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II. Introduction
One of the world’s leading public health problems and also the second cause of death is
cancer. Due to the coronavirus disease 2019 (COVID-19) pandemic, the most recent data on
cancer cases and deaths are from 2018 and 2019. Delays in cancer diagnosis and treatment in
2020 and 2021 caused by COVID-19 and the associated limited access to healthcare and
hospitals may contribute to an increase in the number of advanced-stage cancer diagnoses and
subsequent increases in mortality rates. It is projected, that in 2022 only in the United States,
there will be 1,918,030 new cases of cancer (more than 5,000 new cases per day) and 609,360
cancer deaths [1,2].
The discovery of cytostatic anticancer drugs that followed World War II was a real
turning point in cancer treatment. Since then, exponential growth in new anticancer drug
research has been observed. The beginning of the 1980s brought the second real breakthrough
in the pharmacology and oncology area – thanks to cellular and molecular biology studies,
it has become possible to develop drugs specific to selected molecular targets involved in
tumorigenesis. This, in turn, gave rise to targeted therapy. Chemotherapy and targeted therapy
have significantly improved cancer patients' survival and life quality. The turn of the third
millennium with the introduction of monoclonal antibodies and immune checkpoint inhibitors
brought another breakthrough in clinical pharmacology and oncology. With the development
of genetic engineering, treatment of advanced metastatic cancers resistant to current therapies
has become possible. Nowadays, cancer studies are focused on the design and development of
new therapeutic approaches. There is no doubt that optimal therapy for each patient requires an
individualized approach considering diagnosed cancer type, stage of disease, and individual
patient's preferences. However, available chemotherapeutic agents are characterized by low
therapeutic index and poor selectivity, resulting in numerous side effects.
One of the greatest challenges of modern medicinal chemistry studies is anticancer
therapy. The imperfections of modern chemotherapy justify the development of the search for
new chemotherapeutic drugs with high therapeutic efficacy and low toxicity. 4-Thiazolidinones
and their derivatives became a subject of interest in modern medicinal chemistry in the 1960s.
In almost 60 years, numerous reviews, scientific papers, and patents covering 4-thiazolidinone
derivatives have appeared [3-7]. Since the 1960s, a substantial increase in pharmacology and
medicinal chemistry of this group of compounds has been seen [8-11]. A diverse range of
activities of 4-thiazolidinones has been observed – from anticancer, antibacterial, antiinflammatory, and antidiabetic to antiparasitic [12-15]. Among 4-thiazolidinones, a well-
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known class of drugs and patented lead compounds, “small molecules” with anticancer
properties are of particular interest to scientists throughout the world. The undeniable evidence
for the affinity of 4-thiazolidinone-based compounds to known anticancer biotargets i.e.
JSP-1, Bcl-XL-BH3 (antiapoptotic complex), or TNF-α-TNFRc-1 are found in the literature
[16-18].
2.1. 4-Thiazolidinones
4-Thiazolidinones are a well-studied group of biologically active compounds [6].
Extensively explored since the 1960s, 4-thiazolidinone derivatives have become the foundation
of numerous innovative medicinal compounds i.e. Darbufelone (COX-2/5-LOX dual inhibitor)
[19], Etozoline (modern diuretic) [7], Epalrestat (inhibitor of aldose reductase) [20], or
Pioglitazone and its analogs (hypoglycemic agents) (Figure 1) [21]. Rational, privileged
substructure-based diversity-oriented synthesis of 4-thiazolidinones, well-known lead
compounds in medicinal chemistry, is an important tool in the design of new molecules with
drug-like properties [4-6,22-24].

Figure 1. Known drugs belonging to the group of 4-thiazolidinones

Among 4-thiazolidinones, 5-ene-4-thiazolidinones have become a subject of special
interest in the context of chemical features and pharmacological profiles (many
4-thiazolidinone lead compounds, drug candidates, and 4-thiazolidinone-based drugs belong to
the aforementioned subtype) [17]. Conjugation of the 5-ene fragment to the carbonyl group at
the C4 position of the thiazolidine core makes the compound potentially reactive and
electrophilic due to a possible Michael addition of the nucleophilic protein residues to the
exocyclic double bond. Therefore, 5-ene-4-thiazolidinones can be considered Michael
acceptors (MA) [3]. In the modern approach to medicinal chemistry, MA possess dualistic
nature that characterizes 5-ene-4-thiazolidinone derivatives as frequent hitters (promiscuous
inhibitors) or pan-assay interference compounds (PAINS). Usually, PAINS are unusable during
drug design due to their possible insufficient selectivity caused by interaction between PAINS
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and biotargets (i.e. enzymes, receptors) [25-27]. However, in the polypharmacological
approach, the low selectivity of MA towards different biotargets can be considered an asset and
a foundation for further compound optimization. A lot of MA with anticancer properties are
classified as covalent inhibitors (i.e. PI3K-, EGFR- or MEK-inhibitors) and the MA-moiety’s
presence in known ligands, increases their selectivity [17].
Over the last 20 years, 4-thiazolidinones have become a source of anticancer lead
compounds and drug candidates [16]. Among 4-thiazolidinone derivatives inhibitors of tumor
necrosis factor α [28], Bcl-XL and BH3 (proteins involved in programmed cell death –
apoptosis) [29], necroptosis [30], Pim-1 and Pim-2 protein kinases [31], integrin antagonists
[32], peroxisome proliferator-activated receptor-γ agonists [33,34] and COX-2 inhibitors [35]
were found.
2.2. Autophagy
A comprehensive description of the autophagy process, known autophagy inhibitors and
activators, as well as clinically and preclinically tested compounds is provided in the review
article “Autophagy modulators in cancer therapy” that is a part of this doctoral dissertation
[36].
Autophagy is a process of “self-eating” that plays an important role in the intracellular
degradation of damaged proteins, organelles, or cellular fragments. It provides an organism’s
homeostasis and prevents the accumulation of redundant components inside the cell. On the
other hand, under stressful conditions i.e. chemotherapy, hypoxia, or nutrient deficiency,
autophagy can also become the strategy for cell survival [36-39].
“Autophagy-dependent cell death (ADCD)”, occurring in all eukaryotic cells, is a type
of regulated cell death [40]. ADCD performs important functions in the cell, i.e. it is an
adaptation mechanism to stressful conditions. This process, through its diverse mechanisms of
degradation of redundant organelles, proteins, and other cellular fragments, represents the
major catabolic system of eukaryotic cells [41,42]. Furthermore, as an integral part of
maintaining cellular homeostasis, autophagy-dependent cell death has an important role in
preserving genome integrity and tumor suppression [43].
Differences in the mechanism of delivery of redundant cytoplasmic components to the
lysosomes resulted in the distinction of four basic types of autophagy:


