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1 Introduction 

1.1 The bioactivity of sulfurous compounds 

Sulfur is one of the more reactive elements in biological systems and an essential 

component of all life. It traverses the global sulfur cycle by transforming into different species 

and becoming part of the biomass by uptake into plants, fungi, and prokaryotes. 

1.1.1 The biological significance of sulfur and its species 

Sulfur forms complex redox networks in vivo, formally covering eight stages of 

oxidation, with oxidation numbers ranging from -2 in thiols (R-SH) or sulfides (R-S-R’) to +6 

in sulfates (SO42-). Various sulfur chemotypes exist within every stage, with specific chemical 

properties contributing to their reactivity [1] (Figure 1).  

 

Figure 1. Overview of relevant sulfur species. 

The system is further expanded by the catenating property of sulfur, resulting in species 

such as disulfides (R-SS-R’) or polysulfides (R-Sn-R’ with n ≥ 3), either appearing as an open-

chain or cyclic structure. Essential for physiological and biological processes are mainly 

organic sulfur compounds (OSCs). The first step toward OSCs is the assimilation of sulfate by 

plants and various microorganisms. Plants, for example, reduce the sulfate to sulfide in the 

thiol sul de thioether

disul de  olysul de

hydro ersul de hydro olysul de

sul eni a id sul ni a id

sul ur radi al  olysul de radi al

sul ate thiosul nate
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form of H2S and incorporate it into the amino acid cysteine [2, 3] that serves as a building block 

for the subsequent synthesis of the amino acid methionine or the antioxidant tripeptide 

glutathione (GSH) (Figure 2). 

 

Figure 2. Structures of the organic sulfur compounds cysteine, methionine and glutathione (GSH). 

Thiol residues, incorporated into peptides and proteins in the form of cysteines, have 

profound effects on the structural and functional properties [4, 5]. The capability of two 

cysteines to form disulfide bridges is an important feature concerning protein folding, shape, 

and stability. Furthermore, cysteine-rich proteins such as metallothioneins have a high 

capability to chelate metal ions, either for detoxification purposes or regulatory processes 

involving the storage, transfer and, distribution of zinc between proteins [6]. In addition, thiols 

act as nucleophiles that can scavenge highly reactive electrophiles, such as epoxides, before 

they can unfold any toxic effects due to their alkylating properties on biomolecules like 

proteins and nucleic acids [7-9]. Another aspect is the susceptibility of thiol groups to undergo 

redox-related modifications such as glutathionylation or oxidation to sulfenic or sulfinic 

species that eventually influence protein activity [10, 11]. 

Sulfur-containing compounds also make up a large proportion of the cellular defense 

mechanism against oxidative stress. Thiols or sulfides can be reversibly oxidized and thus 

serve as recyclable reductants. A prominent example is GSH, occurring in concentrations up 

to 10 mM in human cells [12]. It can act as a buffer substance or trapping agent for soft 

electrophiles.  However, especially peroxides cannot be eliminated by thiols alone but rather 

with the catalytic help of enzymes [13]. In this case, GSH is a tremendously important co-

substrate of, e.g., the antioxidative enzyme glutathione peroxidase (GPx) [14-16], which will 

be addressed in chapter 1.2.4. The resulting disulfide (GSSG) from this reaction is recycled 

back to the thiol by the glutathione reductase (GR) that consumes nicotinamide adenine 

dinucleotide phosphate (NADPH) [17, 18]. Another example is the reduction of H2O2 by 

peroxiredoxins (Prx) which results in oxidation of their cysteines that are in turn converted 

   ysteine   methionine glutathione
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back to their reduced state by thioredoxins (Trx) [19]. After being oxidized themselves, Trxs 

are reduced back by their corresponding Trx reductase (TrxR) under consumption of NADPH 

[20]. Firstly, the oxidation of thiol residues is reversible with the appropriate reducing 

enzymes, and, secondly, these mechanisms are tightly interconnected with the energy 

metabolism of the cell. 

In contrast to the reductive capacity of the mentioned sulfur species, many of them can 

have an oxidizing potential. Sulfurous components form specific reaction products with either 

other sulfur compounds or surrounding molecules (Scheme I).  

 

Scheme I. Reaction of di- and polysulfides with GSH and corresponding products. Please note that more 

 ombinations are  ossible due to the nature o  the residue (R or R’). 

From the reaction of a disulfide with GSH, a mixed disulfide (G-SS-R or G-SS-R’, 

respectively) and a thiol (R-SH or R’-SH, respectively) emerge. However, a polysulfide and 

GSH result in a mixture of S-species. Reaction products comprise fused di- or polysulfides, 

hydropersulfides (R-SS-H), or hydropolysulfides (R-Sn-H with n ≥ 3) [21]. In the presence of 

oxygen, the latter two can lead to the formation of superoxide anions (O2●-) and sulfur radicals 

(R-Sn●, n ≥ 2) [22, 23]. Sulfur radicals, in turn, can form new polysulfides that, together with 

GSH, again generate superoxide radical anions. Then, superoxide dismutase (SOD) can 

dismutate these superoxide radical anions to dioxygen and hydrogen peroxide, which can 

further be converted to highly reactive hydroxyl radicals in the Fenton reaction. Sulfur species 

can thus contribute to increased levels of reactive oxygen species and hence provoke oxidative 

stress [1, 24]. Aside from polysulfides, thiosulfinates are examples of highly oxidizing sulfur 
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species [25]. Their reactivity is limited to thiols; however, this comprises that the functional 

group of every cysteine in a protein is potentially open to attack.  

1.1.2 Natural sulfur-containing bioactive compounds 

Apart from sulfur species that are directly needed for cell growth and development, 

secondary metabolites containing sulfur can be produced (Figure 3).  

 

Figure 3. Bioactive sulfurous compounds from fungi and plants. 

A prominent example is the generation of antibiotics by fungi, such as penicillin from 

Penicillium or cephalosporins from Acremonium. More recently, disulfide-bridged compounds 

of fungal origin, for instance, gliotoxin, sporidesmin, or aranotin, were studied with regards 
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to their antiviral and antibacterial as well as cytotoxic properties [26-30]. A cyclic polysulfur 

representative is the pentathiepane lenthionine from shiitake mushroom Lentinula edodes 

producing significant antimicrobial but no strong cytotoxic effects [31, 32]. 

Plants, especially of the order Brassicales or the genus Allium, are also known for a high 

content of such secondary products that contain sulfur. Apart from causing the specific odor 

and taste of, e.g., cabbage and onion, they are mainly involved in the defense mechanism of 

the organism [33, 34]. Reactive isothiocyanates from Brassicales, like sulforaphane, have 

already aroused scientific interest and revealed cytotoxic as well as pro-apoptotic and 

chemopreventive properties [35-37]. In cardiovascular and anticancer research, the 

thiosulfinate allicin from Allium, the genus containing onions, leeks, and garlic, and its 

breakdown products such as di- and trisulfides, in some cases also cyclic ones, have been and 

are still being extensively studied. Until now, numerous biological effects have been ascribed 

to allicin and downstream compounds, including cytotoxic [38-41], antifungal [42, 43], and 

antimicrobial [44-46] properties. 

Cyclic polysulfanes, particularly ring systems containing three sulfur atoms or more, are 

somewhat less prevalent [47] than single sulfur in heterocycles or chain-like polysulfanes. 

However, especially marine organisms are a rich source of these chemically and biologically 

interesting secondary metabolites [48]. Already in 1976, trithiolanes, tetrathiepanes, and 

pentathiepanes from the red algae Chondria californica were discovered and showed 

antimicrobial activity [49]. Later on, in particular ascidians, for instance, from the genus 

Lissoclinum, turned out to contain numerous bioactive sulfurous components, with trithianes 

and pentathiepins being the most prominent and biologically reactive [50-53].  

Especially the pentathiepin representatives varacin and lissoclinotoxins aroused interest 

due to their cytotoxic and antibacterial properties and will be discussed further in chapter 

1.2.2.  

1.1.3 Sulfur in pharmaceutical medicinal chemistry 

Molecules containing sulfur have proven to exert a broad range of biological effects due 

to their unique chemical properties and particular redox behavior. In the pharmaceutical 

industry, particularly sulfonamides, thioethers, and sulfones find application as drug 

scaffolds, being applied within fields of cardiovascular or infective diseases and a few also in 

anti-cancer treatment [54, 55]. Sulfamethoxazole and sulfamerazine are, e.g., antibiotics 
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applied against infections of the urinary tract or the lung. Apart from purely synthetic 

approaches, natural compounds are applied and used as lead structures for synthetic 

optimization. 

The natural product penicillin G (Figure 3) is employed medically as an antibiotic, in 

addition to the semisynthetic penicillin V and many analogs based on the precursor 6-

aminopenicillanic acid making up the group of penams [56]. However, the antibacterial mode 

of action is based on the beta-lactam ring and is not dependent on the presence of the single 

sulfur atom in the heterocycle [57, 58]. The previously mentioned metal-chelating properties 

of thiols find application in treating heavy metal poisoning, e.g., by administration of D-

penicillamine to  helate ex ess  o  er in Wilson’s disease [59]. 

With regards to application in anticancer treatment, several semi- but also entirely 

synthetic compounds with sulfur scaffolds exist. Calicheamicins and esperamicins from 

bacterial origin contain a methyl trisulfide and exert DNA-cleaving activity, which is exploited 

in the antibody-drug conjugates inotuzumab ozogamicin targeting cluster of differentiation 22 

(CD22) in acute lymphoblastic leukemia (ALL) and gemtuzumab ozogamicin against CD33 in 

acute myeloid leukemia (AML) [60-62]. Amsacrine (Figure 4) is fully synthetic, contains a 

sulfonamide moiety, and is approved for therapy of ALL and AML due to its capability to 

intercalate into DNA and to inhibit the topoisomerase II [63, 64]. Vismodegib (Figure 4) is a 

methanesulfonyl benzamide derivative indicated in the treatment of basal cell carcinoma, 

where it interferes with the hedgehog signaling pathway by binding to a receptor [65, 66].  

 

Figure 4. Structures of the synthetic sulfur-containing drugs amsacrine and vismodegib that are applied in the 

therapy of cancer. 

Admittedly, neither of these two compounds base their mode of action on the sulfur 

component. The sulfone and sulfonamide scaffolds rather contribute to improved 

vismodegibamsa rine
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pharmacological properties such as solubility or serve as linkers between two 

pharmacophores in a molecule [55]. 

Nevertheless, several drugs contain a sulfur atom directly relevant for their mode of 

action. In the case of omeprazole (Figure 5), a sulfinylbenzimidazole derivative, the inhibition 

of gastric acid secretion and anti-ulcer effects are mediated by the blocking of predominantly 

an H+K+ATPase in the gastric mucosa [67, 68]. It is activated from its prodrug form in an acidic 

environment by protonation, yielding a sulfenamide that in turn reacts with thiol groups of 

cysteines in the target protein forming disulfide bridges [69, 70]. 

 

Figure 5. Structure of representative drugs where sulfur participates in the mode of action. 

A second example is N-acetylcysteine (NAC, Figure 5) which is used as an antidote in 

acetaminophen intoxication to prevent hepatotoxicity. This acetylated amino acid scavenges 
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the toxic metabolite of acetaminophen, N-acetylbenzoquinonimine (NAPQI), via two 

pathways [71]. As a precursor of cysteine, it promotes the production of GSH, which detoxifies 

the intermediate by adduct formation. Additionally, NAC itself can scavenge the metabolite 

with the help of its thiol groups. 

Another drug that acts by trapping toxic metabolites is Mesna (2-mercaptoethane 

sulfonate sodium, Figure 5), used as an adjuvant in cancer chemotherapy with 

oxazaphosphorines. It scavenges the noxious acrolein, a byproduct of, e.g., cyclophosphamide 

metabolism that causes urotoxicity, by Michael reaction of its sulfhydryl with the unsaturated 

carbonyl of the target [72, 73]. 

For the treatment of hyperthyroidism, thiamazole (methimazole) or its prodrug 

carbimazole are applied (Figure 5). The thiourea moiety serves as a pharmacophore, on the 

one hand, by competitively inhibiting the thyroperoxidase and on the other hand by forming 

stable adducts with diiodine precursors, thereby reducing the synthesis of thyroid hormones 

[74, 75].  

Captopril (Figure 5), administered to patients with hypertension, also exerts its effects 

by competitive inhibition of an enzyme, the angiotensin-converting enzyme (ACE). It blocks 

ACE by complexing an active site zinc ion with its terminal thiol group. As a result, the original 

substrate angiotensin I cannot bind; thus, no conversion to angiotensin II, a blood pressure-

increasing protein, occurs [76].  

The drug 6-thioguanine (Figure 5) is applied to treat leukemias, for which it acts as a 

purine analog with different effects. On the one hand, it disturbs the biosynthesis of purines 

by pseudo-feedback inhibition, and on the other hand, its incorporation into DNA and RNA 

results in impaired replication, thereby exerting cytotoxicity [77-79]. 

For the treatment of estrogen-dependent breast cancer, some research groups focused 

on inhibiting aromatase, a P-450 monooxygenase enzyme that converts androgens to estrogens 

[80]. These studies entailed the design of suicide inhibitors, resulting in the irreversible 

blocking of the enzyme by covalent binding after an activation step. One approach was the 

synthesis of thiol-containing androgens with the thiols being oxidized by aromatase and 

subsequently binding covalently to nucleophiles in the active site of the enzyme [81]. An 

example of a suicide inhibitor (17β-hydroxy-10β-mercaptoestr-4-en-3-one) is provided in 

Figure 5. 
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Auranofin (Figure 5), used to treat, e.g., rheumatoid arthritis, is another example where 

sulfur is directly involved in its mechanism of action. The sulfur in the thiol ligand can readily 

be displaced by the selenium of a selenide from a target [82]. Hence, it is a potent inhibitor of, 

e.g., selenoenzymes such as TrxR and respective GPx representatives; however, it lacks target 

specificity except from being seleno-affine [83, 84]. 

1.2 Pentathiepins – an extraordinary class of cyclic polysulfides 

The chemical class of pentathiepins covers compounds that contain a heptagon 

consisting of five sulfur and two double-bonded carbon atoms (Figure 6), occurring in chair 

conformation [50, 85]. One of the simplest representatives is a benzopentathiepin (Figure 6); 

its synthesis was already published in 1971 by Feher and Langer [86]. No detailed investigation 

regarding the biological activity was performed back then, but research was intensified after 

discovering the first naturally occurring pentathiepin varacin in the early 1990s [53]. The 

revelation of multiple biological effects marked a milestone in pentathiepin research, 

prompting different groups to investigate how these structurally intriguing compounds act.  

 

Figure 6. Structures of a general pentathiepin scaffold and benzopentathiepin as one of the first synthesized 

pentathiepins [86]. 

1.2.1 Approaches in pentathiepin synthesis 

Long before the first natural pentathiepin was discovered, synthetic representatives 

were generated. Feher and Degen made a first contribution to the synthesis of organic cyclic 

polysulfides in 1967, where the reaction of cyclohexane-1,2-dithiol with chlorosulfanes (SxCl2, 

x ≥ 2) resulted in the formation of bicyclic sulfur compounds [87]. In 1971, the synthesis of cyclic 

components containing a C=C bond and five sulfur atoms was published; the first synthetic 

pentathiepins were developed (Scheme II a and b) [86].  

In the 1980s, Chenard et al. developed another synthetic approach, and they published 

the thermolysis reaction of 1,2,3-benzothiadiazoles with sulfur (S8) generating pentathiepins. 

ben o entathie in entathie in
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This offered the opportunity to generate fused pentathiepins like pyrazolo-derivatives 

(Scheme II c) [50, 88]. 

 

 

Scheme II. Different synthetic approaches to establish pentathiepin scaffolds. (a) Reaction of cis-

dimercaptoethylene and dichlorotrisulfane to pentathiepin [86]. (b) Reaction of o-dimercaptobenzene with 

dichlorotrisulfane to benzopentathiepin [86]. (c) Thermolysis reaction of 1,2,3-isothiadiazoles to pyrazolo-

pentathiepin [50, 88]. (d) Reaction of N-alkylindoles and disulfur dichloride in chloroform to pentathiepinoindole 

[89, 90]. (e) Reaction of molybdenum oxo bis-tetrasulfide and elemental sulfur with an alkynyl-substituted 

precursor yielding a pentathiepino-pyrrolo[1,2-a]pyrazine [91]. 

After the discovery of varacin in 1991, efforts were made to synthesize this natural 

pentathiepin. One main objective was to confirm the chemical structure, which at the time was 

based solely on spectroscopic evidence. Proceeding from vanillin, varacin was generated in 11 
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steps; the structure of the synthetic compound confirmed the structure of the natural product 

by extensive spectroscopic analyses [92]. 

In 1994, after discovery and evaluation of lissoclinotoxin A and B, first attempts were 

made to synthesize analogs of these natural pentathiepins with improved properties such as 

increased solubility, by, e.g., acetylation [93] or in 2010 by PEG-ylation [94], which would allow 

for improved structural characterization and subsequent testing. 

The synthesis of indole-based pentathiepins was described by Konstantinova et al. in 

2004 and 2005, providing a more straightforward approach to produce heterocyclic 

compounds [89, 90]. The method comprises the reaction of an N-alkylindole with S2Cl2 in 

chloroform (Scheme II d). 

Up until 2013, there were only these few reports on generating heterocyclic 

pentathiepins and none describing the fusion of the pentasulfur ring to tri-heterocyclic 

scaffolds. The serendipitous discovery by Zubair et al. provided a novel synthetic route to such 

compounds. The original aim was to synthesize molybdenum dithiolene complexes by various 

strategies. The reaction, however, resulted in the formation of a pentathiepino-pyrrolo[1,2-

a]pyrazine [91], thus offering the opportunity to create bis- and triheterocyclic pentathiepins. 

Beyond the reaction of o-dithiols with chlorosulfanes, pentathiepins can now be synthesized 

using elemental sulfur and molybdenum oxo bis-tetrasulfide, which reacts readily with 

alkynes under comparably mild conditions (Scheme II e). The prerequisite is an alkynyl-

substituted bis-heterocycle which can be prepared by Sonogashira cross-coupling [95]. This 

discovery tremendously facilitated the synthesis of diverse pentathiepins and paved the way 

for the generation of novel compounds and their subsequent analysis regarding chemical and 

biological properties. 

1.2.2 Biological activity 

The original paper reported the earliest successful synthesis of a pentathiepin in 1971 

[86]. The first biological effect described was the antifungal property of a 7-methyl-

pentathiepin-pyrazole which resulted in several patents in the following years, but research 

regarding other probable activities was not intensified [96-99]. 

Studies on the biological properties of pentathiepins only commenced in 1991 with 

discovering the natural product varacin (Figure 7), extracted from Lissoclinum vareau, and its 

biological activity. These effects comprised growth inhibition of Candida albicans and the colon 
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cancer cell line HCT 116 together with the first evidence for the potential to damage DNA [53]. 

The latter was suggested after varacin showed increased toxicity in a Chinese hamster ovary 

(CHO) cell line deficient in DNA single-strand repair [100].  

