molecule) with FITC (Sigma, 

Cat. No. F28883) and incubated for half an hour. Samples were washed again in the same 

way as before (PBS + 0.1% BSA + 0.1% NP40 and centrifuged at 500 g, 5 min, RT) and 

fixed in 1 ml of PBS containing 1% formaldehyde and 0.05% NP-40, mixed by rotating 

for 15 minutes and then incubated for 1 hour at 4°C. Samples were then washed again 

with 3 ml of cold PBS containing 1% glycine, 100 µl of RNAase (10 mg/ml of PBS + 0.1 

% BSA + 0.1 % NP40) and 600 µl of propidium iodide (50 µg/ml of PBS + 0.1 % BSA + 

0.1 % NP40) were added and cells were analysed with FACS Calibur (Bourderioux et al. 

2011 ; Jansa et al. 2014; Kaplánek et al. 2015). 
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Fig. 16: RNA synthesis analysis (BrU) – Untreated control and cells treated with compound LEM 607 

5x IC50 (compound 7). 

 

2.1.2.4 BrdU incorporation analysis (Fig. 17) 

 

 Cultivated CEM cells were maintained in a CO2 incubator seeded at standard 

density 1 x 10
6 

cells per well in 6-well plates. The following day, compound at desired 

concentration (1x IC50, 5x IC50) was added and cells were incubated for 24 hours. Then, 

40 µl of 1 mM of 5-bromodeoxyuridine (BrdU) was added and the suspension was 

incubated for a further 30 min. The cell suspension was harvested, washed with PBS and 

fixed in 2 ml of 70% ethanol. Cells fixed in ice-cold ethanol were centrifuged at 500 g, 

for 5 min, RT and 2 ml of 2N HCl/ Triton X-100 was added. Samples were mixed by 

vortexing and incubated for 30 min. Afterwards, cells were centrifuged again, (500 g, for 

5 min, RT). 2 ml of borax (0.1 M Na2B4O7.10.H2O) were added. The suspension was 

centrifuged, and after washing with 2 ml of PBS + 0.5% Tween + 0.1% BSA, 200 µl of 

primary antibody Antimouse BrdU, clone MOBu-1 (Exbio, Cat. No. 11-286-C100) 

prepared in PBS was used for labeling. Suspensions were then incubated for 30 min and 

washed again with 2 ml of PBS + 0.5% Tween + 0.1% BSA. Addition of 200 µl of 

secondary antibody Anti-Mouse IgG (whole molecule) with FITC (Sigma, Cat. No. 
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F28883) (prepared in the same way as the primary) followed. After 30 min of incubation, 

cell suspensions were washed again as mentioned above (500g, 5 min, RT). 100 µl of 

RNAase (10 mg/ml of PBS) was added to the cells and incubated for 15 minutes at RT. 

600 µl of propidium iodide (50 µg/ml of PBS) were added, incubated for 15 minutes at 

RT and samples were stored in a fridge for 30 min. Measurement was performed on 

FACS Calibur (Bourderioux et al. 2011; Jansa et al. 2014; Kaplánek et al. 2015). 

 

Fig. 17: DNA synthesis analysis (BrdU) – Untreated control and cells treated with compound LEM 607 

5x IC50 (compound 7). 

 

2.1.3 Antibacterial and antifungal activity 

 

 Many compounds derived from basic natural or synthetic active molecules evince 

different potential therapeutic effects. Diverse groups of compounds with anticancer, 

antibacterial, antifungal, immunosuppressive or anti-inflammatory agents can be 

distinguished. As a part of standard screening, activity against several common bacterial 

and fungal strains together with their drug-resistant equivalents are simultaneously 

explored. The main panel consists of bacteria Enterococcus faecalis CCM 4224, 

Staphylococcus aureus CCM 3953, Escherichia coli CCM 3954, Pseudomonas 

aeruginosa CCM 3955, Staphylococcus aureus (MRSA) 4591, Staphylococcus 
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haemoliticus 16568, Escherichia coli 16702, Pseudomonas aeruginosa 16575 and fungi 

Candida albicans, Candida crusei, Candida tropicalis and Candida parapsilosis. This panel 

is assembled from basic bacterial and fungial representatives. Bacterial and yeast liquid 

cultures were seeded on blood agar soils and incubated for 24 hours at 37°C. Grown 

colonies were dissolved in broth and allowed to incubate for 1hour. The MIC assessment 

was performed using standard dilution micromethod, described below (Kaplánek et al. 