Macroautophagy – the most common type of autophagy [44]. During the initial phase
of the macroautophagy process, a fragment of cytoplasm is surrounded by a forming
double C-shaped membrane (phagophore). The membrane extends, enclosing
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a fragment of cytoplasm with redundant/damaged organelles or proteins inside.
Consequently, a 300-900 nm bubble (autophagosome) is formed, which subsequently
undergoes a maturation process in which autophagosomes and lysosomes merge. This
resulted in the formation of autolysosomes, where accumulated macromolecular
substrates are degraded to fatty acids using hydrolytic lysosomal enzymes [45,46].
Macroautophagy may play a dual role in tumorigenesis. Through degradation of
redundant or damaged cells, proteins or organelles, this process can lead to tumor
suppression. In contrast, metabolite recycling or the cytoprotective effect of autophagy
in response to applied chemotherapy may stimulate cancer cell development [47].


Selective autophagy – its mechanism is based on the degradation of specific organelles:
endoplasmic

reticulum

(ER-phagy),

mitochondria

(mitophagy),

proteasomes

(proteaphagy), ribosomes (ribophagy), peroxisomes (pexophagy), lipid droplets
(lipophagy), lysosomes (lysophagy) and nuclei (nucleophagy). The mechanism of
action of selective autophagy is related to the binding of specific organelles. Autophagy
receptors bind a selected cargo and thereafter its degradation occurs in
lysosomes/vacuoles [48-51]. Its ability to degrade selected organelles makes selective
autophagy important for maintaining cellular homeostasis [52]. Dysfunctions of the
selective autophagy may result

in

various

diseases,

i.e.

cancer

[53,54],

neurodegenerative diseases [55,56] or heart failure [57].


Microautophagy – a non-invasive process of cytoplasmic material absorption through
lysosomal membrane invaginations [58]. In mammals, microautophagy occurs on late
endosomes and is defined as endosomal microautophagy (eMI) [59]. selectively or
randomly collected substrates are transported to endosomes in vesicles. On the
endosome surface, membrane invagination occurs involving the endosomal sorting
complex required for transport (ESCRT) machinery [59,60]. The substrates of the eMI
process are integrated into intraluminal vesicles and therefore may be degraded or
excreted outside the cell [61].



Chaperone-mediated autophagy (CMA) – one of the pathways of intracellular protein
degradation which occur in lysosomes. The identification of substrates for the CMA
process is based on the presence of specific sequences (KFERQ-like motifs) in proteins.
The substrates of the CMA process are selected by a cytosolic chaperone – heat shock
cognate protein 70 (Hsc70), and transported to the surface of lysosomes by Hsc70 and
co-chaperones [62,63]. Thereafter, delivered proteins bind to lysosome-associated
membrane protein type 2A (LAMP2A), and the formed protein-LAMP2A complex
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allows for onward transport of substrates into the lysosome lumen. Finally, the delivered
substrate proteins are degraded using hydrolytic enzymes [62].
In light of cancer therapy, we observe a dual role of autophagy – it can induce or inhibit
cancer cell development [64]. As a growth-promoting mechanism for cancer cells, autophagy
preserves cells from the negative influence of different forms of cellular stress. In anticancer
therapy, that process is referred to as “adaptive autophagy”. Sustaining cancer cell
development enhances the tumor’s chances for survival despite the use of chemotherapy or
radiation therapy. Nevertheless, targeted inhibition of adaptive autophagy results in reversal of
the process and resensitization of the cells to the applied therapy [65,66]. Among well-known
autophagy inhibitors, we can list, i.e. Chloroquine, Verteporfin, Clarithromycin,
3-Methyladenine. In turn, Temsirolimus, Everolimus, and Metformin are classified as
autophagy activators [36].
2.3. Apoptosis
Apoptosis or programmed cell death (PCD), is a process that leads to the efficient and
organized elimination of cells, where DNA damages or other defects have occurred during
development. The mechanism of PCD is very complex and precisely regulated at the gene level.
We can distinguish two main apoptotic pathways: intrinsic and extrinsic (Figure 2). In the
intrinsic pathway, when damages are detected, the cell itself initiates the degradation
mechanism. The extrinsic apoptotic pathway requires the involvement of so-called death
receptors. In both cases, initiating signals lead to the activation of initiator caspases (caspase-8
or caspase-9). Active caspases initiate the signaling cascade which results in the activation of
executioner caspases (caspase-3, caspase-6, and caspase-7). This results in several events, i.e.:
DNA fragmentation, nuclear protein destruction, or formation of apoptotic bodies, resulting in
cell death [67].
As mentioned above, the intrinsic apoptotic pathway is initiated inside the cell. The
apoptotic triggers, such as irreversible DNA damage, oxidative stress, hypoxia, or extremely
high concentration of Ca2+ cause a collapse in mitochondrial membrane potential and
subsequent release of cytochrome c from mitochondrial intermembrane space [68]. Released to
the cytosol, cytochrome c combines with apoptosis protease-activating factor 1 (APAF1) and
inactive procaspase-9 to form a multiprotein complex – the apoptosome. This leads to the
activation of procaspase-9 to its active form – caspase-9, followed by the activation of
executioner procaspases. Finally, activated executioner caspases induce cell death [69].
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The extrinsic apoptotic pathway is initiated through so-called death receptors (DRs).
Macrophages or natural killer cells produce death ligands which then bind with DRs localized
at the cell surface. After ligand binding, DRs accumulate into clusters in the cell membrane and
promote the recruitment of adaptor proteins, which then interact with procaspase-8 [70]. Death
receptor combines with death ligand, an adaptor protein, and procaspase-8 to form death
inducing signaling complex (DISC). DISC leads to the transformation of procaspase-8 to its
active form – caspase-8. Subsequently, caspase-8 triggers an executioner caspase cascade,
resulting in cell death [71].