Between 1991 and 1994, two other natural pentathiepins were isolated from a Lissoclinum 

species (L. perforatum) (Figure 7). Lissoclinotoxin A, initially described as trithiane and later 

structurally classified as pentathiepin, and lissoclinotoxin B exhibited antibacterial and 

antifungal activity, the former also causing moderate cytotoxicity in leukemia cells [93, 101].  

 

Figure 7. Structures of the naturally occurring pentathiepins varacin and lissoclinotoxin A and B that were 

extracted from marine organisms [93, 101]. 

The potential of polysulfides to induce DNA strand breaks, in this case, single-strand 

breaks (SSB), was already recognized in 1990 regarding leinamycin, possessing no 

pentathiepin but a dithiolane moiety [102]. Here, the researchers claimed for the first time that 

thiols are necessary to activate this polysulfur-containing compound. However, the 

mechanism of action was postulated to take place by alkylation. The involvement of oxidative 

reactions participating in DNA damage by polysulfides was first investigated later and 

subsequently suggested for pentathiepin-containing scaffolds [103].  

Proof of this presumed ability of pentathiepins to cleave DNA was gained in 1998 by 

Chatterji and Gates with 7-methylbenzopentathiepin, an analog of varacin [104] but also for 

varacin itself in 2002 [105]. In a plasmid DNA-based assay, single-strand cleavage was 

observed when a thiol was present and radical scavengers were competent to reduce this 

effect. This indicated the participation of reactive oxygen species (ROS) in the cleavage 

reaction. Furthermore, the researchers proposed that reactive polysulfide anions are created 

in intermediate steps of the reaction, providing the basis for the generation of ROS, which 

eventually cause the DNA strand breaks. 

vara in lisso linotoxin  lisso linotoxin  
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Apart from the high cytotoxicity and antibacterial activity that is supposed to be 

mediated by oxidative DNA damage, several other biological properties were ascribed to 

pentathiepins. In 1994, Compagnone and Faulkner described protein kinase C (PKC) 

inhibition by varacin analogs [52]. PKC activity is, e.g., implicated in diseases of the 

cardiovascular system or neoplastic growth [106, 107]. Resear h with  l heimer’s disease has 

shown the striatal-enriched protein tyrosine phosphatase (STEP) to be a target of pentathiepins 

[108, 109]. STEP regulates pathways relevant to synaptic plasticity, thus cognitive function, 

and is often upregulated in neurodegenerative disorders [110-112]. Interestingly, GSH was not 

necessary for the inhibitory action of the investigated pentathiepins, although it modified the 

potency of the pentathiepins in terms of IC50 values depending on the chemical structure of 

the investigated compounds [108]. 

Regarding applications in anticancer therapy, compounds with a pentathiepin scaffold 

were described as potent inhibitors of tyrosyl-DNA phosphodiesterase 1 (TDP1) [113]. This 

enzyme contributes to DNA repair mechanisms in several neoplastic and neurodegenerative 

diseases and is thus a promising target in this field of research [114, 115]. The antitumor 

activity is further promoted by the high antiproliferative and cytotoxic effects of varacin 

analogs in several cancer cell lines from different origins [94, 116]. 

Another remarkable property of pentathiepins was recently added to this already broad 

range of effects by the group of Prof. Patrick J. Bednarski. Several newly synthesized 

compounds were found to be potent and specific inhibitors of the GPx1, as described in the 

dissertation of Steven Behnisch-Cornwell and published together with more detailed 

biological data in 2020 [117]. Earlier studies already postulated the formation of H2O2 via 

polysulfide anion intermediates as a reaction of the polysulfur ring system with thiols [118]; 

Behnisch-Cornwell and coworkers confirmed an increase of intracellular ROS after the 

treatment of cancer cells with pentathiepins [117]. Additionally, damaged DNA was detected 

in cells, and evidence was gathered indicating the induction of cell death by apoptosis as well 

as disruption of physiological mitochondrial function. 

1.2.3 Postulated mode of action 

Based on the recent literature, the mechanism of action of pentathiepins has been 

postulated (Scheme III). Pentathiepins are thought to mediate their biological effects mainly 

via their sulfur ring system and preferably in the presence of thiols, such as the physiological 
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GSH. GSH initiates a ring-opening reaction through a nucleophilic attack, leading to the 

release of highly reactive polysulfide anions (R-SSnS-) [104, 118, 119]. These, in turn, can both 

directly oxidize targets as well as serve in the generation of superoxide anion. This is the source 

of other reactive oxygen species. Intracellularly, O2●- is dismutated by SOD to dioxygen and 

H2O2, the latter being subject to trace metal-dependent Fenton reaction, resulting in the 

formation of highly oxidizing hydroxyl radicals. 

 

Scheme III. Postulated mode of action of pentathiepins in the presence of glutathione and the resulting reactive 

sulfur and oxygen species [104, 118, 119]. 

This reaction occurs under the consumption of GSH by using approximately six 

equivalents [118], thus contributing to oxidative stress via more than one pathway: firstly, the 

direct generation of ROS and secondly the depletion of intracellular GSH as reductant. 

Another possible effect can be the decreased capacity of the GPx1 enzyme to detoxify reactive 

peroxides due to the inhibition by pentathiepins [117]. In turn, the resulting accumulation of 

ROS has further biological implications, such as the oxidative damage of DNA or 

modifications of lipids, e.g., in the cell membrane or other proteins. 

1.2.4 Inhibition of glutathione peroxidase 1 

Pentathiepins were recently discovered to be potent inhibitors of the GPx1 [117]. The 

GPx enzyme family is critically important for keeping the redox balance of a cell in a 

physiological state. Together with, e.g., catalase (CAT), TrxR, SOD, and GR, they ensure an 

equilibrium of oxidizing and reducing factors. 
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Cancer cells often show increased intracellular levels of ROS due to increased oxidative 

metabolism, which results in a highly stressed intracellular environment [120-122]. ; Many 

chemotherapeutic drugs lead to the further induction of oxidative stress, driving tumor cells 

into ROS-mediated apoptosis. Hence, intervening with the antioxidant capacity of cells and 

tissues presents a promising approach in anticancer therapy [123-125]. One of the leading 

players in keeping the intracellular redox balance, glutathione peroxidase 1, may offer a 

promising target for developing new drug candidates. 

Eight different human isoforms of the GPx exist, GPx1-8, that can be classified as either 

selenocysteine- or cysteine-containing proteins according to the composition of their active 

catalytic center: a tetrad of either selenocysteine or cysteine together with glutamine, 

tryptophan, and asparagine [126-129]. GPx1, 2, 3, 4, and 6 are selenoenzymes, but all derive 

from a cysteine-containing ancestor protein [130, 131]. The reaction rate is highly increased by 

the selenocysteine, the isoforms with cysteine in the active center having lower GPx activity 

[132, 133]. Also, the catalytic center of GPx1 has four arginines surrounding the selenocysteine 

and an additional lysine, which are believed to bind GSH in the active site. This structure of 

the active site differs in other isoforms, together with a decreasing specificity for GSH as a 

reductant. The selenocysteine in the catalytic tetrad contains a selenol group in the form of a 

selenolate that can react with a hydroperoxide (R-OOH; e.g., hydrogen peroxide), thereby 

oxidizing the selenolate to the state of a selenenic acid and releasing the corresponding alcohol 

(R-OH) or water as a byproduct (Scheme IV) [134, 135]. Two GSH are then consumed to reduce 

the selenenic acid back to the selenol state while releasing water and glutathione disulfide as 

products. 

 

Scheme IV. Redox reactions taking place at the selenium in the active center of the GPx1 presented as a 

simplified overview. Adapted from Birringer et al. [135]. 
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The GPx1 and GPx4 are the most prevalent isoforms in cells; thus, this dissertation 

focused on these two enzymes. GPx1 is a homotetramer located in the cytosol and 

mitochondria, and its principal purpose is to maintain the intracellular redox state. Its primary 

substrate is H2O2, but also small hydroperoxides or hydroperoxyl phospholipids. However, it 

does not interact with more complex lipids [136]. GSH and, in exceptional cases, γ-

glutamylcysteine serve as reducing cofactors [137]. Its importance for in vivo redox balance 

was underlined in experiments with knockout mice. Double negative animals survived normal 

oxidative stress but not acute exposition to a high amount of ROS [138, 139]. The GPx4 is a 

monomeric protein located in the cytosol, mitochondria, and sperm nuclei [134, 140] and gets 

recruited toward the cellular membrane upon pro-oxidative stimuli, subsequently protecting 

it from lipid peroxidation [141, 142]. It can reduce hydrogen peroxide but also hydroperoxides 

in both simple and complex lipids [143]. The latter plays a role in the cell death modality of 

ferroptosis, which can be induced by the inactivation of GPx4, resulting in an accumulation of 

toxic lipid peroxides [144, 145]. Apart from using GSH as a reductant, the GPx4 can resort to 

protein-bound thiols as well [146]. A complete knockout of the enzyme in mice resulted in 

death during early embryonic development, which emphasizes the role of this protein as the 

only known major lipid antioxidant [147]. 

In the light of disease diagnosis and prognosis, several research groups have studied the 

expression of GPx1 in various cancer types. In patients with oral squamous cell carcinoma, 

high levels of GPx1 correlated with a poor outcome prediction. Bladder cancer patients had 

higher protein expression at diagnosis than controls and earlier recurrence [148, 149]. In 

contrast, some research groups found a protective effect of the GPx1 when they compared 

healthy and cancerous tissue, including mouse models as well as pancreatic and prostate 

cancer cell lines [150, 151]. Altogether, inhibition of the GPx1 as a key redox-regulating enzyme 

seems to be a double-edged sword regarding the prognosis of diseases and thus as an 

approach for adjuvant therapy. However, one must consider that chemotherapeutic resistance 

mechanisms may be linked to increased expression of GPx1, as well [152]. In 2012, Schulz and 

coworkers reported that the co-incubation of lymphoma cell lines with a weak GPx1 inhibitor 

and anticancer drugs increased the sensitivity of the cells to the antitumor treatment [153]. In 

addition, Behnisch-Cornwell et al. published the significantly higher sensitivity of GPx1-

knockout cells toward the treatment with the chemotherapeutic agents cisplatin, lomustine, 

and temozolomide compared with a parental cell line that expressed GPx1 [154]. 
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These findings that GPx1 is a potential target of pentathiepins [117] reveal a promising 

therapeutic approach in anticancer treatment. The five pyrrolo[1,2-a]quinoxaline and three 

indole-based pentathiepins from the first generation of pentathiepins in the previous study 

exceeded the GPx1 inhibition potential of the so-far best characterized GPx1 inhibitor 

mercaptosuccinic acid (MSA) (Figure 8) [155]. 

 

Figure 8. Basic structures of the first-generation pentathiepins, recently identified as GPx1 inhibitors [117], and 

MSA. 

1.2.5 Apoptosis, ferroptosis and autophagy –Three mechanisms of programmed cell death 

investigated in this dissertation 

Previous studies found evidence for the initiation of apoptosis and precluded ferroptosis 

as a result of treatment with pentathiepins [117]. This thesis investigated these two modalities 

of cell death concerning the novel compounds and, additionally, tested for autophagy as a 

cellular recycling mechanism that can either eventuate in survival or a collapse of the cell. In 

the following, a brief overview of these three pathways is provided, emphasizing the 

particular hallmarks used for analysis. 

Apoptosis is a mechanism of controlled cell death that is a normal process during 

development but can also be triggered by external (extrinsic pathway) and internal (intrinsic 

pathway) stimuli [156]. It aims to avoid the release of intracellular contents into the 

surrounding, thereby preventing the stimulation of inflammation and immune response [157]. 

This thesis focuses on the intrinsic or mitochondrial pathway that is principally dependent on 

cysteine-dependent aspartate-directed proteases (caspases, cas). 

In brief, the mitochondrial apoptotic cascade entails the release of cytochrome c from the 

mitochondria as a result of cellular stress such as DNA damage or a high accumulation of ROS. 

Together with apoptotic protease activating factor 1 (APAF1), it forms the apoptosome and 

recruits monomeric procaspase-9. An (auto)activation occurs by dimerization, resulting in cas-
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9 being able to activate downstream procaspases, for instance, cas-3 and -7, in a cascade-like 

manner. Cas-3 and -7 are also present as zymogens, inactive procaspases, activated by cas-9 to 

their proteolytically active form, now being able to cleave their respective targets, such as 

poly[ADP-ribose] polymerase 1 (PARP1). The active full-length protein (116 kDa) is engaged 

in DNA repair, its cleavage fragments of 24 and 89 kDa a hallmark of apoptosis [158]. Another 

marker that can be investigated is the apoptosis-inducing factor (AIF) and its translocation 

from the inner mitochondrial membrane to the nucleus, where interaction with DNA and its 

subsequent degradation occurs [159, 160]. The mitochondria play a central role in the initiation 

of this apoptosis cascade. Vital organelles sustain a membrane potential, a proton gradient 

across their inner membrane, storing energy essential for ATP synthase to generate energy in 

the form of ATP [161]. Upon decrease or loss of this potential, the release of proteins such as 

cytochrome c and AIF is facilitated. Hence, analysis of the mitochondrial membrane potential 

(MMP) is a means to investigate the initiation of apoptosis. 

Morphological characteristics during apoptosis include shrinkage of the cells and 

blebbing of the membrane [162]. Changes of the membrane also entail externalization of 

phosphatidyl serine (PS) that is otherwise restricted to the inner leaflet of the bilayer [163]. Its 

presentation is an in vivo marker for macrophages to engulf apoptotic cells [164]. In in vitro 

cell cultures, it can serve as a target for fluorophore-labeled molecules in apoptosis detection 

by, e.g., flow cytometry which was performed in the course of this study [165, 166]. 

Ferroptosis is, like apoptosis, a regulated cell death modality but with features clearly 

distinguishing one from the other. Triggers include the interference with the GSH antioxidant 

defense mechanism and the inhibition of GPx4, an enzyme protecting cellular membranes 

from excess lipid peroxidation as a result of increased levels of ROS [144, 167]. It is thus 

associated with an iron-dependent increase in lipid ROS and strongly connected with the 

activity and action of GPx4 [145]. Inhibition of the latter enzyme by pentathiepins is a 

conceivable possibility due to its similarity to GPx1 regarding the active site. For the previous 

generation of compounds, this effect was precluded [117]. However, the novel pentathiepins 

were studied in this respect to confirm their specificity for GPx1. Ferrostatin-1 (Fer-1) is a 

ferroptosis inhibitor, acting by suppressing the formation of lipid ROS [168], that can be used 

to assess the participation of ferroptosis in pentathiepin-mediated cell death and thus is an 

indirect measure of GPx4 inhibition by the compounds [169]. Incubation of the cells with 
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pentathiepins in the presence or absence of Fer-1 would result in different inhibitory 

concentrations if ferroptosis by impaired GPx4 were involved. 

Autophagy, or rather the autophagic flux, is a complex regulated cellular process that 

can eventuate in either cell survival or death [170]. It comprises the proteolytic degradation of 

cellular components or target proteins with the help of lysosomal proteases and can be 

triggered by, i.a., nutrient starvation or other stressors [171, 172]. A sequestering membrane, 

named phagophore, encases the designated cargo, thereby forming the double-layered 

autophagosome. After fusion with a lysosome, creating an autolysosome characterized by an 

acidic environment, the contents are degraded by lysosomal proteases and the resulting 

building blocks, e.g., amino acids, recycled [172-174]. This procedure is accompanied by the 

processing of microtubule-associated protein light chain 3 B (LC3B). LC3B II is formed by 

conjugating phosphatidyl ethanolamine to LC3B I and subsequently incorporated into the 

autophagosomal membrane during its maturation. Upon fusion of the autophagosome with 

the lysosome, LC3B II is recycled back to LC3B I [175]. Levels of LC3B II protein can hence be 

used as an indicator for the increased formation of autophagosomes. Another approach to 

estimate autophagy is using acidotropic dyes such as acridine orange that accumulate in acidic 

organelles, like autolysosomes [176, 177]. However, valid verification of autophagy is more 

complex and needs evaluation of the autophagic flux rather than steady-state observations (as 

extensively reviewed in the Guidelines for the Use and Interpretation of Assays for Monitoring 

Autophagy by Klionsky et al. [178]). The investigations of this dissertation only entail 

indications for autophagy by measuring steady-state LC3B II protein levels and the 

accumulation of acidic organelles by the acidotropic dye acridine orange. 

1.2.6 Pentathiepins of this study 

The pentathiepins investigated in this study were synthesized by Dr. Siva Sankar 

Murthy Bandaru in the group of Prof. Dr. Carola Schulzke in the Department of Bioinorganic 

Chemistry of the Greifswald University. Their synthesis and comprehensive biological 

evaluation were published by Wolff et al. [179] in 2021. 

In total, six different compounds were studied in this project (Figure 9). They constitute 

the second generation of pentathiepins that were investigated and published in the 

cooperation of the two groups.  
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Figure 9. Structures of the pentathiepins 1-6 that were studied with regards to their biological effects. 

The first generation entailed pyrrolo-quinoxaline and indole derivatives. The main 

objective is to synthesize biologically active and applicable compounds, the latter including 

matters of solubility. The first generation of pentathiepins entailed potent GPx1 inhibitors, but 

poor water solubility hampered further biological testing. This issue was addressed with the 

second generation of compounds that were part of the current project. 

Pentathiepin 1 was designed as a fluorescent compound to allow for tracking of 

intracellular distribution. Thus, the pentasulfur ring system was fused to a pyrrolo-pyrazine 

scaffold. The latter belongs to the class of pyrrolo-annelated N-heterocycles, which are used as 

cores of chromophores with fluorescent properties [180]. For the remaining pentathiepins 2-6, 

a different backbone was selected: a fused nicotinamide moiety, a structure that potentially 

improves solubility in water and for which biological activity is well established [181]. To 

obtain the final structures, the nicotinamide was substituted with either piperidine (2), 

morpholine (3), N,N-diethylamine (4), p-fluorophenone-piperazine (5), or p-tosyl-piperazine 
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(6). Especially piperazines find frequent application in the rational design of therapeutic 

agents [182]. Moreover, another widely applied strategy of pharmaceutical chemistry was 

introduced into 5; fluorine can, on the one hand, improve the metabolic stability of a 

compound and, on the other, enhance binding affinities to target proteins [183, 184]. Another 

interesting possibility is to use fluorine as a tracer in 19F- nuclear magnetic resonance (NMR) 

spectroscopy or F- molecular absorption spectrometry (MAS) [185]. 
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2 Aims and objectives 

Pentathiepins represent a class of sulfur-containing small molecules that induce a broad 

range of biological effects. The currently available data, spanning from the early 1990s until 

the present, suggest that these properties contribute to their anticancer activity. Not only the 

inhibition of the GPx1 as a critical enzyme in redox homeostasis renders these polysulfur 

structures an interesting class of compounds. Their capability to slow the proliferation of 

cancer cells and induce apoptosis as a controlled form of cell death marks them as potential 

antitumor drugs. Still, no attempt as of yet has been made of a detailed analysis of structure-

activity relationships (SARs) or a comparison of a variety of biological effects over several 

cancer cell lines. Furthermore, the inhibition of GPx1 and the cytotoxicity caused by the 

pentathiepins have not been directly correlated to date. Hence, this dissertation aimed to 

provide more detailed insight into the in vitro effects caused by pentathiepins in various 

cancer cells cell lines as well as to identify possible structure-activity relationships. 