2015). Nevertheless, some tested compounds were synthesized with already known 

potential targets, such as mycobacterial ADK. For this purpose, Mycobacterium bovis and 

Mycobacterium smegmatis were added for extension of the tested platform (chapter 

2.1.4).  

 

2.1.4 Antimycobacterial activity 

 

 For evaluation of specific antimycobacterial activity, model strains- M. bovis and 

later, M. smegmatis were used. Standard BCG vaccine lyophilized bacteria was 

resuspended in attached solvent and seeded on 7H11 agar plates (7H11 agar + OADC 

enrichment). For suspension culture, grown colony was inoculated in 7H9 Broth media, 

containing 0.05% of Tween 80. This prevents bacteria from creating clusters. M. 

smegmatis was prepared in the same way, although this strain was already obtained as an 

agar seeded culture. Both M. bovis (isolated from BCG vaccine) and M. smegmatis 

(ATCC) are known to process tetrazolium salt in the same way as human tissue cells do, 

through mitochondrial activity. Therefore the standard MTT test was performed for these 

bacterial strains to distinguish compounds with selective antimycobacterial activity. 

Suspension bacteria M. boivs and smegmatis) were cultivated in 7H9 Broth (Difco, BD). 

Then, 80 µl of suspension was seeded on 96-well plates and treated with the desired 

compounds in dilution series, the highest concentration at 100 µM and the following 4x 

dilutions with the minimum in the range of sub µM to nanomols. The culture was then 

incubated for 120 hours at 37°C and 5% CO2. After incubation, 20 µl of MTT were added 

and allowed to react for 1-4 hours, depending on the individual strain. Afterwards, 100 µl 
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of SDS, as a detergent, were added to the wells and IC50 values were assessed from 

absorbance measurement. The whole methodology is described in detail in Kaplánek et 

al. (2015). 

 

2.1.4.1 Assesment of intracellular activity  

 

 The intracellular activity assay was newly established and optimized for analysis 

of intracellular antimycobacterial potential but results are not yet published. As a carrier 

for M. smegmatis, mouse derived macrophage cell line B10A#4 was used (Radzioch et 

al. 1991). These cells were seeded on 6- or 12-well plates containing 2 - 4 ml of RPMI 

medium and allowed to adhere. Afterwards, M. smegmatis strain was added at different 

densities (10 – 20 bacteria per one cell) and incubated for a few hours (4 - 5) to allow the 

process of phagocytosis. Then, not-phagocyted extracellular bacteria were thoroughly 

washed out. Tested compounds at desired concentrations were added to the well and 

incubated for 120 hours. Macrophages were then lysed using 0.2% digitonin for a certain 

amount of time (to release enclosed bacteria) and the final suspension was harvested in 

7H9 broth medium and inoculated on 7H11 (Difco, BD) agar plates. The culture was 

allowed to grow for 10 days and the final CFU was counted and compared to the 

untreated control sample (Fig. 18). This assay was performed for two different groups of 

compounds – Nucleoside derivatives, as a potential MTB ADK inhibitors and 

Benzothiazole hydrazones, due to their chelating properties (Fig. 19, 20). 
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Fig. 18: Workflow of intracellular activity assay. (Unpublished data) 
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2.2 Aim of study: 

 

Identification of biological activities of tested molecules  

1. Nucleoside derivatives:  

a) 7-hetaryl-7-deazaadenosines 

b) 6-alkyl, 6-aryl, 6-hetaryl deazapurines) 

c) 6-substituted 7-het (aryl) deazapurines 

2. Cytosine derivatives 

3. Hydrazones with Tröger base skelet 

 

2.3 Tested compounds 

 

 Many substances naturally occurring in plants have proven to have potent 

biological activity including anticancer, antibacterial, antifungal, and anti-inflammatory 

among others; however, the basic active molecules frequently fail due to inaccessibility 

and lack of natural occurrence. The chemists´ effort then relies on the preparation of 

derivatives, based on these molecules, with enhanced biological properties. This is 

usually achieved by structural modification and by addition of different substituents that 

improve the accessibility and deliverance. To date, three classes of chemical compounds 

have passed through basic screening profiling and allowed the selection of the most 

potent compounds with dual biological activities (anticancer and antibacterial).  