Figure 2. Apoptotic pathways

Carcinogenesis is the result of a series of genetic changes that transform a normal cell
into a cancerous cell [72]. One of the key mechanisms related to the survival and progression
of cancer cells is their evasion of PCD. Deregulation of apoptosis is associated with
uncontrolled cell proliferation, cancer development and progression, and the treatment
resistance of cancer cells [73]. Unlike necrosis, PCD does not induce inflammation and it
represents the preferred cell death pathway for anticancer therapies. Selective induction of PCD
and the regulation of apoptotic pathways regulation by therapeutic compounds is currently
focusing the attention of many scientists as a promising approach to cancer therapy [74-81].
Recognition and understanding of the molecular factors involved in the apoptosis
signaling pathway are crucial for the development of new anticancer strategies. Considering the
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fact that impairments of PCD are one of the hallmarks of cancer cells, stimulation of apoptosis
represents one of the most promising strategies in the design and development of new, more
effective anticancer compounds.
The correlation between apoptosis and autophagy processes and its influence on cell
viability has been noted and accurately described in Chapter 3 of the review paper “Autophagy
modulators in cancer therapy” [36].
2.4. Topoisomerases
Topoisomerases (Top), discovered by Jim Wang in 1971, are enzymes that control the
topology of DNA [82,83]. They participate in many essential processes taking place in cells
e.g. replication, transcription, and recombination of DNA and chromosomes condensation.
Topoisomerases covalently bind to the phosphorus group in DNA, split the single or double
DNA strand, and eventually religate them. According to the mechanism of action, we can
distinguish two main types of enzymes: topoisomerases I (Top I) and topoisomerases II
(Top II). Furthermore, these types of Top can be divided into five subfamilies. A detailed
description of Top I and Top II subfamilies can be found in the review paper “DNA
topoisomerases as molecular targets for anticancer drugs” included in this dissertation [84].
Due to their extremely important biological functions, structure, or mechanism of action, these
enzymes have been one of the major molecular targets for anticancer drug design for nearly 30
years. Topoisomerase II is an attractive molecular target as its enhanced activity is observed in
many cancers [85].
Topoisomerases II, which are divided into two subtypes (topoisomerase IIA and IIB)
are found in many living organisms. Topoisomerases IIA (Top IIA) are found in bacteria,
eukaryotes, humans, and several archaeon species. The sequences of all the enzymes belonging
to the Top IIA show considerable similarity with the only differences occurring in the
quaternary structures of these proteins. In contrast, topoisomerases IIB (Top IIB) are found
mainly among archaea, plants, and some algae species. The DNA double-strand topology
change caused by Top IIA is based on the “two-gate” mechanism. Initially, Top IIA attaches
to the DNA strands. As a result of the ATP to ADP hydrolysis in presence of Mg 2+ ions, tyrosine
molecules from both monomers of Top IIA attack the DNA phosphodiester bond, causing
cleavage of both DNA strands. The tyrosine covalently binds to the 5’ end of the cut DNA
fragment (G-segment). By cleaving the DNA helix, a “gate” is created that allows a second
DNA molecule (T-segment) to be transported through the resulting DNA-Top II complex. The
transported T-segment is released after passing through the “gate” and the energy gained by
12

hydrolysis of the second ATP molecule to ADP enables religation of broken DNA strands.
Subsequently, as a result of the release of ADP molecules, the DNA-Top IIA complex
transforms from a closed clamp form to an open one, which involves the release of DNA from
the complex. Enzymes belonging to the Top IIA group, due to the significant structural changes
occurring in them during T-segment transport through created “gate”, have the ability to adopt
multiple conformational states. In theory, trapping enzymes in either conformational state
allows manipulation of Top IIA activity [84,86,87].
To date, two types of topoisomerase II inhibitors have been identified and described –
topoisomerase poisons and catalytic inhibitors.


Topoisomerase poisons – Top II-DNA-drug complexes formation prevents the DNA
strands from religation after the transported T-segment passage through the formed
“gate”. Consequently, cancer cell death through apoptosis occurs. This means that the
drug is used to convert a naturally formed complex into a cell-lethal poison.



Catalytic inhibitors – include a number of different compounds that interact with Top II
at different stages of the catalytic cycle, i.e. preventing the formation of a DNA-Top IIA
complex by stabilizing DNA with non-covalent complexes with Top IIA or blocking
ATPase binding sites [84,88].
To date, numerous topoisomerase inhibitors have been identified and described by

scientists around the world. However, in many cases, the detailed mechanism of action remains
unknown. The use of topoisomerase inhibitors in anticancer therapy leads to irreversible
interruption of DNA strands, which in turn leads to programmed cell death [88]. Identification
of novel anti-topoisomerase drugs may enable i.e. to reduce of the anthracyclines’ cardiotoxic
effects or decrease the frequency of drug-induced secondary cancers. In the end, increased
significance and rapid development of molecular biology and molecular genetics may allow the
application of anti-topoisomerase drugs in personalized anticancer therapy.
A detailed description of know topoisomerase II inhibitors and activators, as well as the
latest information on compounds under clinical and preclinical investigation, can be found in
the previously mentioned review article [84] that is a part of this doctoral dissertation.