Several starting points for the investigations of this thesis have ensued from the 

postulated mechanism of action (Figure 10). Firstly, the potential of the compounds to inhibit 

the isolated GPx1 was assessed with an enzyme activity assay. In this context, the specificity 

was studied by testing the inhibitory potential of the compounds on other antioxidant 

enzymes, namely GR, CAT, and TrxR. After that, screening for cytotoxicity across a panel of 

14 human cancer cell lines was performed, applying the MTT assay to measure viability and 

the crystal violet assay to determine cell proliferation after treatment with the compounds. 

Distinct cancer cell lines were selected and underwent further and more detailed biological 

testing. The induction of oxidative stress was analyzed with a ROS-sensitive dye, and 

subsequently, the DNA-damaging potential of the pentathiepins was studied. Plasmid 

cleavage assays were used to shed light upon the concentration of pentathiepin necessary to 

damage DNA and the influence of distinct parameters on this reaction. To investigate whether 

DNA strand breaks also occur inside cells, the Comet assay was applied. Further emphasis 

was directed toward the cellular pathways that either result in death, such as apoptosis or 

ferroptosis, or are ambiguous in this respect, like autophagy, to understand the cytotoxicity of 

the compounds better. Moreover, the mechanism of action of pentathiepins was further 

investigated by influencing the parameters such as atmospheric oxygen levels or GSH 
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concentration into studies concerning the cytotoxicity, the induction of oxidative stress, and 

the generation of DNA strand breaks.  

 

Figure 10. The mechanism of action exerted by pentathiepins based on the postulations of previous studies 

[179]. Magnifying glasses highlight the subjects of this dissertation.  

A final aim was to deduce structure-activity relationships to help optimize future 

compounds' structure and composition. This was accomplished by considering all biological 

effects explored in this thesis and creating a cytotoxicity profile for each pentathiepin.  

In summary, these investigations were expected to contribute to a comprehensive 

insight into the cellular effects of pentathiepins and how oxidative stress, DNA damage and 

cell death, and cell cycle aberrations intertwine and promote the high cytotoxicity of these 

compounds. An improved understanding of these biological effects could offer new prospects 

on how this promising class of compounds can be exploited in adjuvant anti-cancer therapy.  
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3 Material and Methods 

3.1 Devices 

Table 1. Instruments. 

Device Manufacturer 

analytical balance 

"MC 1 Research RC 210 P" 

"Entris 64I-1S" 

 

Sartorius, Göttingen, D 

Sartorius, Göttingen, D 

Automatic cell counter "EVE" NanoEnTek, Seoul, KR 

Bottle Top Dispenser "Dispensette" Brand, Wertheim, D 

Centrifuges 

"Biofuge primo R" 

"Heraeus Multifuge X1R" 

 

Heraeus, Hanau, D 

Thermo Fisher Scientific, Waltham, US 

Chemiluminescence and Fluorescence Imaging System  

"Adv. Fluorescence Imager & Chemo Cam" 

 

Intas Science Imaging, Göttingen, D 

CO2 incubators 

"HERAcell" 

"HERAcell 150i" 

 

Heraeus, Hanau, D 

Thermo Fisher Scientific, Waltham, US 

Cryogenic storage vessel "Arpege 40" Air Liquide, Paris, FR 

 igital  amera "Sony α     SLR-A100K" Sony Corporation, Tokyo, JP 

Electrophoresis chambers 

"Criterion Cell" 

"Mini Protein Tetra Cell" 

Horizontal electrophoresis chamber for DNA separation 

 

Bio-Rad, Munich, D 

Bio-Rad, Munich, D 

CBS Scientific, San Diego, US 

Electrophoresis Power Supplies 

"Power Pac 300" 

"VWR Power Source 250 V" 

 

Bio-Rad, Munich, D 

VWR, Hanover, D 

Flow Cytometer "MACSquant Analyzer 10" Miltenyi Biotec, Bergisch Gladbach, D 

Fluid Aspiration System  

"BVC Basic" 

 

Vacuubrand, Wertheim, D 

Fluorescence Microscope "Leica DMi8" Leica, Munich, D 

Freezing Container "Mr. Frosty" Nalgene, Rochester, US 

Gel Imaging System "Gel-Doc EZ Imager" Bio-Rad, Munich, D 

Heat sealer "Severin Folio" Severin, Sundern, D 

Ice machine Ziegra Eismaschinen, Isernhagen, D 

Inverted light microscope "Axiovert 25" Carl Zeiss, Jena, D 

Laboratory Scales "PT310" Sartorius, Göttingen, D 

Magnetic Stirrer 

"Ikamag REO" 

"MR3001" 

 

IKA, Staufen, D 

Heidolph Instruments, Schwabach, D 

Micro Scales "MC1 Laboratory LC 620 P" Sartorius, Göttingen, D 

Microplate Reader 

"SpectraMax 384 Plus" 

"SpectraMax i3x" 

"Infinite M200 Pro" 

 

Molecular Devices, San José, US 

Molecular Devices, San José, US 

Tecan, Männedorf, CH 
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Microplate Shaker  

"TiMix 5" 

"MS 3 digital" 

 

Edmund Bühler GmbH, Bodelshausen, D 

IKA, Staufen, D 

Mini centrifuge  

"Galaxy Mini" 

"Galaxy MiniStar" 

 

VWR, Hanover, D 

VWR, Hanover, D 

Particle Counter "Coulter Particle Count & Size Analyzer Z2" Beckmann Coulter, Miami, US 

pH meter "Microprocessor pH Meter pH 539" WTW, Weilheim, D 

Pipets 

"Transferpette S" (100 µL) 

"Transferpette-8" (200 µL) 

"Transferpette-12" (200 µL) 

"Eppendorf Research" (200, 1000 µL) 

"Labopette" (200 µL) 

"Vitlab" (10, 100, 1000, 5000 µL) 

"Transferpettor" 

 

Brand, Wertheim, D 

Brand, Wertheim, D 

Brand, Wertheim, D 

Eppendorf, Hamburg, D 

Hirschmann Laborgeräte, Eberstadt, D 

Carl Roth, Karlsruhe, D 

Brand, Wertheim, D 

Pipetting Aid "Accupette" VWR, Hanover, D 

Platform Rocker "RT 26" Analytik Jena, Jena, D 

Safety Cabinets 

"Herasafe KS 12" 

"HS 12" 

 

Thermo Fisher Scientific, Waltham, US 

Heraeus, Hanau, D 

Seven2Go™ Pro dissolved oxygen meter S9 Mettler Toledo, Greifensee, CH 

Thermoshaker "Thermomixer Comfort" Eppendorf, Hamburg, D 

Tube tilt/roller "RS-TR05" Phoenix Instruments, Garbsen, D 

Ultra-pure water system "Purelab Flex 3" ELGA Lab Water, High Wycombe, GB 

Ultrasonic bath "Qualilab USR 30 H" Merck, Darmstadt, D 

Vacuum Handgrip "VHCpro" (incl. 8-channel adapter) Vacuubrand, Wertheim, D 

Vacuum Pumps 

"ME 1C" 

"XX5522050" 

 

Vacuubrand, Wertheim, D 

Millipore Corporation, Burlington, US 

Vortexer 

"Lab dancer digital" 

"REAX Top" 

"Vortex 2" 

"Vortex-Genie 2" 

 

VWR, Hanover, D 

Heidolph Instruments, Schwabach, D 

IKA, Staufen, D 

Scientific Industries, Bohemia, US 

Water baths 

"1008" 

"Thermolab" 

 

GFL, Burgwedel, D 

GFL, Burgwedel, D 

Western Blotting Transfer System  

"Trans-Blot Turbo Transfer System" 

 

Bio-Rad, Munich, D 

3.2 Chemicals and Reagents 

Table 2. Chemicals and reagents. 

Description Item Number Manufacturer 

2',7'-dichlorodihydrofluorescein diacetate 

(H2DCFDA) 

D6883 Sigma-Aldrich, Munich, D 

2-Mercaptoethanol  4227 Carl Roth, Karlsruhe, D 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 

bromide (MTT) 

10184735 Alfa Aesar, Karlsruhe, D 

4′,6-diamidino-2-phenylindole (DAPI) A1001 AppliChem, Darmstadt, D 
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Acetic acid, glacial - internal supply 

Agarose 

"Molecular biology grade" 

"low melt" 

 

604-001 

6351.1 

 

GeneOn, Ludwigshafen, D 

Carl Roth, Karlsruhe, D 

Annexin V-FITC Kit 130-092-052 Miltenyi Biotec, Teterow, D 

BD MitoScreen (JC-1) Kit 551302 BD Biosciences, San Diego, US 

Bovine serum albumin (BSA) 01400 Biomol, Hamburg, D 

Bradford Reagent "Roti-Nanoquant" K880 Carl Roth, Karlsruhe, D 

Bromophenol blue A512 Carl Roth, Karlsruhe, D 

Carbonyl cyanide 3-chlorophenylhydrazone (CCCP) L06932 Alfa Aesar, Karlsruhe, D 

Caspase activation assays  

 luores ent, EarlyTox™  as ase-3/7 R110 Assay-Kit 

luminescent, Caspase-Glo® 3/7 Assay 

 

#R8346 

G8091 

 

Molecular Devices, San José, US 

Promega, Madison, US 

Catalase (bovine enzyme) C1345-1G Sigma-Aldrich, Munich, D 

Cell Culture Medium 

"RPMI 1640 (Roswell Park Memorial Institute)" 

"IMDM (Iscove's Modified Dulbecco's Medium)" 

 

P04-16500 

P04-20250 

 

PAN Biotech, Aidenbach, D 

PAN Biotech, Aidenbach, D 

Chemiluminescence substrate solution  

"Clarity Western ECL Substrate" 

 

170-5061 

 

Bio-Rad, Munich, D 

Cisplatin (CDDP) 10471 Alfa Aesar, Karlsruhe, D 

Coverslip Sealant "CoverGrip Coverslip Sealant" 23005 Biotium, Fremont, US 

Dimethyl sulfoxide (  S ) ≥ 99 % (v v) 

for cell culture 

for MTT Assay 

 

A994 

7029 

 

Carl Roth, Karlsruhe, D 

Carl Roth, Karlsruhe, D 

 imethyl ormamide (   ) ≥ 99 % (v v)  or  ell 

culture 

D4551  Sigma-Aldrich, Munich, D 

Dipotassium phosphate, K2HPO4 trihydrate 1.05099.1000 Merck, Darmstadt, D 

Disodium hydrogen phosphate, Na2HPO4 dihydrate 1.06580.0500 Merck, Darmstadt, D 

Dithiothreitol (DTT) 6008 Carl Roth, Karlsruhe, D 

Doxorubicine (Doxo) gift Pharmacia & Upjohn, Stockholm, S 

Ethanol 99 % (v/v) - internal supply 

Ethylenediaminetetraacetic acid (EDTA) E5134 Sigma-Aldrich, Munich, D 

Fetal Calf Serum (FCS) F7524 Sigma-Aldrich, Munich, D 

GelRed #41003 Biotium, Fremont, US 

Glutaraldehyde, 50 % 4995.1 Carl Roth, Karlsruhe, D 

Glutathione peroxidase (from bovine erythrocytes) G-6137-500UN Sigma-Aldrich, Munich, D 

Glutathione reductase (from bakers yeast) G3664-500UN Sigma-Aldrich, Munich, D 

Glutathione, oxidized (GSSG) 6378.1 Carl Roth, Karlsruhe, D 

Glutathione, reduced (GSH) 6382.3 Carl Roth, Karlsruhe, D 

Gly erol ≥ 99 % (v v) G5516 Sigma-Aldrich, Munich, D 

Glycine 3908 Carl Roth, Karlsruhe, D 

Hydrochloric acid, HCl - internal supply 

Hydrogen peroxide, H2O2 30 % (w/v) in H2O H1009 Sigma-Aldrich, Munich, D 

Immersion Oil Type F 11513859 Leica, Munich, D 

Lipid peroxidation sensor BODIPY665/676 B3932 Thermo Fisher Scientific, Waltham, US 

MACSquant reagents 

"Bleach Solution" 

"Calibration Beads" 

"Running Buffer" 

"Storage Solution" 

"Washing Solution" 

 

130-093-663 

130-093-607 

130-092-747 

130-092-748 

130-092-749 

 

Miltenyi Biotec, Teterow, D 

Miltenyi Biotec, Teterow, D 

Miltenyi Biotec, Teterow, D 

Miltenyi Biotec, Teterow, D 

Miltenyi Biotec, Teterow, D 

Measurement and rinse solution "Coulter Isoton II" 8448044 Beckmann Coulter, Miami, US 
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Milk powder T145 Carl Roth, Karlsruhe, D 

Monopotassium phosphate, KH2PO4  - internal supply 

Mounting Medium (aqueous)  

"Fluoromount Aqueous Mounting Medium" 

 

F4680 

 

Sigma-Aldrich, Munich, D 

MycoAlert 

"Assay control set" 

"Mycoplasma Detection Kit" 

 

LT07-518 

LT07-218 

 

Lonza, Basel, CH 

Lonza, Basel, CH 

Nicotinamide adenine dinucleotide phosphate 

(reduced), NADPH 

 

AE14.2 

 

Carl Roth, Karlsruhe, D 

N-lauroyl sarcosine sodium salt  8.14715.0100 Merck, Darmstadt, D 

p-nitrophenyl phosphate (PNPP) disodium salt 

∙6H2O 

4165.1 Carl Roth, Karlsruhe, D 

Penicillin G/Streptomycin (10 000 U/mL / 10 mg/mL) P06-07100 PAN Biotech, Aidenbach, D 

pentathiepins 

1 

2 

3 

4 

5 

6 

 

SIV01.93 (25) 

SIV01.154A 

(21a) 

SIV01.176 (21b) 

SIV01.183 (21c) 

SIV01.215 (21d) 

SIV01.217 (21e) 

 

synthesized by Dr. Siva Sankar  

Murthy Bandaru 

Work group Prof. Dr. Carola Schulzke 

Department of Bioinorganic Chemistry 

Institute of Biochemistry 

Greifswald University, D 

Phosphate-buffered saline (PBS) w/o Ca2+/Mg2+ P04-36500 PAN Biotech, Aidenbach, D 

Plasmid DNA pBR322 SD0041 Thermo Fisher Scientific, Waltham, US 

Potassium dichromate, K2Cr2O7 - internal supply 

Precast gels  

"Criterion TGX Stain-Free Precast Midi Protein Gels" 

4-15 % 

"Mini-Protean TGX Stain-Free Protein Gels" 4-15 % 

 

5671084 

4568083 

 

Bio-Rad, Munich, D 

Bio-Rad, Munich, D 

Primary antibodies 

"rabbit anti-human AIF" 

"rabbit anti-human Bcl-2" 

"rabbit anti-human GPx1" 

"rabbit anti-human GPx4" 

"rabbit anti-human Catalase" 

"rabbit anti-human Caspase-3" 

"rabbit anti-human Caspase-7" 

"rabbit anti-human Caspase-9" 

"rabbit anti-human PARP1" 

"rabbit anti-human LC3B" 

"mouse anti-human Peroxiredoxin 1" 

"rabbit anti-human Peroxiredoxin 2" 

"rabbit anti-human Thioredoxin 1" 

"rabbit anti-human Thioredoxin 2" 

 

4642 

02600 PU-N 

3206 

AB125066 

219010 

14220 

12827 

9502 

9542 

2775 

LF-MA0214 

- 

- 

- 

 

Cell Signaling, Leiden, NL 

Acris/Origene, Rockville, US 

Cell Signaling, Leiden, NL 

Abcam, Cambridge, GB 

Cell Signaling, Leiden, NL 

Cell Signaling, Leiden, NL 

Cell Signaling, Leiden, NL 

Cell Signaling, Leiden, NL 

Cell Signaling, Leiden, NL 

Cell Signaling, Leiden, NL 

AbFrontier, Seoul, KR 

Kindly provided by PD Dr. Lillig 

Kindly provided by PD Dr. Lillig 

Kindly provided by PD Dr. Lillig 

Propidium iodide (PI) 81845 Sigma-Aldrich, Munich, D 

Protease Inhibitor Cocktail (PIC) P8340 Sigma-Aldrich, Munich, D 

Protein Ladder  

"PageRuler Prestained Protein Ladder" 10-180 kDa 

 

26616 

 

Thermo Fisher Scientific, Waltham, US 

Ribonuclease A (RNase A) 90 U/mg 7156 Carl Roth, Karlsruhe, D 

Secondary antibodies 

"goat anti-rabbit secondary HRP conjugate" 

"goat anti-rabbit secondary rhodamine conjugate" 

"goat anti-mouse secondary HRP conjugate" 

"goat anti-mouse secondary FITC conjugate" 

 

A6154 

31670 

ABIN101744 

10006617 

 

Sigma-Aldrich, Saint Louis, US 

Thermo Fisher Scientific, Rockford, US 

Antibodies Online GmbH, Aachen, D 

Cayman Chemical, Ann Arbor, US 

Sodium chloride, NaCl 3957 Carl Roth, Karlsruhe, D 



Material and Methods 

28 

 

Sodium dihydrogen phosphate, NaH2PO4 

monohydrate 

- internal supply 

Sodium dodecyl sulfate (SDS) L4390 Sigma-Aldrich, Munich, D 

Sodium fluoride, NaF 
 

internal supply 

Sodium hydroxide, NaOH 
 

internal supply 

Sodium orthovanadate, Na3VO4 13721-39-6 AppliChem, Darmstadt, D 

stable glutamine 200 mM (100×) P04-82100 PAN Biotech, Aidenbach, D 

Storage Solution "Coulter Clenz" 8546931 Beckmann Coulter, Miami, US 

Stripping buffer "Roti-Free Stripping Buffer" 0083 Carl Roth, Karlsruhe, D 

tert-Butyl hydroperoxide (tert-BHP) 70 % (w/v) in 

H2O 

458139 Sigma-Aldrich, Munich, D 

Thioredoxin reductase (rat enzyme expressed in E. 

coli) 

- Kindly provided by PD Dr. Lillig 

Tris-base 5429 Carl Roth, Karlsruhe, D 

Tris-HCl 9090 Carl Roth, Karlsruhe, D 

Triton X-    ≥ 99 % (v v) T9284 Sigma-Aldrich, Munich, D 

Trypsin-EDTA (0.5 g/L / 0.2 g/L) T3924 Sigma-Aldrich, Munich, D 

Tween-20 >95 % 9127 Carl Roth, Karlsruhe, D 

Western Blotting Transfer packs 

"Trans-Blot Turbo Midi PVDF Transfer Packs" 

"Trans-Blot Turbo Mini PVDF Transfer Packs" 

"Trans-Blot Turbo Midi Nitrocellulose Transfer 

Packs" 

"Trans-Blot Turbo Mini Nitrocellulose Transfer 

Packs" 

 

1704157 

1704156 

1704159 

1704158 

 

Bio-Rad, Munich, D 

Bio-Rad, Munich, D 

Bio-Rad, Munich, D 

Bio-Rad, Munich, D 

3.3 Buffers and solutions 

Table 3. Buffers and solutions. 