 

 

 

 



57 
 

2.3.1 Nucleoside derivatives 

 

 Nucleosides (Fig. 21), as anticancer drugs have been known since the 1950´s. 

These are now used in the treatment of different kinds of malignancies. However, a 

number of reviews have described the problematics of the anticancer and antiviral activity 

of nucleoside derivatives (Pastor-Anglada et al. 1998; Younger et al. 2004; Bobeck et al. 

2010; Jordheim et al. 2013). Briefly, nucleosides represent nucleic acid analogues based 

on purine (thymine/cytosine, uracil) or pyrimidine (adenosine, guanine) bases and belong 

to the class of antimetabolites (Jordheim 2013; Pałasz & Cieź 2015; Jahnz-Wechmann et 

al. 2015).  

 They have been successfully applied in the 

treatment of haematological malignancies and solid 

tumours. Nucleosides are multifunctional structures that 

target cell proliferation and growth (Fig. 22). They 

successfully incorporate into the DNA or RNA and 

therefore significantly alter their synthesis; they are 

able to affect metabolism, cell signalling and other vital 

cellular processes. Specifically, they are able to inhibit 

human and viral polymerases, different kinases, 

thymidylate synthase, DNA methyltransferase and 

many others (Pastor-Anglada et al. 1998; Jordheim et 

al. 2013). These structures are known as prodrugs – compounds that need to be activated 

into a cytotoxic state by metabolic processes in the cell, specifically by phosphorylation 

(Matsuda & Sasaki 2004).  

Fig. 21 : Basic skeleton of 

nucleoside. (Nauš et al 2014) 
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Fig. 22: Mechanism of action – Nucleoside analogues 

Nucleoside analogues are actively transported through the cell membrane as a inactive pro-drug and 

undergo three phosphorylation steps (addition of one phosphate group ) until they become 

therapeutically active, compete with their natural counterparts and incorporate into DNA/RNA. 

(Jordheim et al. 2013) 

 

 Except for cancer, these molecules are also known for their high antiviral activity, 

especially as anti-HIV agents (Xu et al. 2014), anti-HBV (Younger et al. 2004; 

Menéndez-Arias et al. 2014) and anti-HCV (Bobeck et al. 2010). Derivatives of 

nucleosides therefore represent active structures with extensive antiviral and antitumor 

activities. In common practice, derivatives of both, purine and pyrimidine analogues are 

used for the treatment of a wide range of malignancies. Compounds such as 

mercaptopurine, tioguanine and cladribine have been used as a treatment for acute 

lymphocytic and acute myeloblastic leukaemia. Gemcitabine, capecitabine and 5-
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fluorouracil (Fig. 23), are mainly applied against colorectal, breast, lung, bladder, 

esophageal cancer (Klener 2010; Pałasz & Cieź 2015). 

 

Fig. 23: Chemical structures of nucleosidic drugs (5-FU, Gemcitabine and Capecitabine). 

 

 However, increasing of drug-resistant forms of cancer urgently require new 

analogues with improved activities. For this reason, derivatives of deazapurine 

ribonucleosides have been prepared that evince nanomolar cytostatic activity towards 

different cancer cell lines (Bourderioux et al. 2011). Moreover, these compounds are 

potent antibacterial, antiviral and antiparasitic agents, acting mostly through adenosine 

kinase inhibitory activity. The addition of 6-alkyl-, 6-aryl- or 6-hetaryl- groups allowed 

synthesis of very potent structures specifically targeting adenosine kinase, both human 

and mycobacterial. Inhibition of Mtb ADK was observed at submicromolar and 

nanomolar concentration. That is in contrast with the observation in in vitro experiments, 

where IC50 values were usually higher than 30 µM. Intracellular activity assay was 

performed and this confirmed our findings. Significant differences between activity 

towards Mtb ADK and in vitro experiments might be caused by poor permeability of 

compounds through mycobacterial cell wall (Perlíková et al. 2013; Snášel et al. 2014).  
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2.3.1.1 Nucleosides with significant cytostatic activity  

 

BOURDERIOUX, A. – NAUŠ, P. – PERLÍKOVÁ, P. – POHL, R. – PICHOVÁ, I. – 

VOTRUBA, I. – DŽUBÁK, P. – KONEČNÝ, P. – HAJDÚCH, M. – STRAY, K.M. – 

WANG, T. – RAY, A. S. – FENG, J.Y. – BIRKUS, G. – CIHLÁŘ, T. – HOCEK, M. 