13

III. Aim of the work
The aim of the work was to synthesize and evaluate the potential anticancer activity of
a series of novel 5-[(Z,2Z)-2-chloro-3-(4-nitrophenyl)-2-propenylidene]-4-thiazolidinones.
Chemical structures of the new compounds were confirmed using 1H and 13C NMR, LC-MS,
and X-ray analyses. Furthermore, the structure-activity relationship (SAR) analysis of newly
synthesized compounds was conducted. To evaluate their anticancer activity, the screening of
novel 4-thiazolidinone derivatives toward the NCI60 cell lines panel, gastric cancer (AGS),
colon cancer (DLD-1), and breast cancer (MCF-7 and MDA-MB-231) cell lines was performed.
Thereafter, an in-depth in vitro analysis of the selected compound (Les-3331) was conducted.
The molecular docking studies were performed to evaluate the affinity of Les-3331 to
topoisomerase II. The influence on apoptosis induction, mitochondrial membrane potential
analysis, and the effect on topoisomerase II activity were evaluated. The molecular mechanism
study of anticancer activity of Les-3331 including the determination of caspase-9, caspase-8,
LC3A, LC3B, Beclin-1, and topoisomerase II concentrations was investigated. Finally, the
assessment of the selected ADME-Tox parameters of the Les-3331 allowed for the
determination of its permeability, metabolism, and risk of potential drug-drug interactions
(DDIs).
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IV. Fulfillment of scientific objectives – materials, methods, and results
4.1. Materials and methods
Based on the previous studies conducted by Prof. Lesyk’s team, it was found that
combining Ciminalum and 4-thiazolidinone moiety in a single molecule would be an effective
approach in the synthesis of novel hybrid compounds with potential anticancer properties
[89,90]. Using Knoevenagel condensation, the new 4-thiazolidinone derivatives were combined
with a structural fragment of Ciminalum. As a result, a series of novel Ciminalumthiazolidinone hybrid molecules (13 compounds) were obtained. The chemical structures of
newly synthesized compounds were confirmed using NMR, LCMS, and crystallography.
Moreover, SAR analysis of novel compounds was conducted.
Cytotoxicity and antiproliferative properties of novel 4-thiazolidinones were evaluated
after a 24 h incubation of cancer cells (MCF-7 and MDA-MB-231) and human skin fibroblast
with the tested compounds. For the determination of cytotoxicity, the MTT assay was used.
Subsequently, [3H]-thymidine incorporation into the DNA of breast cancer cells was analyzed
to evaluate the effect of the newly synthesized compounds on cell proliferation.
The induction of apoptosis and mitochondrial membrane potential analyses were
conducted by flow cytometry. The assays were performed using Annexin V binding Apoptosis
Detection Kit II and the JC-1 MitoScreen kit according to the manufacturer’s protocols.
The ELISA technique was used to determine the concentration of selected proteins:
caspase-9, caspase-8, microtubule-associated protein 1A/1B light chain 3A (LC3A),
microtubule-associated protein 1A/1B light chain 3B (LC3B), Beclin-1 and topoisomerase II.
The tests were carried out according to the manufacturer's protocols.
Molecular docking studies as well as flow cytometric analysis of topoisomerase IIα
activity were conducted to confirm the inhibitory effect of novel 4-thiazolidinone on
topoisomerase II. The 3D structure of Les-3331, obtained from the crystallographic analysis,
was used for the in silico simulations. The results were visualized and interpreted using
Discovery Studio Visualizer®. Topoisomerase IIα activity was evaluated using an antitopoisomerase IIα antibody. Analysis of the obtained results was performed using a flow
cytometer and FACSDiva software.
Finally, the in vitro evaluation of ADME-Tox parameters of a novel 4-thiazolidinone
derivative (Les-3331) was conducted. Permeability of the Les-3331 was analyzed using Precoated PAMPA Plate System Gentest TM and UPLC-MS analyzer. The obtained data has
allowed for the calculation of the permeability coefficient P e according to formulas provided
15

by the manufacturer. The possible metabolic pathways of Les-3331 and its metabolic stability
were evaluated using MetaSite 8.0.1. Software (in silico prediction) and RLMs (rat liver
microsomes) – in vitro assay. The UPLC-MS and MS/MS devices were used to analyze the
obtained results. Potential DDIs were assessed by CYP3A4 and CYP2D6 P450-Glo
luminescence assays and the resulting signals were measured using a microplate reader. The
mutagenicity of Les-3331 was determined using the Ames microplate fluctuation (MPF)
protocol and Salmonella Typhimurium TA100 strain. The medium control baseline (MCB) and
the Binomial B-value of the novel 4-thiazolidinone derivative were calculated based on the
obtained results, using the protocols and data sheets provided by the manufacturer.
The results of experimental work constituting the doctoral dissertation have been
published in high-profile scientific journals – Molecules and the International Journal of
Molecular Sciences. In articles entitled “Synthesis and Anticancer Activity Evaluation of 5-[2Chloro-3-(4-nitrophenyl)-2-propenylidene]-4-thiazolidinones” and “2-{5-[(Z,2Z)-2-Chloro-3(4-nitrophenyl)-2-propenylidene]-4-oxo-2-thioxothiazolidin-3-yl}-3-methylbutanoic Acid as a
Potential Anti-Breast Cancer Molecule” anticancer potential of novel 4-thiazolidinone
derivatives has been demonstrated. It has been found that designing new potential anticancer
molecules through the combination of Ciminalum fragment and thiazolidinone moiety is an
effective approach [89,90].
4.2. Summary of results
The scientific cooperation with the Department of Pharmaceutical, Organic and
Bioorganic Chemistry at the Danylo Halytsky Lviv National Medical University resulted in
obtaining 48 novel 4-thiazolidinone derivatives by organic synthesis. Computational analysis,
molecular docking, and in vitro studies have allowed for a selection of 13 compounds with
potential anticancer activity (Figure 3).
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Figure 3. Synthesis of 5-[(Z,2Z)-2-chloro-3-(4-nitrophenyl)-2-propenylidene]-4-thiazolidinones