Description Composition 

For Western Blotting  

Laemmli buffer 4× 0.8 g DTT 

1.0 mg bromophenol blue 

3.0 mL glycerol 

2.0 mL 30 % (w/v) SDS 

2.0 mL Tris buffer, 1 M, pH 6.8 

1.0 mL H2O 

Running Buffer Western Blotting 10× 250 mM Tris 

2.0 M glycine 

35 mM SDS 

in H2O 

Lysis Buffer Western Blotting 50 mM Tris buffer, pH 7.6 

100 mM NaCl 

100 mM NaF 

5.0 mM EDTA 

0.2 mM Na3VO4 

0.1 % (v/v) Triton X-100 

1.0 % (v/v) PIC (added immediately before use) 

in H2O 

Blocking solution Western Blotting 10 % (w/v) milk powder in TBS-T buffer 
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TBS buffer Western Blotting 5× 100 mM Tris 

725 mM NaCl 

in H2O 

TBS-T buffer Western Blotting 20 % (v/v) 5× TBS 

0.05 % (v/v) Tween-20 

in H2O 

For cell-based assays  

MTT solution 2.5 mg/mL MTT in PBS 

Crystal violet solution 0.02 % (w/v) crystal violet in H2O 

APH assay buffer 0.1 M sodium acetate  

0.1 % (v/v) Triton X-100, pH 5.2 

For DNA gel electrophoresis  

Sodium phosphate buffer 10× 

pH 7.1, 6.1, 5.1 

500 mM NaH2PO4/Na2HPO4 

in H2O 

Electrophoresis Buffer Plasmid Cleavage Assay, 50× TAE 2 M Tris 

1 M acetic acid 

50 mM EDTA 

in H2O 

Electrophoresis Buffer Plasmid Cleavage Assay, 1× TAE 2 % (v/v) TAE 50× in H2O 

Alkaline Lysis Buffer Comet Assay (pH > 13) 1.2 M NaCl 

0.1 % (w/v) N-Lauroyl sarcosinate 

0.1 M EDTA 

0.26 M NaOH 

in H2O 

Alkaline Rinse/Electrophoresis Buffer Comet Assay (pH > 

13) 

2 mM EDTA 

30 mM NaOH 

in H2O 

For flow cytometric analyses  

Cell cycle staining solution 1 % (v/v) RNase A (10 mg/mL in H2O) 

1 % (v/v) PI (2.5 mg/mL in H2O) 

in PBS 

ROS Assay staining solution 20 µM H2DCFDA (10 mmol/L stock in DMSO) in 

PBS 

Apoptosis Assay 5 % (v/v) Binding Buffer (20×) in H2O 
 

100 µg/mL PI in H2O 

For immunofluorescence  

Fixation solution 4 % (v/v) paraformaldehyde in PBS 

Permeabilization/Wash buffer (PW buffer) 0.1 % (v/v) Triton X-100 in PBS 

Blocking solution 10 % (v/v) goat serum 

0.3 M glycine 

in PW buffer 

For enzymatic assays  

GPx assay buffer (also used for GR and Cat assay) pH 7.4 50 mM KH2PO4/K2HPO4 

1.1 mM EDTA 

0.01 % (v/v) Triton X-100 

in H2O 

TrxR assay buffer 100 mM KH2PO4/K2HPO4 

2.0 mM EDTA-Na2 

in H2O 

Potassium dichromate solution 1 part of a 5.0 % (w/v) K2Cr2O7 solution in H2O 

two parts of glacial acetic acid 
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3.4 Human Cancer Cell Lines 

Table 4. Human cancer cell lines. 

Cell line Cell type 
Origin 

[sex, age, year] 
DSMZ number 

A2780 ovarian adenocarcinoma f, - , 1985 - 

A2780cis cisplatin-resistant variant of A2780 - - 

A-427 lung carcinoma m, 52, 1973 ACC 234 

DanG pancreas carcinoma f , 68, 1985 ACC 249 

HAP-1 
near-haploid cell line derived from CML  

cell line KBM-7 
m, 40, 1995 - 

HAP-1.KO.GPx1 
GPx1 knockout cell line derived from  

HAP-1 
- - 

Kyse-70 esophageal squamous cell carcinoma m, 77, 1992 ACC 363 

LCLC-103H large cell lung carcinoma m, 61, 1988 ACC 384 

MCF-7 breast adenocarcinoma f, 69, 1970 ACC 115 

PATU-8902 pancreas adenocarcinoma f, 44, 1985 ACC179 

Siso cervix adenocarcinoma f, 67, 1995 ACC 327 

RT-4 urinary bladder transitional cell carcinoma m, 63, 1968 ACC 412 

RT-112 urinary bladder transitional cell carcinoma f, - , 1973 ACC 418 

YAPC pancreas carcinoma m, 43, 1993 ACC 382 

 

The majority of the cell lines used were obtained from the Deutsche Sammlung von 

Mikroorganismen und Zellkulturen (DSMZ). The two lines A2780 and A2780cis were a kind 

gift of Dr. Julie A. Woods (Ninewells Hospital, University of Aberdeen, UK), and both HAP-1 

cell lines were obtained from Horizon (Cambridge, UK). 

3.5 Cell Culture Media 

Table 5. Cell culture media and composition. 

Description Composition 

Culture Medium for HAP-1 and HAP-1.KO.GPx1 IMDM medium 

+ 10 % FCS 

+ 1 % stable glutamine (200 mM) 

+ 100 U/mL /0.1 mg/mL Pen/Strep 

Culture Medium for all other cell lines used RPMI 1640 medium 

+ 10 % FCS 

+ 100 U/mL /0.1 mg/mL Pen/Strep 

Freezing Medium RPMI 1640 medium 

+ 20 % FCS 

+ 10 % DMSO 
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3.6 Consumables 

Table 6. Consumables 

Description Item Number Manufacturer 

Cover slips 20×20 mm H873 Carl Roth, Karlsruhe, DE 

Cell counting slides "EVE" incl. 0.4 % (w/v) trypan blue 

solution EVS-050 NanoEnTek, Seoul, KR 

Cell culture flasks 

25 cm² growth surface 

75 cm² growth surface 

175 cm² growth surface 

83.3910.002 

83.3911.002 

83.3912.002 

Sarstedt, Nürnbrecht, D 

Sarstedt, Nürnbrecht, D 

Sarstedt, Nürnbrecht, D 

Cell Scraper 

16 cm 

39 cm 

83.1832 

83.1831 

Sarstedt, Nürnbrecht, D 

Sarstedt, Nürnbrecht, D 

Centrifuge tubes 

15 mL 

50 mL 

62.554.502 

62.547.254 

Sarstedt, Nürnbrecht, D 

Sarstedt, Nürnbrecht, D 

Chamber slides, 4-well 94.6170.402 Sarstedt, Nürnbrecht, D 

Cryogenic tubes "CryoPure" 1.8 mL 72.379 Sarstedt, Nürnbrecht, D 

Dewar container 

"26 B" 

"SCH 18 CAL" 

1211 

1194 

KGW Isotherm, Karlsruhe, DE 

KGW Isotherm, Karlsruhe, DE 

Microplates 

6-well, transparent, cell culture 

96-well, transparent, cell culture 

96-well, transparent, non-sterile 

83.3920 

83.3924 

82.1581 

Sarstedt, Nürnbrecht, D 

Sarstedt, Nürnbrecht, D 

Sarstedt, Nürnbrecht, D 

microscopic glass slides, frosted ends   

Pasteur pipettes 

150 mm 

230 mm 

4518 

4522 

Carl Roth, Karlsruhe, DE 

Carl Roth, Karlsruhe, DE 

Pipet tips 

0.5-20.0 µL 

2.0-200 µL 

50.0-1000 µL 

500-5000 µL 

Capillary tips 

613-2319 

613-2329 

613-2332 

612-5701 

732-0508 

Sarstedt, Nürnbrecht, D 

Sarstedt, Nürnbrecht, D 

Sarstedt, Nürnbrecht, D 

Sarstedt, Nürnbrecht, D 

VWR, Hanover, DE 

Reaction tubes 

1.5 mL, transparent 

1.5 mL, brown 

2.0 mL 

72.706 

780525 

72.695.500 

Sarstedt, Nürnbrecht, D 

Brand, Wertheim, DE 

Sarstedt, Nürnbrecht, D 

Serological pipets 

1.0 mL 

5.0 mL 

10 mL 

25 mL 

86.1251.025 

86.1253.025 

86.1254.025 

86.1685.001 

Sarstedt, Nürnbrecht, D 

Sarstedt, Nürnbrecht, D 

Sarstedt, Nürnbrecht, D 

Sarstedt, Nürnbrecht, D 
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3.7 Software 

Table 7. Software used. 

Software Version Manufacturer 

Accelrys Draw 4.1 Accelrys, San Diego, US 

EVE PC 1.0 NanoEnTek, Seoul, KR 

i-Control 3.7 Tecan, Männedorf, CH 

Image Lab 6.0 Bio-Rad Laboratories, Watford, GB 

LabImage ID L340 4.1 Intas Science Imaging, Göttingen, DE 

LAS X 1.5 Leica, Munich, DE 

MACS Quantify 2.6 Miltenyi Biotec, Bergisch Gladbach, DE 

Office Professional Plus 2013 15.0 Microsoft, Redmond, US 

Prism 7 and 9 7.2 and 9.2 GraphPad Software, La Jolla, US 

SoftMax Pro 6.4 Molecular Devices, San José, US 

Biovia Draw 17.1 

3ds Dassault Systémes, Vélizy-Villacoublay, 

F 

Inkscape 1.0 Free Software Foundation, Inc, Boston, US 

3.8 Enzymatic Assays 

In previous studies, pentathiepins were shown to be potent and specific inhibitors of the 

GPx1 with inhibitory concentrations in the low micromolar range, being more efficient than 

the hitherto most powerful compound mercaptosuccinic acid (MSA) [155]. In this dissertation, 

enzymatic activity assays were performed to assess the inhibitory potential of the new 

compounds for GPx1. Furthermore, to prove specificity, assays examining their inhibitory 

activity toward other key antioxidative enzymes were conducted. This included the 

selenocysteine-containing TrxR, which could be targeted by pentathiepins due to this 

particular amino acid in its catalytic center (Gly-Cys-Sec-Gly). Also, the inhibition of GR was 

assessed as this enzyme is an essential part of the GPx assay, and inhibition of GR would 

render the assay invalid, resulting in false positives. Finally, the antioxidative enzyme catalase 

was included as another H2O2-detoxifying enzyme. All enzymatic assays were performed and 

measured at 25 °C.  

3.8.1 Glutathione peroxidase assay 

This assay was first developed by Paglia and Valentine in 1967 [186] and is based on the 

catalytic cycle of GPx1 enzyme, which detoxifies hydrogen peroxide or other organic 

peroxides to water or the corresponding alcohol under conversion of 2 GSH to the disulfide 

GS-SG (Scheme IV). In this assay, bovine GPx1 (Bos taurus) was used, with a 90.8 % sequence 

similarity with the human ortholog (EMBOSS alignment; http://emboss.open-bio.org/). 
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Instead of hydrogen peroxide, tert-butyl hydroperoxide (t-BHP) was added as a peroxide, 

which allows for more reproducible addition of peroxide equivalents than hydrogen peroxide. 

The indicator reaction comprises GR, which recycles GS-SG back to GSH while oxidizing 

NADPH to NADP+. The decrease in absorbance of NADPH during the reaction was monitored 

at  = 340 nm and used as an indirect measure of GPx1 activity. Uninhibited GPx1 produces 

GS-SG that is converted back to GSH by GR, thus resulting in the decrease of NADPH, while 

an inhibited GPx1 leads to less GS-SG formation and ultimately to reduced consumption of 

NADPH. In a negative control sample, where just solvent was applied, the activity of the 

uninhibited GPx1 enzyme was determined. For the test compounds, a serial dilution of eight 

concentrations was prepared, the enzyme activity was observed and calculated in relation to 

the uninhibited enzyme from the negative control sample. Using linear regression analysis, 

dose-response relationships were determined, and the 50% inhibition concentrations (i.e., IC50 

values) were derived to assess the inhibitory potential of the pentathiepins. 

In a UV-permeable 96-well plate, 180 µL of GPx1 (0.125 U/mL) in Assay Buffer (50 mM 

of potassium phosphate, 1.1 mM of EDTA, 0.01 % (v/v) of Triton X-100, pH 7.4) were added in 

triplicate per experiment. For background correction, the Assay Buffer without GPx1 was 

used. Nine serial dilutions of the pentathiepins were prepared in DMF from 125 to 50.0 µM, 

giving a final concentration range from 12.5 µM to 0.05 µM. Per well, 30 µL of the inhibitor or 

DMF as solvent control was added. Subsequently, 30 µL of a GSH solution (2.5 mM) and 30 µL 

of the prepared NADPH/GR mixture (2.0 U/mL; 2.0 mM) were pipetted to each well. 

Immediately before the measurement, 30 µL of a t-BHP solution (5.0 mM) was added to start 

the reaction. The final concentrations were 0.075 U/mL of GPx1, 0.2 U/mL of GR, 0.25 mM of 

GSH, 0.2 mM of NADPH, 0.5 mM of t-BHP and pentathiepin concentrations between 12.5 and 

0.05 µM in a total volume of 300 µL (Table 8).  

Table 8. Overview of the composition of the GPx1 assay. 

Component final concentration working solution volume in assay 

GPx1 0.075 U/mL 0.125 U/mL in assay buffer 180 µL* 

Inhibitor 0.05-12.5 µM 0.5-125.0 µM in DMF 30 µL** 

GSH 0.25 mM 2.5 mM in assay buffer 30 µL 

GR 0.200 U/mL 2.0 U/mL in assay buffer 
30 µL 

NADPH 0.20 mM 2.0 mM in assay buffer 

t-BHP 0.50 mM 5.0 mM in H2O 30 µL 

* assay buffer without GPx1 for background; ** DMF for negative control  
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The decrease of NADPH was monitored every 15 s for 30 min at λ = 340 nm with a 

SpectraMax 384 Plus. 

3.8.2 Glutathione reductase assay 

This GR assay is adapted from the previously described GPx1 assay and aims to exclude 

the GR as a potential target of the pentathiepins to guarantee the validity of the GPx1 assay. 

Glutathione reductase (from Saccharomyces cerevisiae, sequence similarity with human 

ortholog 57.8 %, EMBOSS alignment; http://emboss.open-bio.org/) reduces GS-SG to GSH 

under consumption of NADPH which can be monitored at λ = 340 nm. Fixed inhibitor 

concentrations of 25.0 µM were added and compared to the activity of the uninhibited enzyme 

treated only with the solvent DMF. 

To each well of a 96-well UV-permeable plate, 180 µL of Assay buffer (50 mM of 

potassium phosphate, 1.1 mM of EDTA, 0.01 % (v/v) of Triton X-100, pH 7.4) were pipetted. 

Successively, 30 µL of a GR solution (2.0 U/mL), the inhibitor (0.25 mM) or DMF, and an 

NADPH solution (2.0 mM) were added. Finally, 30 µL of a GS-SG solution (2.5 mM) were used 

per well to start the reaction. The final concentrations were 0.2 U/mL of GR, 25.0 µM of 

inhibitor, 0.25 mM of GS-SG, and 0.2 mM of NADPH (Table 9). The decrease of NADPH was 

measured at λ = 340 nm every 15 s for 30 min at room temperature with a SpectraMax 384 Plus. 

The inhibition of GR was calculated by relating the activity of the pentathiepin-treated samples 

to the negative control with DMF. 

Table 9. Overview of the composition of the GR assay. 

Component final concentration working solution volume in assay 

GR 0.2 U/mL 2 U/mL in assay buffer 30 µL* 

Inhibitor 25.0 µM 0.25 mM in DMF 30 µL** 

GS-SG 0.25 mM 2.5 mM in assay buffer 30 µL 

NADPH 0.2 mM 2.0 mM in assay buffer 30 µL 

assay buffer - - 180 µL 

* assay buffer without GR for background; ** DMF for negative control 

3.8.3 Catalase assay 

The assay is based on a previously described method for the colorimetric detection of 

catalase [187]. It makes use of the fact that in the presence of H2O2 and heat, dichromate in 

acetic acid is reduced to chromic acetate via perchromic acid as an unstable intermediate. The 

catalase used was of bovine origin (Bos taurus) and shares 95.8 % of the protein sequence with 
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the human ortholog (EMBOSS alignment; http://emboss.open-bio.org/). In the experiment, the 

level of chromic acetate was determined directly after adding H2O2 (T0 min) and once again after 

catalase had decomposed H2O2 to water and dioxygen for 10 min (T10 min). The reaction was 

stopped by adding a dichromate/acetic acid solution. The remaining H2O2 formed chromic 

acetate when heated, which was colorimetrically measured at  = 570 nm, where dichromate 

from the reaction solution had no absorbance.  

To perform the assay, a potassium dichromate solution (1 part of a 5.0 % (w/v) K2Cr2O7 

solution in H2O and two parts of glacial acetic acid) and a catalase dilution (1 mg/mL in H2O) 

were prepared beforehand. Per condition, two tubes were filled with 2.0 mL of the K2Cr2O7 

solution, one for a T0 min measurement and one for T10 min. Furthermore, per condition, another 

tube was filled with 3.0 mL of Assay Buffer (50 mM potassium phosphate, 1.1 mM EDTA, 

0.01 % (v/v) Triton X-100, pH 7.4) containing catalase (0.002 mg/mL) for the blank, positive 

control, negative control, and test compounds or buffer only for H2O2 standard determination 

(Table 10). The solvent and test compounds were added in 60 s intervals to a final 

concentration of 25 µM, and the tubes were placed on a shaker for 5 min at RT. After 

incubation, in 60 s intervals, 61.8 µL of H2O2 (30 % (w/v) in water) were added to each solution 

except for the blank to a final concentration of 0.2 M, vortexed and immediately 1.0 mL was 

transferred to one tube containing the K2Cr2O7 solution (T0 min). The remaining 2.0 mL of the 

test solutions were further incubated for 10 min, and then 1.0 mL was transferred to the second 

tube with K2Cr2O7 solution (T10 min). Finally, all samples were heated for 10 min in a 100 °C 

water bath, transferred to a glass cuvette, and absorption was measured at λ = 570 nm after 

blanking the device with the corresponding sample. The difference in absorbance between 

T0min and T10min was calculated, and all samples were related to the solvent control.  

Table 10. Samples included in the analysis. 

Sample Catalase DMF Inhibitor H2O2 

blank + + - - 

H2O2 standard - + - + 

Negative control + + - + 

Positive control + + - + 

Samples + - + + 

Final concentration 0.002 mg/mL - 25.0 µM 0.2 M 
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3.8.4 Thioredoxin reductase assay 

With the help of this colorimetric assay, the effect of pentathiepins on the activity of the 

TrxR was analyzed [188]. The enzyme possesses a selenocysteine in its catalytic center and 

thus shares structural similarities with the target enzyme GPx1, possibly making TrxR prone 

to inhibition by pentathiepins. The TrxR enzyme from Rattus norvegicus expressed in an E. coli 

system was kindly provided by Dr. Dr. C. H. Lillig (Institute of Medical Biochemistry and 

Molecular Biology, University Hospital Greifswald). The protein sequence similarity with the 

human ortholog is 74.1 %. In this assay, 5,5-dithiobis(2-nitrobenzoic) acid (DTNB) is used as 

a substrate for the TrxR, which reduces it to 5-thio-2-nitrobenzoic acid (TNB), resulting in a 

yellow coloration that can be measured at λ = 412 nm. A functional enzyme thus leads to an 

intense change in color, whereas an inhibition would result in reduced coloring.  