(2011). Synthesis and Significant Cytostatic Activity of 7-Hetaryl-7-deazaadenosines. 

Journal of Medicinal Chemistry , vol. 2011, no. 54, s. 5498-2623
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2.3.1.2 Nucleosides as a potential mycobacterial ADK inhibitors 

 

PERLÍKOVÁ, P., P. KONEČNÝ, P. NAUŠ, J. SNÁŠEL, I. VOTRUBA, P. DŽUBÁK, I. 

PICHOVÁ, M. HAJDÚCH a M. HOCEK. (2013). 6-Alkyl-, 6-aryl- or 6-hetaryl-7-

deazapurine ribonucleosides as inhibitors of human or MTB adenosine kinase and 

potential antimycobacterial agents. MedChemComm, 4(11),1497-1500
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2.3.1.3 Identification of the most potent nucleosides with various biological activities 

 

NAUŠ, P., O. CALETKOVÁ, P. KONEČNÝ, P. DŽUBÁK, K. BOGDANOVÁ, M. 

KOLÁŘ, J. VRBKOVÁ, L. SLAVĚTÍNSKÁ, E. TLOUŠŤOVÁ, P. PERLÍKOVÁ, M. 

HAJDÚCH a M. HOCEK. (2014). Synthesis, cytostatic, antimicrobial, and anti-HCV 

activity of 6-substituted 7-(het)aryl-7-deazapurine ribonucleosides. Journal of Medicinal 

Chemistry, 57(3), 1097-1110. 
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2.3.1.4 Inhibition of human and mycobacterial ADK by compounds with different 

structural basis  

 

SNÁŠEL J
1
, NAUŠ P, DOSTÁL J, HNÍZDA A, FANFRLÍK J, BRYNDA J, 

BOURDERIOUX A, DUŠEK M, DVOŘÁKOVÁ H, STOLAŘÍKOVÁ J, ZÁBRANSKÁ 

H, POHL R, KONEČNÝ P, DŽUBÁK P, VOTRUBA I, HAJDÚCH M, REZÁČOVÁ P, 

VEVERKA V, HOCEK M, PICHOVÁ I. (2014).  Structural basis for inhibition of 

mycobacterial and human adenosine kinase by 7-substituted 7-(Het)aryl-7-deazaadenine 

ribonucleosides., J Med Chem. Oct 23;57(20):8268-79. 
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2.3.2 Cytosine derivatives 

 

 Cytosine derivatives are nucleoside derivatives (pyrimidine analogues), as well, 

and have been used in clinical practice for almost 50 years as a treatment for acute 

myeloid and lymphocytic leukaemia and lymphomas mostly (Klener 2010). They 

interfere with the synthesis of nucleosides/nucleotides (Matsuda & Sasaki 2004). Other 

mechanisms of action are known such as intercalation into DNA and inhibition of DNA 

replication by inhibition of RNA and DNA polymerases. Moreover, cytosines in the DNA 

sequence are very frequently methylated by DNA methyltransferase 1, as a form of 

epigenetic modifications of DNA. DNA methylation is very important for gene 

expression regulation and is very often altered in cancer cell silencing anti-onco genes 

and lead to hyperproliferation. Application of some cytosine derivatives can inhibit DNA 

methyltransferase and normalize the methylation processes in the cell (Plitta et al. 2012). 