(2Z)-2-chloro-3-(4-nitrophenyl)prop-2-enal,

known

as

the

Ciminalum,

is

an

antibacterial agent against Gram (+) and Gram (–) bacteria (Figure 4) [91]. Ciminalum was
used as a drug in medical practice in the former Soviet Union. In previously published papers,
the pharmacophore properties of the molecular moiety of Ciminalum for thiazolidinone
derivatives were established. Thus, 5-[(Z,2Z)-2-chloro-3-(4-nitrophenyl)-2-propenylidene]-2(3-hydroxyphenylamino)-2-thiazoline-4-one possessed significant anti-inflammatory effect in
comparison with diclofenac sodium and aspirin [92]. Subsequent studies of this compound have
led to the discovery of a new profile of biological activity, namely anticancer cytotoxicity. This
early hit possessed a selectively high effect on leukemia, melanoma, lung, colon, central
nervous system, ovarian, renal, prostate, and breast cancer cell lines at micro- and
submicromolar levels that is probably associated with the immunosuppressive activity [90].
The in-depth investigation of the anticancer potential of Ciminalum-thiazolidinone
hybrids has led to the identification of hit compounds and has shown significant prospects in
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this direction of anticancer molecule design. The presence of a structural fragment of (2Z)-2chloro-3-(4-nitrophenyl)prop-2-enal in the C5 position of the thiazolidinone ring is essential
for the biological activity of Ciminalum-thiazolidinone hybrid molecules.

Figure 4. Ciminalum chemical structure

Based on the SAR analysis, it has been established that the structure of substituent in
the N3 position of the thiazolidinone ring affects the anticancer activity of the designed
molecule (Figure 5). Among the synthesized molecules, compounds with carboxylic acid
residues in the N3 position were the most effective in decreasing the viability of MCF-7 and
MDA-MB-231 (breast cancers), AGS (gastric cancer), and DLD-1 (colon cancer) cells.
The obtained results revealed that the molecules with 3-methylbutanoic acid, propanoic acid,
and hexanoic acid substituent in position 3 of the thiazolidinone ring have the highest cytotoxic
activity among synthesized hybrid molecules (IC50 range: 1.73 – 15.24 µM). On the other hand,
the introduction of the sulfo group (-SO3H) in a position of a carboxyl group (-COOH) or the
addition of another carboxylic group results in a significant decrease in the compound’s activity
(IC50 range: 9.19 – 21.23 µM). Interestingly, the nature of the substituent in the C2 position of
the core heterocycle is also very important in activity against cancer cells. Conducted studies
have shown that compounds with the thioxo group at the C2 position were more active
(IC50 range: 1.59 – 21.23 µM) compared to compounds with structurally close 2-thioxo-4thiazolidinones (rhodanines) with oxo group in the same position (IC50 range: 16.84 –
27.49 µM). The chemical structure of substituents in the thiazolidinone ring and its influence
on anticancer activity of tested compounds are one of the key elements in the design of novel
Ciminalum-thiazolidinone molecules and should be further investigated.