To each well, 100 µL of TrxR Assay buffer (100 mM of potassium phosphate, 2.0 mM of 

EDTA) was pipetted, either containing 2.0 µL of the solvent DMF or the test compound 

(Table 11). For each pentathiepin, three concentrations were tested in duplicate, the final 

concentrations being 1.25, 12.5, and 25.0 µM, respectively. Then, 50.0 µL of an NADPH-DTNB 

master mix (0.8 mM; 13.23 mM; in Assay Buffer) were added to obtain a final concentration of 

0.2 mM of NADPH and 3.33 mM of DTNB, and the plate was shaken by the plate reader. To 

start the reaction, 50.0 µl of a TrxR solution (140 nM in Assay Buffer) was pipetted to each well, 

giving a concentration of 35.0 nM of the enzyme. The increase in yellow TNB was monitored 

at  = 405 nm with a SpectraMax 384 Plus every 30 s for 45 cycles at 25 °C; the enzyme activity 

was calculated and related to the solvent control. 

Table 11. Overview of the composition of the TrxR assay. 

Component final concentration working solution stock solution volume in assay 

TrxR 35 nM 140 nM in assay buffer 1 µM in assay buffer 50 µL 

Inhibitor 1.25-25.0 µM 2.5-50.0 µM in assay buffer 0.125-2.5 mM in DMF 100 µL 

NADPH 0.2 mM 0.8 mM in assay buffer 10 mM in H2O 
50 µL 

DTNB 3.33 mM 13.23 mM in assay buffer 60 mM in DMF 

3.9 Cell culture 

For this dissertation, 14 human cancer cell lines (Table 4) were screened regarding the 

viability- and proliferation-inhibiting potential of pentathiepin compounds. Selected cell lines 

were further analyzed in assays focusing, e.g., on cell death mechanisms, ROS formation, or 

DNA damage. 
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All cell culture work was performed under a laminar flow box that provided a nearly 

particle-free air stream by HEPA-filtration to secure aseptic conditions and prevent 

contamination. Additionally, the culture media were supplemented with the antibiotics 

penicillin (100 U/mL) and streptomycin (0.1 mg/mL). 

All cell culture stocks were tested for mycoplasma regularly, which were always 

negative. 

3.9.1 Standard culturing conditions 

Stable cell cultures were maintained in cell culture flasks with either 25 or 75 cm² growth 

surface containing either 5.0 or 12.0 mL of medium, respectively. RPMI-1640 medium 

supplemented with 10 % (v/v) of fetal calf serum (FCS) and 5 % (v/v) of a 

penicillin/streptomycin solution (100 U/mL; 0.1 mg/mL) was used for most of the cell lines. 

Both HAP-1 cell lines were cultured in IMDM growth medium containing 10 % (v/v) of fetal 

calf serum (FCS), 5 % (v/v) of a penicillin/streptomycin solution (100 U/mL; 0.1 mg/mL) and 

1 % (v/v) of a glutamine solution (200 mM). Standard incubation conditions were 37 °C in a 

humidified air atmosphere containing 5 % of CO2. For experiments under hypoxic conditions, 

the atmospheric oxygen concentration was reduced to 1 % by replacement with nitrogen. 

3.9.2 Thawing and freezing of cells 

Cell culture stocks were stored long-term in the gas phase above liquid nitrogen in a 

cryogenic storage vessel. For thawing, the cell suspension-containing cryogenic tube was 

placed in a 37 °C water bath to thaw the cells quickly. Afterward, the cell suspension was 

transferred to a 50 mL reaction tube, and 5.0 mL of pre-warmed medium was slowly added 

dropwise to prevent the cells from rupturing due to the osmotic imbalance of the freezing and 

the culture medium. Another 14 mL were added to the cell suspension to dilute the DMSO 

from the freezing medium, and then the tube was centrifuged for 5 min at 500 g. The 

supernatant was removed, the cell pellet resuspended in 20 mL of medium, and transferred to 

a T75 cell culture flask. Subsequently, the cells were placed in the incubator and cultured under 

standard conditions. The medium was changed after 24 h to remove any residual DMSO left 

from the freezing medium. Experiments could usually be started after two to three passages 

when the cultures had moved to exponential growth. 
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To build a new stock of frozen cells, low passages are preferred for freezing. Cells were 

cultured in a T175 flask to obtain a sufficient amount while avoiding a completely confluent 

cell layer so that the cells were still in the dividing phase. Harvesting and counting were 

performed as described under chapter 3.9.3; the desired volume of cell suspension was 

centrifuged for 5 min at 500 g and resuspended in the appropriate amount of freezing medium 

to obtain a concentration of 1×106 cells per mL. Per cryotube, 1.0 mL of the cell suspension was 

pipetted and subsequently placed in a Bicell freezing vessel. Placing this container in a - 80 °C 

freezer led to a drop of temperature of ca. - 1 °C/min and thus ensured a slow freezing rate of 

the cells, preventing damages by the formation of crystals. One tube was thawed a few days 

later, and the cell viability was determined to guarantee the successful freezing process. 

3.9.3 Passaging, counting and seeding of cells 

To obtain a stable, permanent culture, cells were maintained in the actively dividing 

phase (i.e., near log phase, exponential growth). This means their number must be reduced 

after a particular time so that the cell layer does not reach 100 % confluence. When cells grow 

at a high density, their growth behavior can switch to the undesired stationary phase. Usually, 

cell cultures were split once a week and a specific amount transferred to a new culture vessel 

with fresh medium. The number of cells for a weekly passage varied between the cell lines and 

is summarized in Table 12. 

Table 12. The number of cells seeded in the respective cell culture vessels. 

Cell line 
T25 flask 

(permanent culture) 

96-well plate 

(MTT Assay) 

96-well plate 

(CV Assay) 
6-well plate  

A2780 20 000 5 000 1 000 125 000* 

A2780cis 20 000 5 000 1 000 - 

A-427 25 000 5 000 1 000 - 

DanG 30 000 5 000 1 000 125 000* 

HAP-1 5 000 5 000 1 000 125 000* 

HAP-1.KO.GPx1 5 000 5 000 1 000 125 000* 

Kyse-70 20 000 5 000 1 000 - 

LCLC-103H 20 000 1 250 250 - 

MCF-7 50 000 5 000 1 000 - 

PATU-8902 20 000 5 000 1 000 125 000* 

Siso 20 000 5 000 1 000 125 000* 

RT-4 20 000 5 000 1 000 - 

RT-112 50 000 5 000 1 000 - 

YAPC 100 000 5 000 1 000 125 000* 

* 250 000 for ROS assays 
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Prior to passage, cells were observed under the light microscope and examined for any 

aberrations. Before counting, adherent cells had to be detached from the growth surface. First, 

the medium was removed, and 1.5/3.0 mL (T25/T75 flask) of a Trypsin-EDTA solution (0.05 % 

of porcine trypsin; 0.02 % of EDTA-Na) were added and distributed over the cell layer. Trypsin 

is a proteolytic enzyme that selectively cleaves peptide bonds after lysines and arginines, 

enabling detachment from the growth surface while EDTA sequesters metal ions, especially 

Ca2+ and Mg2+, involved in cell-cell adhesion. To enhance trypsinization, cells were placed in 

the incubator for 3-5 min, and detachment was supported by gently knocking the flask. To 

stop the enzymatic reaction, 3.5/6.0 mL (T25/T75 flask) of complete growth medium was 

added, and cells were resuspended and separated by gentle pipetting. For counting, 0.25 mL 

of the cell suspension were added to 10.0 mL of Coulter Counter Isoton I and measured with 

Coulter Counter Z. This impulse-based principle detects resistance changes when particles of 

a specific size enter the device. For HAP-1 and the corresponding knockout cell line particles 

in size of 6-18 µM, for LCLC-103H of 15-35 µM and for all other adherent cells of 10-30 µM 

were recorded. A mean of two measurements was calculated, and the respective volume of 

cell suspension was transferred to a new culture flask containing 5.0/12.0 mL (T25/T75 flask) 

of fresh medium. The culture flask was placed in the incubator, cultured under standard 

conditions and the medium replaced after 3-4 days. The remaining cells were used for 

experiments. 

Prior to experimentation, the required number of cells was calculated, and the respective 

volume of the cell suspension was added to fresh medium to obtain the desired cell density. 

Seeding into 96-well plates (0.1 mL of medium per well) was performed with multi-channel 

pipets and reverse pipetting; for most other assays, cells were seeded into 6-well plates (2 mL 

of medium per well). The corresponding number of cells is listed in Table 12. Afterward, the 

plates were placed in the incubator, and cells were allowed to adhere for 24 h. 

3.9.4 Treatment of cells 

The treatment of cells in 96-well plates for viability and proliferation assays is described 

in chapters 3.10.1 and 3.10.2. Treatment for other assays was performed in 6-well plates and 

was similar throughout the different methods. On the day of treatment, a working solution 

was prepared by adding the respective amount of the compound stock solution (in DMF) to 

the culture medium to obtain the final concentrations of the IC90 (Table 13), never exceeding 
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0.05 % of solvent. A negative control was prepared with the corresponding volume of DMF, 

and, where appropriate, positive controls were arranged. Per well, 3 mL of this treatment 

medium was added and incubated for the respective time, e.g., 4, 6, 24, or 48 h. 

Table 13. List of the IC90 of the pentathiepins that were applied. 

Cell line 1 2 3 4 5 6 

HAP-1 0.71 1.18 0.62 0.51 0.49 1.46 

HAP-1.KO.GPx1 0.55 1.20 0.80 0.64 0.72 1.46 

A2780 1.87 1.00 0.36 0.61 0.51 2.39 

Siso 0.77 2.70 1.23 1.93 1.47 5.07 

DanG 1.71 3.06 2.54 2.71 2.05 4.94 

PATU-8902 1.22 6.52 2.48 6.00 2.57 7.58 

YAPC 2.47 4.26 2.24 3.70 2.20 17.90 

3.9.5 Collection of cell samples 

The sampling method was the same for all assays where treatment and incubation were 

performed in 6-well plates. At the respective time point, the treatment medium was removed 

from the wells, and the cell layer was rinsed with 1.0 mL of pre-warmed PBS. Afterward, 

0.5 mL of a diluted Trypsin-EDTA solution (1 part of Trypsin-EDTA, 3 parts of PBS; final 

0.0125 % of porcine trypsin, 0.005 % of EDTA-Na) was added, incubated for 5 min at standard 

conditions, and the reaction stopped with 1.0 mL of complete growth medium. The whole 

volume was transferred to 1.5 mL tubes and centrifuged for 5 min at 500 g and 25 °C. After 

removing the supernatant, sample preparation differs from method to method and will be 

described in detail in the respective chapters. 

3.10 Biochemical Assays 

3.10.1 MTT Assay 

In order to assess the effect of pentathiepins on cellular viability, the MTT assay was 

performed with 14 cell lines of different tissue origins. This method was first described by 

Mosmann in 1983 and is based on the conversion of the water-soluble MTT dye (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) to its insoluble corresponding 

formazan [189]. This happens exclusively in the presence of healthy, viable cells, where 

mitochondrial dehydrogenases account for this reduction reaction. The number of viable cells 

that remain after treatment with a test compound determines the amount of formazan 

produced, which will finally be quantified by spectrophotometry. Since its invention, this 

https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Phenyl
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assay has been modified and optimized to improve handling and increase reproducibility and 

sensitivity [190-192].  

Here, 1 250-5 000 cells (Table 12) were seeded in 0.1 mL of medium per well of a 96-well 

plate and allowed to adhere overnight. Serial dilutions of the test compounds were prepared 

in DMF at a 500-fold higher concentration (stock: 6.25 mM; serial dilution to 0.025 mM) than 

the desired end concentration. These working solutions were 1:250 diluted in culture medium, 

and finally, 0.1 mL were transferred to each well. For each pentathiepin, nine concentrations 

(final: 0.05 to 12.5 µM) and one solvent control (0.2 % of DMF) were tested in triplicate to 

obtain reliable dose-response data. After the incubation at standard conditions for 48 h, 

20.0 µL of an MTT solution (2.5 mg/mL in PBS) were added per well and further incubated for 

4 h. In this time, viable cells would reduce the tetrazolium to the insoluble formazan product. 

Finally, the supernatant was removed and the formazan crystals dissolved by adding 50.0 µL 

of DMSO per well and placing the plate on a shaker for 5 min. Optical densities (ODs) were 

measured with a SpectraMax 384 Plus at λ = 570 nm, and relative viability was calculated in 

relation to the solvent control. With the help of linear regression analysis and interpolation, 

the semi-logarithmic dose-response relationships and inhibitory concentrations, e.g., IC50 and 

IC90 values, for the test compounds were determined. This data provides insight into the 

different inhibitory potency of the pentathiepins and the diverse reaction of the cell lines 

toward the same treatment conditions. Furthermore, treatment conditions for further assays 

were based on these data. 

A modified version of the MTT protocol was used to determine the metabolic activity of 

cell lines (see chapter 3.10.5). 

3.10.2 Crystal Violet Assay 

This assay was performed to assess the influence of pentathiepins on the proliferation of 

14 cell lines from different tissues of origin and based on the work of Gillies in 1986 with minor 

adaptations [193]. Cells were incubated with either DMF as a negative control or a serial 

dilution of the test compounds for 96 h and were subsequently quantified by crystal violet (N-

hexamethyl pararosaniline) staining. This basic dye binds unspecifically to anionic DNA and 

thus stains all nuclei remaining after the treatment, corresponding to the residual biomass. 

Redissolving the stain in EtOH allows for OD measurements at λ = 570 nm, and relative growth 

is determined by calculating the ODs in relation to the solvent control. 
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For this assay, 250-1 000 (Table 12) cells were seeded in 0.1 mL of medium per well of a 

96-well plate and allowed to adhere overnight. It was also necessary to prepare a plate (T0 

plate) containing all tested cell lines that were fixed directly after treatment to determine the 

cell density at the time of treatment. Serial dilutions of the test compounds were prepared in 

DMF at a 500-fold higher concentration than the desired end concentration (stock: 6.25 mM; 

serial dilution to 0.025 mM). These working solutions were diluted 1:250 fold into the culture 

medium, and finally, 0.1 mL were transferred to each well. For each pentathiepin, nine 

concentrations (final: 0.05 to 12.5 µM) and one solvent control (0.2 % of DMF) were tested in 

triplicate to obtain reliable dose-response data. Directly after treatment, the T0 plate was 

fixated with 0.1 mL of a glutaraldehyde solution (1 % (v/v) in PBS) for 20 min. Afterward, the 

fixation solution was replaced with 0.1 mL of PBS, and the plate was stored at 4 °C until 

staining. After incubation at standard conditions for 96 h, the treatment medium was 

removed, and the fixation process was performed as described for the T0 plate. The PBS was 

replaced with 0.1 mL of a crystal violet solution (0.02 % (w/v) in water) for staining. After 

20 min, the staining solution was discarded, and the plates were soaked in tap water for 30 min 

to remove unbound crystal violet. In a final step, the dye was redissolved by adding 0.1 mL of 

70 % ethanol and shaking the plates for 2 h. Measurement of ODs was performed at λ = 570 nm 

with a SpectraMax 384 Plus, and relative growth was determined by calculating the ODs in 

relation to the solvent control after subtraction of the OD of the T0-plate. Semi-logarithmic 

dose-response relationships were analyzed, and growth-inhibitory concentrations (GI50) were 

calculated, allowing for a comparison of the potencies of different pentathiepins and the 

response of the various cell lines.  

3.10.3 Data Analysis of MTT and CV assays 

Especially for the analysis of the MTT and CV assay, the meaning of IC50 has to be clearly 

defined. A relative IC50 depicts the concentration at which the half-maximal effect is achieved, 

independent from the course of the sigmoidal plot of the semi-logarithmic dose-response 

curves. Thus, when a compound results in residual activity or growth of about 30 % of the 

cells, the relative IC50 would mean that about 65 % are still viable. The effect would span from 

100 to 30 % viability (or proliferation), and 65 % would be the half-maximal effect. This 

measurement is calculated by determining the inflection point of the sigmoidal dose-response 

curve. 
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On the other hand, the absolute IC50 is the concentration at which 50 % of total cells are 

affected, independent of the shape of the graph or what the residual viability or proliferation 

is. This value is obtained by an interpolation calculation and thus does not require a sigmoidal 

curve shape. This calculation method was preferred in this dissertation, so all presented values 

are absolute IC50. In the case of a perfectly shaped sigmoidal curve spanning from 100 to 0 % 

viability or proliferation, the difference between relative and absolute IC50 is negligible.  

All calculations were performed with the Software package GraphPad Prism 7 or 9, first 

performing a logarithmic transformation of the concentration values followed by linear 

regression analysis. Output measurements derived from this analysis include the slope factor 

of the curve and the inflection point, corresponding to the relative IC50. To calculate absolute 

IC50 values, all dose-response-graphs were subjected to interpolation using a value of 0.5, 

corresponding to 50 % viability. The IC90 values were computed with the help of the online 

tool QuickCalcs (GraphPad), where the curve slope and the IC50 are considered.  

3.10.4 Determination of cellular growth rates by crystal violet staining 

The crystal violet assay (see chapter 3.10.2) was also used to determine cellular doubling 

times. Here, 1 000 cells in 0.1 mL of medium were seeded out per well of a 96-well plate. After 

incubation for 24, 48, 72, and 96 h under normoxic (ca. 19 % atmospheric oxygen) or hypoxic 

(1 % atmospheric oxygen) conditions, respectively, the cells were fixated with glutaraldehyde. 

After that, staining with 0.1 mL of a crystal violet solution (0.02 % (w/v) in water) followed, 

and the plates were read at  = 570 nm as described above. The growth rates and doubling 

times were calculated using equations (1) and (2). 

(1) 𝑔𝑟𝑜𝑤𝑡ℎ 𝑟𝑎𝑡𝑒 (𝑔𝑟) =
ln (

N(𝑡)

N(0)
)

𝑡
 

(2) 𝑑𝑜𝑢𝑏𝑙𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 =
ln (2)

gr
   

N(t) = OD at time t; N(0) = OD at time 0; t = time in h 

3.10.5 MTT assay to assess cellular metabolism 

The MTT assay (chapter 3.10.1) was not only used to determine the cytotoxicity of the 

pentathiepins but also to compare the metabolic activity of the two HAP-1 cell lines. For this 

assay, 20 000 cells were seeded in 0.1 mL of medium per well of a 96-well plate and allowed 

to adhere for 24 h at standard culturing conditions (37 °C, 5 % CO2, humidified atmosphere). 

Every 30 min, 20.0 μL o  an  TT solution (2.5 mg/mL in PBS) were added to four wells per 
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cell line for 4 h. After the last interval, the supernatant was removed from the wells, and 

50.0 μL o    S  was added to dissolve the formazan crystals. Measurement was performed 

at λ = 570 nm with a SpectraMax 384 Plus. From the OD data, metabolic rates were calculated 

and, subsequently, the rate of the knockout cell line set in relation to that of the parental cell 

line for comparison. 