Cytosine derivatives have also been successfully combined with gene therapy. By gene 

modification for induction of expression, prodrug activating enzymes, herpes simplex 

virus Type 1 thymidine kinase and cytosine deaminase from Escherichia coli are able to 

transform the nucleosidic prodrug into its active and effective state. Therefore 

combination of these two approaches can improve treatment and patient prognosis (Aghi 

et al. 1998). Thanks to its analogous structure, cytosine derivatives are able to mimic their 

physiological representatives and lead to DNA synthesis inhibition, even though much 

higher therapeutic effect is achieved by inhibition of RNA synthesis as well. This 

knowledge led to the development of more potent compounds which can bypass the 

imperfection of old structures, such as cytosine arabinosid which inhibits DNA synthesis 

only (Takatori et al. 1999). Many derivatives have been prepared with broader therapeutic 

activity, for example 1-(2-deoxy-2-methylene-b-D-erythro-pentofura-nosyl) cytosine 

(Takatori et al. 1999), 1-(2-deoxy-2-methylene-b-D-erythro-pentofura-nosyl) cytosine 

(Barkin et al. 2003), 3- aminopyridazine, 1-aminophthalazine cytosine analogues (Tomori 

et al. 2015) and imidazol derivatives discussed in the following article (Jansa et al. 2014). 

The pharmacological properties of imidazo-pyridine and imidazo-pyrimidines are very 

well documented and include antiviral, anticancer, antiparasitic, antibacterial, antifungal, 
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anti-inflammatory activity and many others. They also work as inhibitors of Syk family 

kinases and dopamine D4 receptor ligands. Analogues are used as a treatment for 

neurological and psychiatric disease, as mGluR5 receptors modulators and as potent anti-

HIV and anti-HBV agents (Jansa et al. 2014). 

 

 

2.3.2.1 Cytotoxic activity and cell cycle modification after treatment with cytosine 

derivatives 

 

JANSA J, LYČKA A, PADĚLKOVÁ Z,GREPL M, KONEČNÝ P, HAJDÚCH M, 

DŽUBÁK P. (2014). New imidazo [1,2-c]pyrimidin-5(6H)-ones Derived from cytosine: 

Synthesis, Structure and Cytotoxic Activity. J. Heterocyclic Chem., DOI: 

10.1002/jhet.2243 

 



106 
 



107 
 



108 
 



109 
 



110 
 



111 
 



112 
 



113 
 

 



114 
 

2.3.3 Hydrazone derivatives based on a Tröger´s base skeleton 

 

Hydrazones have interesting biological properties, including antibacterial, anticancer, 

antiviral antimycobacterial and antifungal activity. They belong to a group of carbonyl 

compounds counted as aldehydes and ketones, possessing the azomethine group. 

Although the precise mechanism of action is not yet very well known, it is probably 

based on metal ion chelation or inhibition of some metabolic proteins involved in 

epigenetic modification, DNA and RNA synthesis and induction of oxidative stress.  Hall 

et al. (1999) discovered that these compounds interfere with nucleic acid syntheses 

through amidophosphoribosidtransferase, Inosine-5-monophosphate dehydrogenase, 

dihydrofolate reductase, thymidylate synthase and thimidin kinase inhibition. Due to their 

interesting chelating properties, hydrazones have been extensively tested for their 

potential benefit, for example as antitumor (Lindgren et al. 2014, Kaplánek et al. 2015), 

antifungal (Casanova et al. 2015) antituberculotic (Mathew et al. 2015), anti-

inflammatory, antiepileptic (Kumar et al. 2014) and antidiabetic (Mayer et al. 2015) 

agents. Moreover, these structures are known for other therapeutical properties – 

antimalarial, antioxidant, antiplatelet, antiparasitic, antihypertensive and cardioprotective 

(Singh & Raghav 2011; Ali et al. 2012; Padmini et al. 2013). Tsafack et al. (1996) tested 

hydrazones against Plasmodium falciparum and identified several molecules significantly 

active towards all the plasmodial stages, in micromolar and also submicromolar 

concentrations. A similar study with different forms of hydrazones was carried out by 

Walcourt at al. (2004) as well. Hydrazones in our study (2.3.3.1) were prepared to 

achieve DNA intercalating properties. For this purpose, Tröger´s base was used as a 

skeleton for the synthesis. 
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2.3.3.1 Cytotoxic and antibacterial activity of hydrazone derivatives 

 

KAPLÁNEK R, HAVLÍK M, DOLENSKÝ B, RAK J, DŽUBÁK P, KONEČNÝ P, 

HAJDÚCH M, KRÁLOVÁ J, KRÁL V. (2015). Synthesis and biological activity 

evaluation of hydrazone derivatives based on a Tröger's base skeleton. Bioorg Med Chem. 