Figure 5. The structure of Ciminalum-thiazolidinone molecules. The thiazolidinone ring is marked in green.
R = H atom, alkyl substituents, heterocyclic compounds, aromatic rings (marked in red).
X = O, S (marked in blue)
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Given the significant cytotoxic effect of novel 4-thiazolidinone derivatives on human
breast cancer cell lines, the 2-{5-[(Z,2Z)-2-chloro-3-(4-nitrophenyl)-2-propenylidene]-4-oxo2-thioxothiazolidin-3-yl}-3-methylbutanoic acid (Les-3331) was selected for in-depth in vitro
studies. To investigate the molecular mechanism of anticancer activity of Les-3331, cytotoxic
and antiproliferative properties tests, assessment of apoptosis induction, mitochondrial
membrane potential analysis, determination of selected proteins concentration, and evaluation
of ADMETox parameters of the new hybrid molecule were planned.
In biological studies, which aimed to assess the anticancer potential of novel
Ciminalum-thiazolidinone molecule, etoposide was used as a reference compound. Etoposide
is a semi-synthetic derivative of podophyllotoxin obtained from Podophyllum peltatum [93].
The mechanism of anticancer activity of etoposide is based on its ability to inhibit
topoisomerase II activity. The drug binds covalently to the DNA-topoisomerase II complex,
which prevents the religation of breaks in DNA strands. Stabilization of DNA double-strands
cleavage indirectly leads to cell death. This process is called “topoisomerase II poisoning” and
therefore etoposide is referred “topoisomerase poison” [94-96].
Cytotoxicity of Les-3331 against MCF-7 and MDA-MB-231 breast cancer cell lines and
human skin fibroblasts has been confirmed by MTT assay. The newly synthesized compound
inhibited cancer cell viability in a concentration-dependent manner. After 24-hour incubation
of MCF-7 and MDA-MB-231 cancer cells, higher cytotoxicity of the newly synthesized
compound was observed compared to the etoposide. The half-maximal inhibitory concentration
(IC50) values of Les-3331 were 5.02 µM and 15.24 µM for MCF-7 and MDA-MB-231 cells,
respectively. Etoposide was not as efficient in decreasing cancer cell viability as the new hybrid
molecule – in both cases, its IC50 values exceeded 50 µM. Importantly, it was observed that
Les-3331 exhibited lower cytotoxicity against human skin fibroblast with an IC50 value of
28.52 µM.
Antiproliferative properties of a novel 4-thiazolidinone derivative were investigated by
assessing the level of incorporation of radioactive [ 3H]-thymidine into the DNA of selected
breast cancer cells. The 24-hours incubation of MCF-7 and MDA-MB-231 cancer cells with
Les-3331 caused concentration-dependent inhibition of [3H]-thymidine incorporation into the
DNA of human breast cancer cells. The obtained results indicate that the novel 4-thiazolidinone
derivative is a more potent inhibitor of the DNA biosynthesis process than etoposide. The IC50
value of Les-3331 was 5.54 µM for MCF-7 cells and 8.01 µM for MDA-MB-231 cells, whereas
IC50 values of etoposide in both cases exceeded 20 µM.
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The promising anticancer properties of the new Ciminalum-thiazolidinone hybrid
molecule may arise from its influence on the programmed cell death induction. The potential
proapoptotic effect of Les-3331 on MCF-7 and MDA-MB-231 human breast cancer cells was
examined using flow cytometry and Annexin V binding assay. The novel compound and
etoposide were tested in two concentrations – 1 µM and 5 µM. The flow cytometric analysis
revealed that both the novel 4-thiazolidinone derivative and reference drug are capable of
inducing apoptosis in selected human breast cancer cells. The 24 h exposure of breast cancer
cells on 5 µM Les-3331 resulted in the detection of 40.4% (MCF-7) and 18.1%
(MDA-MB-231) early and late apoptotic cells. The effect of 5 µM etoposide on the number of
early and late apoptotic cells was almost four times weaker compared with the same
concentration of new derivative, with 10.7% of MCF-7 and 7.2% of MDA-MB-231 early and
late apoptotic cells detected. The flow cytometric analysis of Les-3331 and etoposide revealed
that both compounds are capable of initiating apoptosis in tested human breast cancer cell lines.
A significant increase in the apoptotic cell population was observed in both MCF-7 and
MDA-MB-231 cancer cells after incubation with Les-3331.
Mitochondria are the crucial elements of PCD and a major checkpoint of this process.
One of the characteristic features of early apoptosis is a decrease in the mitochondrial
membrane potential caused by exposure of the cell to apoptosis-inducing stimuli [69,97,98].
The results presented in the article entitled “2-{5-[(Z,2Z)-2-Chloro-3-(4-nitrophenyl)-2propenylidene]-4-oxo-2-thioxothiazolidin-3-yl}-3-methylbutanoic Acid as a Potential AntiBreast Cancer Molecule” clearly indicate that novel Ciminalum-thiazolidinone derivative
causes a decrease in mitochondrial membrane potential (ΔΨm) of MCF-7 and MDA-MB-231
cancer cells compared to the control group. The greatest percentage of cells with decreased
ΔΨm was observed after exposition to 5 µM Les-3331. A 24-hours incubation of cancer cells
with the tested compound caused a reduction of ΔΨm in 25.5% of MCF-7 and 36.3% of MDAMB-231 cells. Incubation with the same concentration of reference compound resulted in an
almost twofold lower effect on the percentage of cancer cells with decreased ΔΨm. Only 18.5%
of MCF-7 and 15.6% of MDA-MB-231 cells had reduced mitochondrial membrane potential
after treatment with 5 µM etoposide. These results indicate that programmed cell death induced
by a novel 4-thiazolidinone derivative may occur through an intrinsic, mitochondrial-dependent
pathway.
To confirm the above results, the concentrations of proteins involved in the intrinsic