3.10.6 Acid phosphatase assay (APH) to assess cellular metabolism 

The acid phosphatase (APH) assay is based on the principle that intracellular APHs 

hydrolyze p-nitrophenyl phosphate (PNPP) to p-nitrophenol (PNP) and adapted after a 

protocol from Friedrich et al. [194]. An increase of PNP was subsequently detected at a 

wavelength of λ = 405 nm. For this assay, 20 000 cells were seeded in 0.1 mL of medium per 

well of a 96-well plate and allowed to adhere for 24 h at standard culturing conditions (37 °C, 

5 % CO2, humidified atmosphere). 

For 3 h, every 20 min the medium was removed from four wells per cell line, the 

monolayer was carefully washed twice with 0.2 mL of PBS and subsequently filled with 0.1 mL 

of fresh PBS and 0.1 mL of a PNPP solution (2.0 mg/mL in APH buffer (0.1 M sodium acetate, 

0.1 % (v/v) Triton X-100, pH 5.2)). After the last interval, 20.0 μL o    N NaOH was added per 

well, and within 10 min the OD values were measured at λ = 405 nm with a SpectraMax 384 

Plus. From the OD data, metabolic rates were calculated and, subsequently, the rate of the 

knockout cell line set in relation to that of the parental cell line for comparison. 

3.10.7 ATP-Assay to assess cellular metabolic activity 

Intracellular levels of ATP are used to measure cellular metabolic activity and give 

evidence of the basic viability of cells. Here, the CellTiter-Glo® Luminescent Cell Viability 

Assay from Promega was used to evaluate the metabolic activity of both HAP-1 cell lines, 

following the corresponding protocol. The assay is based on the principle that luciferin is 

converted to oxyluciferin by luciferase in the presence of oxygen and ATP. All components of 

this reaction are included in the assay reagents except for the ATP that is provided by the cells. 

Thus, the resulting luminescent signal depends on the intracellular content of ATP. 

Briefly, 20 000 cells were seeded in 0.1 mL of medium per well of a 96-well plate and 

allowed to adhere for 24 h at standard culturing conditions (37 °C, 5 % CO2, humidified 

atmosphere). Control wells with medium only were prepared to determine background 
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luminescence. Before starting the assay, the buffer and lyophilized reagent were equilibrated 

to RT and subsequently mixed. Then, the medium was removed from the wells, and the cells 

were carefully washed twice with 0.1 mL of PBS before adding 0.1 mL fresh PBS and 0.1 mL 

of assay kit reagent. Cell lysis was facilitated over 2 min by shaking and 0.15 mL per well 

transferred to a white-walled 96-well plate. After allowing the luminescent signal to stabilize 

for 10 min, light intensity was recorded with a Tecan Infinite 200 Pro using the software i-

control. Background luminescence was subtracted, and the measured intensities and 

compared between the cell lines. 

3.10.8 Luminescent assay for activated caspase-3 and -7 

A bioluminescence-based assay from Promega was used to study the activation of the 

effector caspases -3 and -7 (cas-3/-7) and  er ormed a  ording to the manu a turer’s 

instructions (Caspase-GloTM). Proluciferin is coupled to the amino acid sequence aspartate-

glutamate-valine-aspartate (DEVD), the target for specific cas-3/-7 mediated cleavage. In the 

presence of active cas-3/-7, the DEVD sequence is cleaved from the proluminescent substrate, 

releasing aminoluciferin. Together with the added luciferase enzyme and ATP, aminoluciferin 

is oxidized with the release of a photon that can be detected by a luminescence plate reader. 

In brief, 5 000 cells in 0.1 mL of medium were seeded per well of a 96-well plate and 

allowed to adhere overnight. The cells were treated with either DMF (0.2 %, negative control), 

doxorubicin (0.5 µM, positive control), or pentathiepin (IC90, Table 13) and incubated for 24 h 

at standard  onditions.   terward, the manu a turer’s  roto ol was  ollowed, in luding a 

30 min incubation time before measuring the luminescent signals with a SpectraMax i3x. The 

background luminescence was subtracted, and both positive control and pentathiepin-treated 

samples were adjusted relative to the negative control. 

3.10.9 Fluorescent assay for activated caspase-3 and-7 

In addition to the bioluminescent assay, a comparable fluorescent-based test was 

 er ormed with a kit  rom  ole ular  evi es (EarlyTox™  as ase-3/7 R110 Assay-Kit) to 

detect the same two caspases. The principle is similar to that of the bioluminescent assay: two 

DEVD sequences are fused to a fluorogenic moiety and then cleaved by cas-3/-7 enzymatic 

activity, releasing the fluorophore R110. An increase in fluorescence can be detected at 

λex = 490 nm and λem = 520 nm by using a SpectraMax i3x. The seeding and treatment procedure 
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is identical to that of the luminescence-based assay. After measurement of the plates, the 

positive control and pentathiepin-treated samples were related to the solvent control. 

3.10.10 Protein Expression Analysis by SDS-PAGE and Western blotting 

The entire sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and 

Western blotting procedures were done with the appropriate reagents and devices from Bio-

Rad. 

Cells were seeded in 6-well plates (125 000 in 2.0 mL of medium), allowed to adhere for 

24 h, then treated with pentathiepins (IC90) or DMF (0.1%) and incubated for a further 24 or 

48 h. Sample collection was performed as described in chapter 3.9.5; cell pellets were 

resuspended in 1.0 mL of PBS, centrifuged for 5 min at 500 g, and the supernatant removed. 

Dependent on the pellet size, 50-100 µL of ice-cold lysis buffer (50 mM Tris, pH 7.6, 100 mM 

NaCl, 100 mM NaF, 5.0 mM EDTA, 0.2 mM Na3VO4, 0.1 % (v/v) Triton X-100, 1.0 % (v/v) PIC 

(added immediately before use)) were added and cell lysis additionally facilitated by 

sonicating the cells for 10 min. To obtain the cell lysate and remove any cellular debris, samples 

were centrifuged for 10 min at 18 000 g at 4 °C, and the clear supernatants were transferred to 

new tubes. 

Protein quantification of the lysates was performed by the Bradford method [195-197] 

using the Roti®-Nanoquant solution (contains Coomassie Brilliant Blue) that binds to 

protonated amino acid chains under acidic conditions. Upon binding to proteins, the charge 

of the dye changes, and the absorption maximum shifts from λ = 450 nm (cationic) to λ = 590 nm 

(anionic).  

For this assay, each lysate was diluted 1:70 in water, and 40.0 µL were pipetted into a 96-

well plate in triplicate. Afterward, 160 µL of the staining solution was added per well, the plate 

was incubated on a shaker for 5 min and subsequently analyzed with a SpectraMax 384 Plus. 

The OD was determined for the wavelengths λ = 450 and λ = 590 nm, and the ratio OD590/OD450 

was calculated. Calibration was done by linear regression analysis with standard protein 

concentrations ranging from 12 to 60 µg/mL and the unknown protein samples quantified by 

interpolation. 

SDS-PAGE is a method that allows for the separation of protein mixtures based on their 

molecular weight, the polyacrylamide gel acting as a molecular sieve. 
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Prior to electrophoresis, the samples were diluted with water to a volume of 22.5 µL to 

obtain the desired protein concentrations (15.0-50.0 µg) before 7.5 µL of Laemmli buffer (0.8 g 

of DTT, 1.0 mg of bromophenol blue. 3.0 mL of glycerol, 2.0 mL of a 30 % (w/v) SDS solution, 

2.0 mL of Tris buffer (1 M, pH 6.8), 1.0 mL of H2O) was added [198]. Denaturation took place 

by incubating the samples for 5 min at 95 °C in a heat block. The complete sample volume of 

30.0 µL was then applied to the wells of the PA gel, and 3.5 µL of a protein standard was 

added. The electrophoresis was performed at 250-300 V until the bromophenol blue front had 

reached the end of the gel. After the electrophoresis, the gel was activated by UV light to 

visualize the protein bands; the stain-free gels from Bio-Rad contain trihalogen compounds 

that under these conditions react with the 1H-indoles of tryptophan residues and fluoresce 

[199-203].  

Next, the so-called blotting, which entailed the transfer of the separated proteins on an 

absorbing membrane (usually nitrocellulose or polyvinylidene fluoride (PVDF)) with the aid 

of an electric field of 300 V for 7 min [204-206], was performed. The protein-loaded membrane 

was visualized, and an image was captured to perform a total protein normalization. 

Unspecific binding of the antibodies to the membrane was blocked by incubation with 

10 % dry milk powder (w/v) in TBS-T buffer (20.0 mM of Tris, 145.0 mM of NaCl, 0.05 % (v/v) 

of Tween-20; in H2O) for either 1 h at RT or overnight at 4 °C. Before proceeding, the 

membrane was washed three times for 10 min with TBS-T. Primary antibodies were diluted 

as listed in Table 14 and incubated overnight at 4 °C. Afterward, the antibody solution was 

retrieved, and the membrane was washed three times for 10 min. The secondary antibody was 

applied as described (Table 14) and incubated for 2-4 h at RT, followed by three washing steps 

for 10 min each. Finally, 0.7 mL of a 1:1 mixture of a luminol- and a peroxide-containing 

solution were pipetted onto the membrane where the HRP coupled to the secondary antibody 

catalyzes the oxidation of luminol and results in chemiluminescence. The emitted 

luminescence was detected using ChemoCam Imager and analyzed with Image Lab (Bio-Rad). 

Normalization was carried out considering the total protein load per lane. 
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Table 14. Antibodies used and their corresponding dilutions. 

Primary antibodies Dilution 

rabbit anti-human Bcl-2 

rabbit anti-human GPx1 

rabbit anti-human GPx4 

rabbit anti-human Catalase 

rabbit anti-human Caspase-3 

rabbit anti-human Caspase-7 

rabbit anti-human Caspase-9 

rabbit anti-human PARP1 

rabbit anti-human LC3B 

mouse anti-human Peroxiredoxin 1 

rabbit anti-human Peroxiredoxin 2 

rabbit anti-human Thioredoxin 1 

rabbit anti-human Thioredoxin 2 

1:1 000 

1:1 000-1:500 

1:1 000 

1:3 000 

1:1 000 

1:1 000 

1:1 000 

1:1 000 

1:1 000 

1:1 000 

1:1 000 

1:1 000-1:500 

1:1 000-1:500 

Secondary antibodies  

goat anti-rabbit secondary HRP conjugate 

goat anti-mouse secondary HRP conjugate 

1:20 000 

1:20 000 

3.11 Flow cytometry-based assays 

Flow cytometry is a method initially developed for the morphologic characterization of 

cells [207].  

A highly diluted suspension of cells enters a microchannel cuvette so as single cells pass 

a laser/detector system. The size of the particle is analyzed by the forward scatter (FSC), where 

the detector is opposite of the light source and captures the forward light scatter. At a 90 ° 

angle to the light source, a second detector measures the side scatter (SSC) of the light, giving 

information on the granularity and shape of the particle. Additionally, fluorescent dyes that 

specifically bind to specific structures on cells can be applied to characterize them further. 

3.11.1 Annexin V and propidium iodide-based apoptosis assay 

This assay is performed as described in the commercially available kit from Miltenyi 

Biotec, based on a method developed by Koopman in 1994 [165]. The molecular basis of this 

assay lies in the change of composition and integrity of the cellular membrane in the course of 

apoptosis [163, 208]. Phosphatidylserine (PS) is a phospholipid normally located on the inner 

leaflet of the membrane bilayer of viable and healthy cells. This disequilibrium is actively 

maintained by phospholipid-translocating enzymes, so-called flippases [209]. These ATP-

dependent proteins are affected in early apoptotic stages so that the imbalance of PS 

distribution can no longer be sustained, leading to the accumulation of PS in the outer 

membrane. Under in vivo conditions, this is a signal for macrophages to phagocytose these 

cells [164]. In this assay, the Annexin V binds to the PS in the outer membrane but not on the 
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inner, which can be detected due to its fusion to fluorescent label fluorescein isothiocyanate 

(FITC) which results in a single positive signal (AnnV+/PI-). In later stages of apoptosis and 

during necrosis, the membrane integrity decreases, and propidium iodide (PI) can enter and 

intercalate into the DNA. Since PI only fluoresces when intercalated into DNA, this results in 

double-positive signals (AnnV+/PI+) and corresponds to cells in late apoptotic or necrotic 

stages. With this assay, three distinct populations can be distinguished: viable (AnnV-/PI-), 

early (AnnV+/PI-), and late apoptotic or necrotic cells (AnnV+/PI+) (Figure 11). 

 

Figure 11. Overview of the apoptosis assay principle and an exemplary dot plot from flow cytometric analysis. 

I: viable cells that are double negative (AnnV-/PI-), II: early apoptotic cells that are only positive for Annexin V 

(AnnV+/PI-), III: late apoptotic/necrotic cells that are double-positive (AnnV+/PI+). 

Cells were seeded in 6-well plates (125 000 in 2.0 mL of medium), allowed to adhere for 

24 h, then treated with pentathiepins (IC90) or DMF (0.1%) and incubated for a further 24 or 

48 h. Sample collection was performed as described in chapter 3.9.5. Each cell pellet was 

resuspended in 0.5 mL of Binding Buffer, centrifuged for 5 min at 500 g, and the supernatant 

removed. Subsequently, the samples were resuspended in 50.0 µL of Binding Buffer, and 

5.0 µL of the Annexin V-FITC staining solution was added. After a 15 min incubation at RT in 

the dark, 0.5 mL of Binding Buffer were added, and the samples were centrifuged again as 

described before. For measurement, each cell pellet was resuspended in 0.25 mL of Binding 

Buffer, and 2.5 µL of propidium iodide solution (100 µg/mL in H2O) was added directly prior 

to analysis. 

First, the sample was analyzed regarding size (FSC) and shape (SSC), and a population 

was selected excluding cellular debris and doublets. A dot plot was created by including the 
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FITC (λex = 488 nm, λem = 525-550 nm) and PI (λex = 488 nm, λem = 655-730 nm) channel, thus 

allowing for classification into the categories mentioned above.  

3.11.2 Propidium iodide-based cell cycle analysis assay 

This assay is based on analyzing the cell cycle-dependent DNA content per cell, which 

can be quantified by flow cytometry by using a DNA-intercalating fluorescent dye [210]. In 

these experiments, PI is applied to fixed cells, and the fluorescence intensity is measured at 

λex = 488 nm and λem = 655–730 nm, whereby the fluorescence is directly proportional to the 

intracellular quantity of DNA (Figure 12).  

 

Figure 12. Overview of the cell cycle phases that can be distinguished in this assay and a schematic histogram 

as output from flow cytometric analysis after staining with a DNA-intercalating dye such as propidium iodide. 

One can distinguish between the G0/G1-phase with a single set of chromosomes (1n), the 

subG1-phase with a decreased DNA content due to DNA-degrading processes, the S-phase 

where DNA is progressively duplicated until the G2/M-phase, which is characterized by a 

doubled amount of DNA (2n) right before cytokinesis. 

Cells were seeded in 6-well plates (125 000 in 2.0 mL of medium), allowed to adhere for 

24 h, then treated with pentathiepins (IC90) or DMF (0.1%) and incubated for a further 24 or 

48 h. Sample collection was performed as described in chapter 3.9.5; cell pellets were 

resuspended in 1.0 mL of PBS, centrifuged for 5 min at 500 g, and the supernatant removed. 

To fix the cells and allow the PI to enter the cell, the pellets were resuspended in 0.5 mL of 

70 % ethanol while vortexing and subsequently incubated on ice for 30 min. After 

centrifugation for 10 min at 4 000 rpm, the supernatant was removed. Then, each sample was 

resuspended in 0.5 mL of staining solution containing DNA-intercalating PI (25 µg/mL in 
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H2O) and RNase (100 µg/mL in H2O) to remove RNA-molecules. After a 30 min incubation, 

the sample was vortexed and directly measured. 

First, the sample was analyzed by flow cytometry regarding size (FSC) and shape (SSC) 

and a population selected excluding cellular debris and doublets. A second gating step was 

applied for single-cell discrimination by plotting the signal area vs. the signal width. After this 

exclusion of doublets, histograms were produced by plotting the fluorescence intensity (signal 

height) against the cell count. The solvent control was used to identify the cell cycle phases, 

and the treatment conditions were analyzed accordingly. 

3.11.3 H2-DCFDA-based assay for analysis of intracellular ROS 

The potential of pentathiepins to modulate intracellular ROS levels was assessed using 

the dye 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA) as a ROS sensor [211-213]. The 

dye permeates the cell membrane and is deacetylated to H2-DCF by intracellular esterases. 

This non-fluorescent carboxylate form is now charged and thus more easily retained in the 

cells, where intracellular ROS can oxidize it to 2’, 7’ –dichlorofluorescein (DCF) which is 

fluorescent. Fluorescence was detected by a flow cytometer set at λex = 488 nm and λem = 525-

550 nm. A shift in fluorescent intensity indicates higher levels of ROS.  

There were two approaches that followed slightly different workflows that will be 

described in the following chapter. In the one, an acute ROS assay was performed, where high 

compound concentrations of 25.0 µM were applied for a short time of 15 min. In the other, the 

long-term influence of the compounds was assessed by incubating cells with a lower 

concentration (IC90) for 24 or 48 h, respectively. 

Acute ROS assay 

Per condition, 250 000 cells were seeded in 2.0 mL of medium per well of a 6-well plate 

and allowed to adhere overnight. Before treatment, the seeding medium was removed, the cell 

layer was washed once with 1.0 mL PBS, and then 0.5 mL of an H2DCFDA solution (20.0 µM 

in PBS) was added per well. For the cell lines HAP-1 and HAP-1.KO.GPx1 the PBS had to be 

supplemented with CaCl2 (1.0 mM) and MgCl2 (1.0 mM) to prevent cells from detachment. To 

ensure uptake of the dye, the plates were incubated for 30 min at standard conditions. 

Afterward, the monolayer was washed twice with 1.0 mL of PBS, and then the cells were 

treated by adding 3.0 mL of medium either containing H2O2 (2.0 mM) for the positive control, 

pentathiepin (25.0 µM) or the respective volume of DMF for the solvent control. After a 15 min 
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incubation at standard conditions, the treatment medium was removed, the layer washed once 

with 1.0 mL of PBS, and subsequently trypsinized and collected as described in chapter 3.9.5. 

The pellets were washed once with 1.0 mL of PBS, centrifuged for 5 min at 500 g, and 

resuspended in 0.5 mL of PBS for flow cytometry measurement. 

First, the sample was analyzed regarding size (FSC) and shape (SSC), and a population 

was selected that excluded cellular debris and doublets. Afterward, histograms were 

produced by plotting the fluorescence intensity (signal area) against the relative cell count. 

The mean fluorescence intensity of the treatment conditions or the positive control was set in 

relation to that of the negative control sample. 