Apr 1; 23(7):1651-9.  
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2.3.4 Benzothiazole Hydrazones analysed for their intracellular activity 

(Unpublished data) 

  

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



126 
 

3 Results and summary 
 

The causes and development of cancer, bacterial, inflammatory and other diseases 

are discovered and better understood every year. However, together with the emerging 

multi-drug resistance issue, existing treatments are very often inadequate and need to be 

adjusted or substituted by novel drugs with different molecular targets and mechanisms of 

action. Many different groups of potentially active compounds are designed and tested all 

over the world. The main issues are the high financial costs combined with advanced 

instruments requirements. Many interesting compounds, effective in vitro, fail clinical 

trials. This is frequently caused by inappropriate and inadequate settings in the early 

phases of research. Mainly,   cell culture conditions rarely represent the real environment 

in the human body during the disease progression. Standardly used 2D cultures lack the 

heterogeneity and complexity of spatially diversified cells, caused by 3 dimensional 

structures, subsequent oxygen depletion and chaotic blood distribution created under 

natural conditions. Therefore it is necessary for in vitro experiments to approximate 

conditions as in vivo. 3D models and matrices, together with co-cultivation with SDF 

(stroma derived fibroblasts) partially enable mimicking of natural development, hypoxic 

conditions and co-option of surrounding cells. This guarantees more efficient selection of 

compounds with better outcome in clinical trials (Das, Konečný 2015; Appendix I). Many 

groups of compounds have been tested for their anticancer or antibacterial activities 

proving either rather general cytotoxic effects, or desirably targeting specific molecules 

necessary for development, reproduction and growth of cancer cells and bacteria.  

We have screened several related groups of compounds for their anticancer and 

antibacterial activities based on their structure – activity relationship. Several potentially 

active compounds have been selected after flow cytometric and cytotoxicity screening 

and were used as model compounds for further synthesis. Derivatives of ribonucleosides, 

apart from the fact that by their actions affect the cell cycle of cancer cells and inhibit 

their RNA synthesis and induced apoptosis, display significant antibacterial, specifically 

antimycobacterial activities.  
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Regarding cytotoxicity, 7-Hetaryl-7-deazaadenine ribonucleosides have proven to 

have cytostatic activity at low nanomolar concentration which is in contrast to agents 

from the group of 7-aryl-7-deazaadenines, which display significantly worse activity. In 

general, nucleosides with 5-membered heterocycles at position 7 evince in vitro 

antiproliferative impact on both, haematological and solid tumors. Although, as 

mentioned above, these compounds were able to inhibit RNA synthesis in treated cells, 

direct inhibition of human RNA polymerase II was very weak with a rapid onset of 

apoptosis (Bourderioux et al. 2011).  

Representatives of the 6-alkyl, 6-aryl or 6-hetaryl-7-deazapurines proved to have 

many interesting properties. In the range of micromolar and submicromolar 

concentrations, they were able to significantly inhibit growth and reproduction of 

Mycobacterium bovis and smegmatis. Some results point to similar cytotoxicity to 

Rifampicin. They were specifically designed to inhibit mycobacterial ADK by binding to 

its ATP and adenosine binding sites. Synthesis was adjusted accordingly. The 

cytotoxicity of these structures was strongly dependent on the substituent at position six 

and its bulkiness. Among the most active compounds, were those with five-membered 

heterocycles. In contrast, the general toxicity of bulky aryl group bearing derivatives was 

very low. It has been confirmed that the measured compounds were not a substrate for 

MTB ADK and most of them successfully inhibited it. Individual groups alkyl- 

substituents were poor inhibitors of MTB ADK. On the other hand, aryl- and hetaryl- 

substituted 7-deazapurines (7-fluoro, 7-chloro-derivatives included) strongly inhibited 

adenosine kinase in submicromolar and low nanomolar concentrations. For the group of 

phenyl bearing five-membered hetaryl groups at position 6, inhibition of ADK was 

significantly selective for the mycobacterial form, while human ADK was unaffected and 

with serious general toxicity, which makes these structures the most promising. 6-furyl 

substituted compounds inhibited both hADK and MTB ADK with poor selectivity. 