(caspase-9) and extrinsic (caspase-8) apoptotic pathways were assessed. After 24 h incubation
of MCF-7 and MDA-MB-231 breast cancer cells with Les-3331, an increase in caspase-9 and
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caspase-8 concentrations was shown. Increased concentrations of proteins were observed after
the exposition of cancer cells to both tested concentrations (1 µM and 5 µM) of the novel
compound. In contrast to results obtained in the control and reference drug groups, Les-3331
led to a significant increase in caspase-9 and caspase-8 concentrations which may suggest that
the novel Ciminalum-thiazolidinone derivative induces both intrinsic and extrinsic apoptotic
pathways.
In modern studies on new anticancer molecules, increasing interest in the autophagy
process has been observed. Numerous scientific papers describing the role of autophagy in the
tumorigenesis process and the potential correlation between apoptosis and autophagy have been
published in recent years [99-104]. To investigate the influence of Les-3331 on the autophagy
process, the concentration of the LC3A, LC3B, and Beclin-1 proteins were checked in MCF-7
and MDA-MB-231 human breast cancer cells. In addition to etoposide, 3-methyladenine
(3-MA, a known autophagy inhibitor) was used as a reference compound in the study. The
results published in the article entitled “2-{5-[(Z,2Z)-2-Chloro-3-(4-nitrophenyl)-2propenylidene]-4-oxo-2-thioxothiazolidin-3-yl}-3-methylbutanoic Acid as a Potential AntiBreast Cancer Molecule” have demonstrated that 24-hours incubation of selected cancer cells
with a novel 4-thiazolidinone derivative led to a decrease in LC3A, LC3B, and Beclin-1
concentrations. The reference compounds exhibited a weaker inhibitory effect on selected
proteins compared with Les-3331. All this indicates that a novel 4-thiazolidinone derivative
may inhibit the autophagy process in MCF-7 and MDA-MB-231 cancer cells.
Since 1971, when James C. Wang discovered and described the first Top I (ω protein)
in Escherichia Coli, the rapid development of new topoisomerase inhibitors and activators has
been observed. Topoisomerases play an important role in processes that require access to
information encoded in DNA helix. Temporary or permanent disruption of DNA strands is
essential i.e. for transcription, recombination, replication, or the releasement of replicated
chromosomes before cell division [105]. Nowadays, many scientists around the world are
focused on the search for new, effective topoisomerase II inhibitors with anticancer properties.
Molecular docking studies, ELISA and flow cytometric analysis were performed to investigate
the effect of the novel Ciminalum-thiazolidinone derivative on topoisomerase II. The studies
revealed that Les-3331 possesses a good affinity to topoisomerase II and decreases the enzyme
concentration and activity in MCF-7 and MDA-MB-231 cancer cells in micromolar
concentrations (1 µM and 5 µM). Moreover, both in the ELISA test and flow cytometric
analysis, the inhibitory effect of the new hybrid molecule was notably stronger compared with
known topoisomerase II inhibitor – etoposide.
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ADME-Tox is an acronym for absorption (A), distribution (D), metabolism (M),
excretion (E), and toxicity (Tox). Determining the specific parameters associated with the
aforementioned features is one of the key aspects of in vitro studies of a new potential
therapeutic molecule. To investigate the permeability of the newly synthesized compound, the
PAMPA was performed. The permeability coefficient (Pe) of Les-3331 was 0.96 × 10-6 cm/s
and it was over sixfold lower than the Pe of highly permeable reference compound – caffeine
(Pe = 6.58 × 10-6 cm/s). Due to the low passive permeability of the novel 4-thiazolidinone
derivative, it might be assumed that the intracellular concentration of Les-3331 achieved
through passive transport is sufficient to trigger the changes resulting in cell death. On the other
hand, the additional active mechanism may be involved in the transport of the compound into
the cell, which could explain its high antitumor activity. In silico and in vitro studies using
RLMs allowed investigation of the metabolic stability and the most probable degradation
pathway of Les-3331. The obtained results indicate that Les-3331 is a metabolically stable
compound with 52% of the compound remaining in the reaction mixture after 120 minutes of
incubation. The degradation of 2-thioxo-4-thiazolidinone moiety was indicated as a predicted
metabolic pathway of Les-3331. Furthermore, a study of the effect of Les-3331 on CYP3A4
and CYP2D6 activity allowed to exclude or predict potential DDIs. It was observed that the
compound activates CYP3A4 in concentrations of 10 µM and 25 µM. In contrast, slight
inhibition of CYP2D6 activity was observed for 25 µM Les-3331. Nevertheless, Les-3331
shows a very low risk of DDIs compared with reference CYP3A4 and CYP2D6 inhibitors.
Finally, the mutagenicity of the novel 4-thiazolidinone derivative was studied using Salmonella
Typhimurium TA100 strain and Ames MPF protocol. The known mutagen 4-NQO was used as
a reference compound. Whereas Les-3331 was safe at 1 µM concentration, a risk of
mutagenicity was demonstrated at a higher concentration (5 µM). However, based on this, it
cannot be concluded that Les-3331 is a mutagenic compound and further in-depth studies are
required.
The results obtained in the present dissertation, indicate the potential use of new
4-thiazolidinone derivatives in cancer therapy. Undoubtedly, it is necessary to confirm the
anticancer activity of the tested compounds in animal model studies.
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V. Conclusions
1. High