Long-term ROS assay 

Regarding the acute approach, 250 000 cells were seeded in 2.0 mL of medium per well 

of a 6-well plate for each experiment and allowed to adhere overnight. The seeding medium 

was replaced with a treatment medium containing either the pentathiepin (IC90) or a 

corresponding volume of DMF as solvent control. After incubation under standard conditions 

for 24 or 48 h, respectively, the treatment medium was removed, and the cell layer was washed 

twice with 1.0 mL of PBS before adding 0.5 mL of an H2DCFDA solution (20.0 µM in PBS). For 

the cell lines HAP-1 and HAP-1.KO.GPx1 the PBS had to be supplemented with CaCl2 

(1.0 mM) and MgCl2 (1.0 mM) to prevent cells from detachment. After 30 min of incubation at 

standard conditions, the staining solution was removed, and the wells were washed twice with 

1.0 mL of PBS. Trypsinization and sample collection were performed as described in chapter 

3.9.5, and the subsequent sample preparation, measurement, and analysis were performed as 

illustrated for the acute ROS assay. 

3.11.4 Acridine orange autophagy assay  

This assay and the approach to visualize the autophagic acidic organelles by using 

fluorescence microscopy are based on the publication of Thome et al. [214]. 

Acridine orange (AO) is a dye that easily traverses the cell membrane. It has weak basic 

properties, leading to a preferred accumulation in acidic organelles such as lysosomes, 

including autolysosomes [177]. Once inside, the dye is protonated and trapped. When AO 

accumulates, it polymerizes and emits a bright red fluorescence. In addition, it can bind to 

nucleic acids but in a monomeric manner which results in the emission of green fluorescence. 

Staining cells with AO can help assess the number of acidic vesicles, like autolysosomes, that 
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increase in number during autophagy [176]. The accumulation in lysosomes remains stable 

during the early stages of apoptosis but is immediately lost in necrosis due to the rupture of 

the lysosomal membrane. The red fluorescence is hence not changed during apoptosis; 

however, the green fluorescence might be diminished because of the breakdown of DNA, 

resulting in a net reduction of red fluorescence. In necrotic cells, in contrast, the red signal 

decreases while the green remains stable during the initial stage.  

Cells were seeded in 6-well plates (125 000 in 2.0 mL of medium), allowed to adhere for 

24 h, then treated with pentathiepins (IC90) or DMF and incubated for a further 24 h. A positive 

control was included by culturing the cells in medium without FCS, resulting in 48 h of 

nutrient starvation to trigger autophagy. Sample collection was performed as described in 

chapter 3.9.5; the cell pellets were resuspended in 1.0 mL of PBS, centrifuged for 5 min at 500 g, 

and the supernatant removed. Then, the cells were stained with 0.5 mL of an AO staining 

solution (2.0 µg/mL in medium; FCS-free for positive control) and incubated for 15 min at 

37 °C. The samples were centrifuged at 500 g for 5 min, and the cells were subsequently 

resuspended in 0.5 mL of PBS for measurement. Analysis was performed with a MACSquant 

Analyzer 10, by using the FITC (λex = 488 nm, λem = 525-550 nm) and PI (λex = 488 nm, λem = 655-

730 nm) channels, respectively. For analysis, a ratio of red-to-green fluorescence intensity was 

calculated [214].  

3.12 Fluorescence microscopy 

3.12.1 Immunofluorescent staining of cells 

This method was used to visualize a target protein inside cells by combining a specific 

primary antibody and a fluorophore-labeled secondary antibody.  

Cells were seeded on coverslips in a 6-well plate, the density depending on treatment 

time and end of the experiment. After adherence for 24 h, treatment, and incubation, the cells 

were washed three times with 1.0 mL of PBS per well and then fixated by using 1.0 mL per 

well of the PAFA fixation solution (4 % (v/v) in PBS) for 20 min at RT. Afterward, each well 

was washed three times with 1.0 mL of PBS and subsequently 1.0 mL of 

Permeabilization/Wash buffer (PW buffer; 0.1 % (v/v) Triton X-100 in PBS) was added, and the 

slides were incubated for 10 min at RT. Unspecific staining was then blocked by pipetting 

0.5 mL per well of Blocking buffer (10 % goat serum, 0.3 M glycine in PW buffer) for 30 min at 

RT. After washing with 1.0 mL of PW buffer three times, 0.1 mL of the primary antibody (1:200 
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in PW buffer, Table 15) was applied per well and incubated for 1 h at RT or 4 h at 4 °C 

(overnight also possible). The antibody solution was retrieved, and each well was washed 

three times with 1.0 mL of PW buffer before adding 0.25 mL of the secondary antibody (1:200 

in PW buffer, Table 15). After that, nuclei were counterstained with 0.1 mL of a DAPI solution 

(0.5 µg/mL) for 20 min at RT. Then, the wells were washed three times with 1.0 mL of PW 

buffer and, subsequently, with 1.0 mL of deionized water to remove salts that could otherwise 

crystallize. For mounting, one droplet of mounting medium was pipetted onto a microscopic 

glass slide, the coverslip was carefully blotted to remove excess water and finally placed on 

the slide. Residual liquid was removed and the coverslip fixed with coverslip sealant. 

Visualization was performed either immediately, or the samples were stored at 4 °C in the 

dark until proceeding. Images were acquired by using the 63× oil immersion objective and the 

RHOD (λex = 541-551 nm, λem = 565-605 nm) and DAPI (λex = 325–407 nm, λem = 461 nm) channels 

of a Leica DMi8 fluorescence microscope. 

Table 15. Antibodies and respective dilutions. 

Antibody Dilution 

rabbit anti-human AIF 1:200 

goat anti-rabbit secondary rhodamine conjugate 1:200 

3.12.2 Analysis of mitochondrial membrane potential by JC-1 staining 

Mitochondria play a central role in the cellular death mechanism of apoptosis [215]. The 

potential of the mitochondrial membrane is an important measure of mitochondrial 

functionality and wellbeing, and a loss is an indicator for the initiation of apoptosis [216].  

A suitable positive control is carbonyl cyanide 3-chlorophenylhydrazone (CCCP), an 

uncoupler of oxidative phosphorylation in the mitochondrial respiratory chain [217, 218]. 

The cationic dye JC-1 (5,50,6,60-tetra-chloro-1,10,3,30-tetra-ethylbenzimidazolocarbo-

cyanine iodide) accumulates in mitochondria with normal or hyperpolarized membrane 

potential [219]. This concentration leads to the formation of JC-1 aggregates that emit red 

fluorescence while cytosolic monomers of the dye result in green fluorescence. Upon loss of 

mitochondrial membrane potential, the accumulation of JC-1 and hence aggregation 

decreases, resulting in a diminished red fluorescence [220].  

Cells were seeded into the wells of a chamber slide (75 000 in 0.6 mL of medium) and 

allowed to adhere overnight. The cells were either incubated with the representative 

pentathiepins 1 or 3 (IC90) or a corresponding volume of DMF. Afterward, each well was 
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washed with 0.5 mL of Assay buffer, and then 0.25 mL of the JC-1 working solution (2.0 µM 

in Assay buffer) was added and incubated for 20 min under standard conditions. For the 

positive control, the JC-1 solution was replaced with 0.5 mL of a CCCP solution (50.0 µM in 

Assay buffer) 5 min before the end of the incubation time. The cells were washed twice with 

0.5 mL of Assay buffer before mounting the slide with mounting medium and a coverslip. 

Excess liquid was carefully removed, and the sample was sealed with coverslip sealant. 

Visualization was performed immediately with a Leica DMi8 fluorescence microscope. To 

capture the fluorescence of JC-1 monomers and aggregates, the images were acquired by using 

the 63× oil immersion objective and the FITC (λex = 460-500 nm, λem = 512-542 nm) and RHOD 

(λex = 541-551 nm, λem = 565-605 nm) channels. 

3.12.3 Acridine orange for detection of intracellular acidic vesicles 

The principle of AO staining was introduced in chapter 3.11.4. In addition to flow 

cytometric analysis, the staining and distribution of AO inside cells was analyzed with the 

Leica DMi8 fluorescence microscope.  

Cells were seeded on coverslips in 6-well plates (125 000 in 2.0 mL of medium), let to 

adhere for 24 h, treated with pentathiepins (IC90) or DMF, and incubated for a further 24 h. A 

positive control was added by culturing the cells in medium without FCS, resulting in 48 h of 

nutrient starvation to trigger autophagy. Then, the medium was replaced with 0.5 mL of an 

AO staining solution (2.0 µg/mL in medium; FCS-free for positive control) and incubated for 

15 min at 37 °C. After washing the cell layer twice with 1.0 mL of PBS, the coverslips were 

carefully placed on a glass slide with aqueous mounting medium and attached with coverslip 

sealant. Images were captured with the 63× oil immersion objective and the FITC (λex = 460-

500 nm, λem = 512-542 nm) and Texas Red (TXR) (λex = 488 nm and λem = 655–730 nm) channels. 

3.13 DNA-related methods 

The effect of pentathiepin compounds on DNA structure was analyzed to assess the 

contribution to their cytotoxic potential. Two distinct methods were used, both with different 

targets and frame conditions. The plasmid cleavage assay entails the use of the plasmid DNA 

pBR322 as a model and can clearly distinguish between the introduction of single- and double-

strand breaks (SSB and DSB) without the participation of any cellular pathway. When 

performed as the alkaline version, the comet assay can detect the level of DNA damage per 
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single cell, including SSB and DSB, as well as alkali-labile sites but cannot precisely pinpoint 

the kind of damage. Therefore, the neutral Comet Assay was performed, as it solely detects 

DSB. A combination of these three methods creates comprehensive and thorough evidence 

about how the pentathiepins fragment DNA. 

3.13.1 Plasmid cleavage assay 

This assay makes use of the distinct plasmid conformations that can easily be 

distinguished by separation in an electric field due to their different electrophoretic mobilities. 

Intact plasmids under tension twist around themselves, resulting in very compact supercoiled 

structures that thus are subjected to low friction forces in a gel matrix and thus have high 

mobility. One SSB, or nick, results in relaxation of this supercoiled conformation contributing 

to higher resistance during separation and thus lower electrophoretic mobility. If DSBs are 

introduced, the linearized plasmid migrates according to its length or size, respectively, 

usually faster than the open circle plasmid but slower than the supercoiled. 

The tests were mainly based on previous publications [102, 104], but a series of pre-tests 

were run to determine the optimal assay conditions. Most importantly, the use of acetonitrile 

(ACN) is highly recommended. DMF, the usual solvent for pentathiepins in this dissertation, 

was found to inhibit strand cleavage, whereas the use of up to 10 % (v/v) ACN is uncritical for 

the outcome. Moreover, the use of hydrogen peroxide at higher concentrations (1.0 to 2.0 mM) 

is a suitable positive control.  

In Table 16, the general sample composition per tube is presented. In general, water was 

added first, followed by the sodium phosphate buffer concentrate to create the appropriate 

reaction milieu (50 mM sodium phosphate and respective pH).  

Table 16. Sample composition for the plasmid cleavage assay using pBR322. 

Component final concentration stock volume 

pBR322 0.3 µg 0.3 µg/µL 1 µL 

sodium phosphate buffer pH 7.1* 0.05 mM 0.5 mM 2 µL 

Solvent (ACN) 10 % (v/v) - 2 µL 

Pentathiepin in ACN variable variable 2 µL 

modifier (GSH, enzyme, H2O2) variable variable variable 

water - - ad 20 µL 

* for some experiments, the pH was adjusted to 5.1, 6.1, and 8.1, respectively 

Depending on the desired conditions, the solvent ACN or pentathiepin solutions (in 

ACN) were added before pipetting any modifiers, such as GSH or enzymes, to the reaction. 
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Finally, the plasmid DNA was added, and the tubes carefully vortexed and spun down in a 

table centrifuge. The samples were incubated for 18-24 h in a 37 °C water bath. For analysis, a 

1 % (w/v) agarose gel in TAE buffer (40 mM of Tris, 20 mM of acetic acid, 1.0 mM of EDTA, in 

H2O) was prepared, and an appropriate sample volume (7.5 µL for small gel wells or 10.0 µL 

for large gel wells) mixed with 1.5 or 2.0 µL of 6× loading buffer, respectively, and pipetted 

into the wells. Electrophoretic separation was performed for 90 min at 90 V (5.5 V/cm) or 

120 min at 80 V (4.8 V/cm). Visualization and quantification of the bands was accomplished 

using the Bio-Rad System and Lab Image after staining the gel with GelRed® for 20 min. 

3.13.2 Comet Assay 

This assay, also named single cell gel electrophoresis, allows for detecting DNA damage 

at the high resolution of a single cell. It is a combination of electrophoresis and fluorescent 

visualization first described as a detection method under neutral conditions for radiation-

induced DNA damages by Ostling and Johanson in 1984 [221]. In 1988, Singh et al. modified 

the assay, applying alkaline conditions, thus increasing the sensitivity of the assay by 

including SSB and alkali-labile sites in the detection [222]. Broadly speaking, cells are treated 

with a putative DNA damaging agent, dispersed in low melting point agarose, and evenly 

distributed on a microscopic glass slide. A lysis step follows, including high salt concentrations 

and detergent. As a result, the cell membrane and proteins dissipate while the DNA remains 

in the agarose embedded as a nucleoid-like structure. Electrophoresis is performed, subjecting 

the DNA to an electric field. Intact genomic DNA is very large and lacks free ends so that the 

electrophoretic mobility is low; during short electrophoresis at low voltages, undamaged DNA 

migrates only to a negligible extent, staying in a nucleoid-like shape - the comet head. 

In contrast, genomic DNA with strand breaks consists of smaller fragments and offers 

more free ends that contribute to migration in the electric field. These DNA fragments thus 

relocate out of the comet head and subsequently form the so-called comet tail. A suitable DNA 

dye such as propidium iodide is used to visualize the comets under the fluorescence 

microscope. Images are acquired and subsequently analyzed with software that facilitates 

scoring the comets and performs the respective calculations necessary to quantify the extent 

of DNA damage.  
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Alkaline Comet Assay 

The alkaline protocol, developed in 1988 by Singh, is performed at a very high pH (>13) 

and enables the detection of SSB and DSB as well as alkali-labile sites [222]. For this 

dissertation, the protocol of Olive and Banath was followed with some minor adaptations 

[223]. In this approach, DNA is denatured and unwound from break points while supercoils 

relax, leading to identifying the types of damage mentioned above. A negative control is 

always essential to monitor background DNA damage. A suitable positive control is to treat 

cells for 15 min with a freshly prepared 20.0 µM hydrogen peroxide in water solution. All 

treatments are incubated on ice in order to downregulate the cell's own DNA damage 

machinery so as to assess the potential of the test compounds without any counteracting 

influence. In pre-tests, a cell density of 100 000 cells/mL was determined as optimal, i.e. 

sufficient cells to score enough comets but few enough to avoid signal overlay due to high cell 

density. Furthermore, the lysis solution may be used throughout one week if stored at 4 °C 

whereas the electrophoresis buffer must be exchanged for every run. Optimal staining results 

were obtained, when 250 µL of a PI solution (10 µg/mL in water) were applied per slide and 

incubated for 20 min. The following protocol describes the optimized procedure that was used 

to obtain the data within this dissertation. 

A single-cell suspension was prepared for the assay by trypsinizing and counting cells 

as described in chapter 3.9.3. For each experiment, 200 000 cells were used, and the 

corresponding volume was centrifuged for 5 min at 500 g so that the medium supernatant 

could be removed. Then the cells were resuspended in 2.0 mL of ice-cold PBS. For every 

condition, 400 µL of the cell suspension, corresponding to 40 000 cells, were transferred to a 

2 mL reaction tube and stored on ice. Treatment was performed by adding either 2.0 µL of a 

5.0 mM stock solution of the pentathiepin to obtain a final concentration of 25.0 µM, 2.0 µL of 

the solvent DMF or the appropriate amount of H2O2 to give a final concentration of 20.0 µM as 

the positive control, respectively. After a 15 min incubation on ice, each sample was mixed 

with 1.2 mL of liquid low melting point agarose (1 % (w/v)) maintained at 40 °C in a water 

bath and evenly distributed immediately on an agarose-precoated microscopic glass slide. 

Each slide was allowed to gel for 3 min at RT before submerging it horizontally in a dish with 

pre-chilled alkaline lysis buffer (1.2 M NaCl, 0.1 % (w/v) N-lauroyl sarcosinate, 0.1 M EDTA, 

0.26 M NaOH, in H2O, pH > 13.0) for overnight incubation at 4 °C. After that, the slides were 

washed three times for 20 min in alkaline rinse/electrophoresis buffer (2 mM EDTA, 30 mM 
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NaOH, in H2O, pH > 13.0) to remove any traces of salt. The same buffer was used to fill a 

leveled chamber in which the electrophoresis was conducted for 25 min at 10 V (0.6 V/cm). In 

the next step, the slides were submerged in deionized water for 5 min. For staining, 250 µL of 

a PI staining solution 10 µg/mL were applied per slide and incubated for 20 min. Visualization 

and image acquisition was performed by a Leica DMi8 fluorescence microscope and the 

corresponding LASX software. The fluorescence of PI was captured in the TXR channel 

(λex = 488 nm and λem = 655–730 nm) by using a 10× magnification objective.  

Comet Scoring, Data Analysis and Descriptors 

Image analysis was performed with the freeware Comet Score 2.0 (rexhoover.com). 

Images were imported into the software and displayed as full spectrum to visualize the pixel 

brightness for easier handling. The comets were scored manually by first selecting the whole 

comet as the region of interest (ROI) and then marking the center of the head. Each scored 

comet was collected in an image grid, where all comets were reviewed, and debris or 

overlapping comets were deleted from the analysis. The analysis comprised a box 

segmentation process by which the mean intensities of the head, tail and background region 

were quantified by the program based on the single pixel intensity values. The grey value of 

each pixel is in a linear relationship with the fluorescence intensity during image acquisition, 

which in turn is dependent on the amount of DNA present. After background subtraction, the 

actual intensity of the head (Ih) and tail (It) and thus the fraction of DNA located in either one 

of them was related to the total comet intensity (Ic) and put out as a percentage of DNA in 

comet head or tail (% DNAh/t), respectively, es depicted in Equations 4 and 5.  

(4) % 𝐷𝑁𝐴ℎ = 100 ×  
𝐼ℎ

𝐼𝑐
 

(5) % 𝐷𝑁𝐴𝑡 = 100 × 
𝐼𝑡

𝐼𝑐
 

 

Figure 13. Illustration of the image analysis process in the Comet assay. A: Original image, B: single pixel 

intensities, C: center of comet head, D: mean intensities of head and tail.  
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3.14 Statistics 

Data and diagrams were prepared with Prism 7 (Version 7.2) and 9 (Version 9.2) from 

GraphPad Software Inc. (San Diego, CA, USA) and presented as means with standard 

deviations (SD) of at least three independent experiments if not stated otherwise. For the 

display of dose-response-graphs in the GPx1 assay, the 95 % confidence interval was included 

instead of the SD. To compare two means, the unpaired t-test was performed. To compare 

three or more means, a one-way analysis of variation (ANOVA) was computed. Multiple 

comparison tests were run post-hoc. To compare every mean with every other mean, the 

Tukey’s test was used, and to compare all means from a group with a control mean, the 

 unnett’s test was run. Significance levels were expressed as *p<0.05, **p<0.01, ***p<0.001 or 

****p<0.0001.  

To analyze for putative correlations, the Pearson correlation calculation of Prism 7 or 9 

was applied. This was used to assess to what extent two variables vary together by quantifying 

the linear relationship between X and Y. In this case, X was either the IC50 from MTT or GI50 

from crystal violet assay, and Y was the doubling time of the respective cell line. The 

correlation coefficients r with the corresponding p-values as levels of significance were 

derived. For interpretation of the r-values, I applied the scale: 0.0-0.1 negligible, > 0.1 - < 0.4 

weak, 0.4 - < 0.7 moderate, 0.7 - < 0.9 moderate, > 0.9 strong [36]. Additionally, I calculated the 

coefficient of determination R² (“R s uared”), which represents how much variability of 

variable X can be explained by changes in variable Y. 