Derivatives with a bulky aryl group were active in low nanomolar concentrations for 

MTB ADK, micromolar concentration for hADK, respectively with very low 

cytotoxicity. Interestingly, the in vitro antimycobacterial activity of these compounds was 

very low, with only one exception, compound 1a, which displayed submicromolar IC50. 
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Nevertheless, this compound was generally highly toxic with a low TI (Perlíková et al. 

2013; Snášel et al. 2014). Targeting directly the MTB and human ADK, using wild and 

drug-resistant bacterial strains, structures with micromolar activity were identified from 

the group of 7-(Het)aryl-7-deazaadenine ribonucleosides. These compounds selectively 

inhibited this enzyme at micromolar concentration and low cytotoxicity. Preferential 

active binding site for tested compounds proved to be different for each form of ADK. 

For the human form of ADK, the adenosine site is the place of binding, whereas for MTB 

ADK, both ATP and adenosine binding sites are occupied by these inibitors. The 

molecule with the best therapeutic index was the dibenzofuran derivative and this 

displayed significant specific submicromolar MTB ADK inhibition with MIC 4 µM for 

mycobacterial strains. Binding of these molecules to their preferential sites, change the 

conformation of ADK. MTB ADK after binding of tested compounds acquires a semi-

open conformation of the lid domain. Human ADK, on the other hand, has a closed 

conformation (Snášel et al. 2014).  

Different modifications, such as 7-hetaryl-deazaadenosines, 6-substituted 7-(Het) 

aryl-7-deazapurines and their relatives 6-alkyl substituents were prepared and analysed 

for their biological activities. Except for mycobacterial ADK, some successfully inhibited 

the human form in micromolar concentration, as well. Rather than the binding sites of 

MTB ADK, ATP and adenosine, adenosine binding site is preferential in hADK. In 

relation to anticancer activity, distinct inhibition of RNA synthesis and induction of 

apoptosis was observed. Nevertheless, RNA polymerase itself was inhibited very weakly. 

Hence other mechanisms must be involved. Among others, antiparasitic and antiviral 

activities are connected to this group of compounds. Compared to the previous group, 6-

methoxy-, 6-methylsulfanyl-, 6-methyloamino- and 6methyl-7-(2-furyl)-

deazapurines were prepared and tested. They showed toxicity in the range of low 

nanomolar concentrations but most of the compounds were less active then the ones 

mentioned above (Nauš 2014).  

 Cytosine derivative compounds have proven to have activity towards the CEM 

cell line in micromolar concentrations and served as structures for further modification to 

obtain better therapeutic properties. These structures are known as GABAA receptor 
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ligands and their nucleoside modifications prove to have some antiviral activity, as well. 

Some of them display selective activity towards drug-resistant cell lines (CEM-DNR, 

K562-TAX), though the cell cycle was not affected even in high concentrations. As most 

promising compounds, molecules with the label 3b and 3h were selected. 3b compound 

has a micromolar activity toward the CEM cell line and 3h is selectively active towards 

daunorubicine resistant CEM cells. This molecule also has a favourable therapea utic 

index (Jansa et al. 2014).  

Another group of compounds analysed for their anticancer/antibacterial effects 

are the Hydrazone derivatives. These structures are constructed on Tröger´s base 

skeleton and allow them to work as DNA intercalating agents. They also have chelating 

properties (binding Cu
2+

, Fe
3+

, Co
2+

, Ni
2+

, Zn
2+

) and their complexes interact with DNA. 

The IC50 values for some of these drugs are in micromoles and in some cases; we were 

able to see quite a high therapeutic index and therefore selectivity towards cancer cells. In 

correlation with the previously mentioned tested groups, these structures do not have 

significant antimicrobial activity and considering the cell cycle, inhibition of DNA and 

RNA synthesis was observed in some cases but all in concentrations 5x IC50. Otherwise 

the effect on the cell cycle was indistinct. The therapeutic activity of these compounds is 

probably connected to some other mechanisms of action. The tested compounds were 

poor antimicrobial agents. Anticancer activity with high selectivity against leukemic cells 

was observed for 10 different compounds (6, 7, 8, 11 and 13). The best therapeutic index 

was found for 3 structures (7, 8 and 13).  
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