cytotoxicity of

the

new

4-thiazolidinone

derivatives

against

AGS,

DLD-1, MCF-7, and MDA-MB-231 cancer cell lines was demonstrated.
2. The SAR analysis revealed the essential role of the Ciminalum (2-chloro-3-(4nitrophenyl)prop-2-enylidene) substituent at the C5 position for the 4-thiazolidinone
ring and showed the correlation between the anticancer activity of the synthesized
compounds and the nature of substituents at the N3 position of the thiazolidinone ring.
3. Novel Ciminalum-thiazolidinone derivative – Les-3331, induces the intrinsic and
extrinsic apoptotic pathways. The compound leads to a decrease in mitochondrial
membrane potential and increases caspase-9 and caspase-8 concentration in MCF-7 and
MDA-MB-231 breast cancer cell lines.
4. Molecular docking studies have shown that Les-3331 possesses a good affinity to
topoisomerase II. Additional studies revealed that this compound decreases
topoisomerase II concentration and enzyme activity.
5. Les-3331 leads to a decrease in the concentration of autophagy-related proteins: LC3A,
LC3B, and Beclin-1, in breast cancer cells.
6. The degradation of the 2-thioxo-4-thiazolidinone moiety was identified as a main
metabolic pathway of the newly synthesized derivative in in silico and in vitro studies.
7. Les-3331 demonstrated a very low risk of DDIs.
8. Les-3331 has shown no mutagenic effect at 1 µM concentration.
9. Novel Ciminalum-thiazolidinone hybrid molecules, including Les-3331, are promising
candidates for new anticancer chemotherapeutic agents.
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VII. Abstract
Modern cancer therapeutic strategies are largely based on cytostatic drugs, which target
apoptosis induction and mitosis inhibition in cells through cell cycle disruptions. Unfortunately,
low therapeutic index and poor drug selectivity, lead to a number of side effects.
The dynamic development of medicinal chemistry, molecular biology, and cancer
genetics allow for the search and design of new, highly effective therapeutic strategies. Based
on discoveries concerning intracellular signal transduction, designing new small-molecule
drugs oriented on the inhibition of signaling pathways in a cancer cell is possible. Novel
inhibitors of checkpoint regulatory proteins are increasingly used in anticancer drug research.
Numerous scientific teams worldwide aim to develop new treatments for cancer and among the
main goals increasing the effectiveness and reducing the toxicity can be distinguished.
A particularly interesting group of compounds with potent anticancer properties are novel
4-thiazolidinone derivatives.
In the presented doctoral dissertation, 13 novel 4-thiazolidinone derivatives obtained by
organic synthesis were examined for anticancer properties. The preliminary studies allowed to
investigate the structure-activity relationship of the new compounds and to select the Les-3331
compound for further in-depth in vitro studies. This study aimed to determine the molecular
mechanism of action of the compound against MCF-7 and MDA-MB-231 human breast cancer
cell lines. The influence of Les-3331 on apoptosis induction, mitochondrial membrane potential
changes, caspase-9, and caspase-8 activity, autophagy-related proteins, and topoisomerase II
activity were studied. Furthermore, selected ADME-Tox parameters of a new 4-thiazolidinone
derivative were evaluated. Etoposide was used as a reference compound.
Based on the obtained results, it may be concluded that novel 4-thiazolidinone
derivatives demonstrate high cytotoxic and antiproliferative activity compared to the etoposide
in tested cancer cell lines. The selected Les-3331 compound shows potent cytotoxicity and
antiproliferative effect against MCF-7 and MDA-MB-231 cancer cells. Moreover, the
compound showed lower toxicity against human skin fibroblasts compared with the tested
cancer cell lines. The molecular mechanism of activity of Les-3331 is related to topoisomerase
II inhibition. Les-3331 induces apoptosis in cancer cells through both the intrinsic and extrinsic
pathways. Additionally, a novel 4-thiazolidinone derivative inhibits the autophagy process in
MCF-7 and MDA-MB-231 cancer cells. Les-3331 is a metabolically stable compound and
shows no risk of drug-drug interactions. Finally, Les-3331 is metabolized in the cell by
degradation of the 2-thioxo-4-thiazolidinone ring.
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VIII. Streszczenie w języku polskim
Współczesne strategie terapeutyczne chorób nowotworowych oparte są w znacznej
mierze na lekach cytostatycznych, których celem jest indukcja apoptozy oraz zahamowanie
mitozy w komórkach nowotworowych poprzez zaburzenie cyklu komórkowego. Niestety, niski
współczynnik terapeutyczny oraz niewielka selektywność leków, prowadzą do wystąpienia
szeregu efektów ubocznych.
Dynamiczny rozwój chemii medycznej, biologii molekularnej oraz genetyki
nowotworów pozwala na poszukiwanie i tworzenie nowych, wysoce skutecznych strategii
terapeutycznych. W oparciu o odkrycia dotyczące wewnątrzkomórkowej transmisji sygnałów
możliwe jest projektowanie nowych drobnocząsteczkowych leków, których zadaniem jest
hamowanie szlaków sygnałowych w komórce nowotworowej. W badaniach nad lekami
przeciwnowotworowymi coraz częściej stosuje się związki chemiczne będące inhibitorami
białek regulujących punkty kontrolne. Celem pracy wielu zespołów naukowców na całym
świecie jest opracowywanie nowych metod leczenia nowotworów a wśród głównych założeń
jest zwiększenie skuteczności oraz zmniejszenie toksyczności leków przeciwnowotworowych.
Szczególnie interesującą grupę związków o silnych właściwościach przeciwnowotworowych
stanowią nowe pochodne 4-tiazolidynonu.
W ramach niniejszej rozprawy doktorskiej, 13 nowych pochodnych 4-tiazolidynonu
otrzymanych na drodze syntezy organicznej przebadano pod kątem właściwości
przeciwnowotworowych. Badania przesiewowe pozwoliły określić zależności strukturaaktywność nowych związków oraz wyselekcjonować cząsteczkę Les-3331 do dalszych,
pogłębionych badań in vitro. Celem badań było poznanie molekularnego mechanizmu działania
związku wobec komórek raka piersi linii MCF-7 i MDA-MB-231. Zbadano wpływ związku na
indukcję procesu apoptozy, zmianę mitochondrialnego potencjału błonowego, aktywność
kaspazy-9 i kaspazy-8, białka związane z procesem autofagii oraz aktywność topoizomerazy
II. Ponadto, określono wybrane parametry ADME-Tox nowej pochodnej 4-tiazolidynonu.
W badaniach biologicznych jako związek referencyjny zastosowano etopozyd.
Na podstawie otrzymanych wyników stwierdzono, że nowe pochodne 4-tiazolidynonu
wykazują wysoką aktywność cytotoksyczną wobec wybranych linii komórek nowotworowych
w porównaniu z etopozydem. Wyselekcjonowana cząsteczka – Les-3331 – wykazała silny efekt
cytotoksyczny wobec komórek raka piersi linii MCF-7 i MDA-MB-231. Ponadto, związek ten
charakteryzował się niszą toksycznością wobec komórek prawidłowych – fibroblastów skóry
ludzkiej, w porównaniu do badanych linii komórek nowotworowych. Wraz ze wzrostem
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stężenia Les-3331 obserwowano także zwiększone hamowanie procesu wbudowywania
[3H]-tymidyny do DNA komórek nowotworowych, co świadczy o właściwościach
antyproliferacyjnych związku. Molekularny mechanizm przeciwnowotworowego działania
Les-3331 związany jest z inhibicją topoizomerazy II. Les-3331 indukuje apoptozę
w komórkach nowotworowych na drodze zewnątrzpochodnej i wewnątrzpochodnej. Co więcej,
badania wykazały, że nowa pochodna hamuje proces autofagii w komórkach linii MCF-7
i MDA-MB-231. Les-3331 jest związkiem stabilnym metabolicznie i nie wykazuje ryzyka
wystąpienia interakcji lek-lek w przypadku ewentualnego podania go z innymi lekami. Badany
związek jest metabolizowany w komórce na drodze degradacji pierścienia 2-tiokso-4tiazolidynowego.
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