This chapter about statistical means and their definitions and explanations was mainly 

based on  arvey  otulsky’s “Essential  iostatisti s”[224]. 
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4 Results 

Most of the herein presented and discussed results have previously been published in 

Wolff et al. in 2021 [179] and Behnisch-Cornwall et al. in 2020 [154]. 

4.1 Enzyme inhibition studies 

4.1.1 Inhibition of the GPx1 

The inhibitory effect of pentathiepins on the GPx1 was first reported by Behnisch-

Cornwell et al. [117]. To examine whether the pentathiepins 1-6 from the second generation 

are also potent inhibitors, the GPx1 enzymatic assay was conducted with tert-

butylhydroperoxide (t-BHP) as substrate; t-BHP was reduced by bovine erythrocyte GPx1 

while oxidizing GSH to the disulfide GSSG, which was recycled to GSH by GR under 

conversion of NADPH to NADP+. The decrease of NADPH was photometrically monitored at 

λ = 340 nm to obtain the OD values and thereby employed to quantify the GPx1 catalytic 

concentrations. The relative GPx1 activity was then plotted against inhibitor concentration to 

generate the dose-response graphs in Figure 14.  
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Figure 14. Inhibition of the bovine GPx1 enzyme activity as a function of pentathiepin concentration at 25 °C, 

displayed as means with the corresponding 95 % confidence intervals (CI 95 %). n ≥ 3 independent experiments. 

These were used to determine both the relative and absolute IC50 values (Table 17). 

Relative IC50 were derived from the inflection point of the sigmoidally shaped graphs 
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describing the half-maximal inhibition of the enzyme. Absolute IC50 were calculated after 

interpolating the standard curve and correspond to the concentration at which 50 % of the 

enzyme was inhibited. 

Table 17. Relative (rel) and absolute (abs) IC50 of the pentathiepins 1-6 in µM with the corresponding CI 95 %, 

standard deviation (SD), and residual activities at the highest tested concentration of 12.5 µM. n ≥ 3 independent 

experiments. 

Compound Rel. IC50 (CI 95 %) Abs. IC50 (SD) Residual activity (%) 

1 
0.92 

(n.d. - 2.10) 

1.49 

(0.76) 
16.4 

2 
2.28 

(1.52 - 13.74) 

3.25 

(0.95) 
27.5 

3 
0.56 

(0.24 - 0.80) 

0.91 

(0.33) 
29.0 

4 
0.60 

(0.32 - 0.84) 

0.75 

(0.27) 
27.9 

5 
0.63 

(0.50 - 0.75) 

1.17 

(0.20) 
28.7 

6 > 12.5 > 12.5 53.3 

 

Pentathiepins 1, 3, 4 and 5 had IC50 values ranging between 0.56 and 0.92 µM and were 

thus the most potent inhibitors of the bovine GPx1 within the second generation of 

compounds. However, the residual enzyme activities at the highest tested concentration 

(12.5 µM) varied between 16 and ca. 30 %. Pentathiepin 2 had a similar residual activity like 3, 

4 and 5 but a higher IC50 of 2.28 µM. For one of the six new compounds, pentathiepin 6, no IC50 

was calculated because it did not decrease the activity of the bovine GPx1 less than 50 % even 

at 12.5 µM. 

Regarding the chemical structure, it appeared that the attachment of a p-fluorophenone 

group (5) to the piperazine moiety was beneficial for the inhibitory potential, compared to the 

p-tosyl residue (6). Comparably, slight structural alterations of 2 caused a four-fold lower IC50 

for compounds 3 and 4. Here, replacing the piperidine (2) with a morpholine (3) or N, ’-

diethylamine (4) group notably increased the inhibitory action on the GPx1. 

4.1.2 Inhibition of other antioxidant enzymes 

To assess a certain specificity of the inhibitors toward the GPx1 (bovine), enzymatic 

assays with other relevant antioxidant enzymes were performed. This included the GR (yeast-
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derived) as an auxiliary component of the GPx1 assay and CAT (bovine) fulfilling a similar 

enzymatic task as the GPx1 by detoxifying hydrogen peroxide, thus being another key redox 

enzyme. At a concentration of 25.0 µM, the activity of neither enzyme was altered by the 

pentathiepins 1-6 (Figure 15 a and b). 
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Figure 15. Inhibition of GR, CAT and TrxR by pentathiepins 1-6 at 25 °C. Relative activity of (a) GR and (b) CAT 

after treatment with 25.0 µM of pentathiepins 1-6. The data represent the mean and SD from n = 3 independent 

experiments. (c) Relative activity of TrxR after treatment with several concentrations of pentathiepins 1-6 with n ≥ 1 

independent experiments. 

In addition, the inhibition of the TrxR (rat enzyme expressed in E. coli) as another 

selenoenzyme with antioxidant capacity was investigated. For the four compounds 1, 2, 5 and 

6, no effect was detected up to a concentration of 25.0 µM (Figure 15 c). Pentathiepins 3 and 4 

revealed inhibitory effects at a concentration of 12.5 µM, where the IC50 can be estimated but 

not at concentrations in the range of potent inhibition of GPx1. 

4.2 Cytotoxic and antiproliferative activity 

The cytotoxicity of the compounds 1-6 was assessed in 14 human cancer cell lines by 

performing both MTT cell viability and crystal violet cell proliferation assays. In the MTT 

assay, the conversion of the soluble salt to the corresponding insoluble formazan is enabled in 

cells by intact mitochondria and their active dehydrogenases. After solubilization of the 

formazan and its photometrical detection, indirect conclusions about the viability of the cells 

can be drawn by calculating an IC50 from the corresponding dose-response graphs [189, 225]. 

In the crystal violet assay, the dye binds to the chromatin of the cells that remain adherent after 
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treatment, thus allowing for quantification of biomass in comparison with a control resulting 

in a respective GI50 [193].  

The IC50 and GI50 values of the pentathiepins 1-6 were in the low or even sub-micromolar 

order (Figure 16, Table 18)). Notably, compound 6 was least cytotoxic with a mean of 2.36 µM 

throughout the panel, while 1 represented the highest potential to inhibit both the viability 

and proliferation of cancer cells with means of 0.72 and 0.33 µM, respectively. Cell lines 

derived from leukemia and ovary were most sensitive, with mean IC50 values between 0.42 

and 0.58 µM, whereas the least susceptible were from breast and pancreatic cancer with IC50 

values of 1.39 and 2.34 µM, respectively. 
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Figure 16. Heatmap summarizing the mean IC50 and GI50 values in µM after treatment of a panel of 14 human 

cancer cell lines with pentathiepins 1-6 determined with MTT assay under normoxic and hypoxic conditions 

and using the crystal violet assay under normoxia. The corresponding values with SD are available in Table 18. 

n ≥ 3 independent experiments. 
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Table 18. IC50 and GI50 values in µM of the pentathiepins 1-6 determined with the MTT and crystal violet assay, respectively, including both normoxic (-N) and hypoxic (-H) 

incubation conditions. Listed are means and SD from n ≥ 3 (*n = 2) independent experiments as well as means per compound (bottom line). 

 1 2 3 4 5 6 

Assay MTT-N CV MTT-H MTT-N CV MTT-H MTT-N CV MTT-H MTT-N CV MTT-H MTT-N CV MTT-H MTT-N CV MTT-H 

Cell line 
mean mean mean mean mean mean mean mean mean mean mean mean mean mean mean mean mean mean 

± SD ± SD ± SD ± SD ± SD ± SD ± SD ± SD ± SD ± SD ± SD ± SD ± SD ± SD ± SD ± SD ± SD ± SD 

HAP-1 
0.398 0.339 0.384 0.600 0.161 0.847 0.263 0.064 0.657 0.263 0.084 0.832 0.270 0.120 0.661 0.722 0.507 1.325 

0.09 0.04 0.10 0.15 0.03 0.28 0.06 0.01 0.21 0.05 0.01 0.09 0.03 0.05 0.08 0.29 0.12 0.29 

HAP-1. 0.358 0.313 0.428 0.644 0.173 1.187 0.368 0.068 0.911 0.322 0.116 1.185 0.413 0.144 0.912 0.778 0.524 1.836 

KO.GPx1 0.03 0.04 0.11 0.08 0.03 0.57 0.04 0.01 0.44 0.02 0.03 0.43 0.05 0.03 0.30 0.23 0.08 0.62 

A2780 
0.692 0.236 0.443 0.430 0.164 0.804 0.135 0.055 0.616 0.213 0.106 0.799 0.259 0.092 0.588 0.891 0.538 2.109 

0.33 0.06 0.14 0.13 0.03 0.28 0.03 0.02 0.08 0.08 0.02 0.07 0.06 0.03 0.10 0.02 0.14 0.08 

A2780cis 
0.410 0.228 0.411 0.652 0.234 0.637 0.206 0.088 0.316 0.399 0.173 0.544 0.308 0.142 0.449 1.507 0.512 1.719 

0.09 0.03 0.10 0.02 0.02 0.15 0.04 0.04 0.13 0.06 0.02 0.17 0.05 0.03 0.06 0.45 0.08 0.48 

Siso 
0.414 0.256 0.602 1.376 0.423 2.965 0.573 0.166 2.730 0.934 0.381 4.245 0.794 0.369 1.846 3.259 0.597 > 10.0 

0.05 0.05 0.11 0.18 0.06 1.06 0.06 0.05 0.33 0.07 0.04 0.38 0.09 0.02 0.50 0.82 0.15 n.d. 

Kyse-70 
0.477 0.264 0.532* 1.582 0.409 2.095 0.824 0.142 2.289 0.976 0.284 3.602 0.826 0.181 1.516 1.950 0.481 > 10.0 

0.11 0.06 0.12 0.39 0.08 0.86 0.17 0.05 0.25 0.17 0.04 1.07 0.25 0.05 0.32 0.57 0.08 n.d. 

RT-4 
1.926 0.373 0.522 1.595 1.515 5.900 0.878 0.193 2.314 1.306 0.445 2.223 0.716 0.358 1.738 1.548 0.835 5.050 

1.10 0.04 0.02 0.43 0.47 1.64 0.09 0.04 0.52 0.34 0.11 1.07 0.19 0.16 0.48 0.46 0.36 0.19 

RT-112 
0.399 0.465 0.306 1.341 0.559 1.716 1.047 0.246 1.471 1.197 0.469 1.782 1.079 0.384 1.121 3.408 1.104 > 10.0 

0.07 0.10 0.04 0.70 0.08 0.05 0.14 0.04 0.17 0.06 0.06 0.25 0.15 0.02 0.18 0.64 0.12 n.d. 

A-427 
0.349 0.306 0.285 1.461 0.401 1.075 0.785 0.142 0.959 1.094 0.310 1.189 0.906 0.320 0.834 1.788 0.352 1.391 

0.06 0.01 0.04 0.19 0.15 0.41 0.07 0.01 0.22 0.1 0 0.11 0.06 0.01 0.15 0.25 0.34 0.29 

LCLC- 1.416 0.441 0.552 1.357 0.552 1.54 0.571 0.128 0.820 0.674 0.306 0.827 0.800 0.232 0.677 2.816 0.646 2.532 

103H 0.17 0.12 0.29 0.61 0.20 0.82 0.17 0.03 0.04 0.05 0.08 0.21 0.29 0.08 0.06 1.29 0.37 0.22 

DanG 
1.114 0.340 0.478 1.990 0.644 4.354 1.447 0.382 2.660 1.648 0.459 4.460 1.177 0.398 1.620 2.179 0.711 > 10.0 

0.49 0.08 0.09 0.44 0.11 0.72 0.21 0.09 0.36 0.28 0.03 0.43 0.21 0.03 0.22 0.27 0.16 n.d. 

PATU- 0.579 0.480 0.543 1.715 0.659 3.151 1.047 0.257 2.341 0.823 0.471 1.273 1.203 0.340 1.555 2.979 0.952 > 10.0 

8902 0.23 0.02 0.19 0.60 0.28 0.66 0.11 0.04 0.33 0.29 0.03 0.21 0.04 0.05 0.30 1.39 0.09 n.d. 

YAPC 
0.780 0.405 0.360 1.551 0.628 2.234 1.225 0.350 2.367 1.150 0.608 2.213 1.360 0.411 1.518 5.166 1.170 3.721 

0.09 0.13 0.14 0.17 0.05 0.27 0.21 0.17 0.61 0.26 0.22 0.14 0.09 0.19 0.26 0.3 0.63 1.19 

MCF-7 
> 10.0 0.209 0.970 3.040 0.384 > 10.0 1.681 0.153 3.561 3.210 0.293 3.561 1.640 0.248 3.011 3.986 0.458 > 10.0 

n.d. 0.01 0.12 0.45 0.07 n.d. 0.27 0.05 0.75 0.47 0.05 1.07 0.06 0.08 1.28 1.37 0.09 n.d. 

Mean 0.716 0.333 0.487 1.381 0.493 2.193 0.789 0.174 1.715 1.015 0.322 2.053 0.839 0.267 1.289 2.356 0.671 2.460 

 



Results 

66 

 

For further biological testing, the corresponding IC90 values were calculated and used in, 

e.g., the investigations regarding apoptosis and cell cycle aberrations (Table 19). 

Table 19. IC90 values of pentathiepins 1-6 in µM calculated with GraphPad QuickCalcs. Calculations are based 

on the IC50 from the MTT assay and slope factors of the dose-response curves listed for the relevant cell lines of the 

further biological evaluations. 

Cell line 1 2 3 4 5 6 

HAP-1 0.71 1.18 0.62 0.51 0.49 1.46 

HAP-1.KO.GPx1 0.55 1.20 0.80 0.64 0.72 1.46 

A2780 1.87 1.00 0.36 0.61 0.51 2.39 

Siso 0.77 2.70 1.23 1.93 1.47 5.07 

DanG 1.71 3.06 2.54 2.71 2.05 4.94 

PATU-8902 1.22 6.52 2.48 6.00 2.57 7.58 

YAPC 2.47 4.26 2.24 3.70 2.20 17.90 

 

In the crystal violet assay, which measures cell proliferation, the pentathiepins 1-6 

resulted in low GI50 concentrations, with means over all cell lines between 0.17 µM (3) and 

0.57 µM (6). The most resistant cell lines were derived from the urinary bladder and pancreatic 

cancer with mean GI50 values between 0.49 and 0.62 µM. Once more, the weakest effect was 

observed for 6. Interestingly, pentathiepin 1 strongly inhibited the proliferation of the MCF-7 

breast cancer cell line with a GI50 of 0.21 µM, although it did not affect the cellular viability up 

to a concentration of 10.0 µM.  

The MTT cell viability assay was not only performed under normoxic conditions (19 % 

atmospheric oxygen) but also conducted under hypoxia, where the levels of atmospheric 

oxygen were reduced to 1 % during the treatment for 48 h. Hypoxic conditions are present in 

the tumor microenvironment and linked with a poor prognosis [226]; thus, the altered oxygen 

condition is an attempt to mimic the situation in tumor cells. The effect of the compounds 

under this distinct incubation should provide an insight into the oxygen dependence of the 

reactions that have been postulated in the proposed mechanism of action of the pentathiepins 

(Figure 10). Consistent with this mechanism, for five of the compounds, the IC50 values 

increased under hypoxic conditions. Especially for the pentathiepins 3 and 4, the potency 

decreased roughly by factors of 3 or 4 in some cell lines (Table 20). However, for 6, the half-

maximal inhibitory concentration exceeded the highest tested concentration of 10.0 µM in 

several cell lines (Figure 16, Table 18), representing the highest decrease in cytotoxic activity. 

Pentathiepin 1 was an exception to this observation; the cytotoxicity under reduced oxygen 

availability was potentiated instead. This was apparent in the two pancreatic cancer cell lines 
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DanG and YAPC, and the lung cancer cell line LCLC-103H, where the cytotoxic effect of 1 was 

more pronounced under oxygen-reduced incubation conditions (Figure 16, Tables 18 and 20). 

The most substantial increase in cytotoxicity was detected for the breast cancer cell line MCF-

7, though, where the IC50 decreased from > 10.0 µM to about 1.0 µM (Table 18). This indicated 

a rather tangential role of oxygen availability for pentathiepin 1 in selected cell lines. Another 

observation was that the level of atmospheric oxygen during incubation did not affect cell 

viability in the lung carcinoma cell line A427. 

Table 20. Overview of relative IC50 values when comparing normoxic and hypoxic incubation conditions. IC50 

from MTT under hypoxic conditions were set in relation to those under normoxic conditions: 𝑟𝑒𝑙 𝐼𝐶50 =
ℎ𝑦𝑝𝑜𝑥 𝐼𝐶50

𝑛𝑜𝑟𝑚𝑜𝑥 𝐼𝐶50
 

Green indicates a factor < 0.7, yellow > 1.29 and red > 2.49, white illustrates no change (0.7 - 1.29). n.d. not 

determined (grey), n = 3, *n = 2 independent experiments 

Cell Line 1 2 3 4 5 6 

HAP-1 0.97 1.41 2.50 3.16 2.45 1.83 

HAP-1.KO.GPx1 1.20 1.84 2.48 3.68 2.21 2.36 

A2780 0.64 1.87 4.55 3.74 2.27 2.37 

A2780cis 1.00 0.98 1.54 1.36 1.46 1.14 

SiSo 1.45 2.15 4.77 4.54 2.32 n.d. 

Kyse-70 1.12 1.32 2.78 3.69 1.84 n.d. 

RT-4 0.27* 3.70 2.64 1.70 2.43 3.26 

RT-112 0.77 1.28 1.40 1.49 1.04 n.d. 

A-427 0.82 0.74 1.22 1.09 0.92 0.78 

LCLC-103H 0.39 1.13 1.44 1.23 0.85 0.90 

DanG 0.43 2.19 1.84 2.71 1.38 n.d. 

PATU-8902 0.94 1.84 2.24 1.55 1.29 n.d. 

YAPC 0.46 1.44 1.93 1.92 1.12 0.72 

MCF-7 n.d. n.d. 2.12 1.11 1.84 n.d. 

 

Figure 17 gives a closer look at the dependence of IC50 values on the availability of 

oxygen for each pentathiepin in every cell line. For 1, statistically significant differences 

occurred in the cell lines LCLC-103H and YAPC, both with lower IC50 under hypoxia. In all 

three pancreatic cancer cell lines DanG, PATU-8902, and YAPC, as well as RT-4, pentathiepin 

2 had significantly higher IC50 values when incubated under hypoxic conditions. The treatment 

with the compounds 3, 4 and 5 resulted in significantly higher IC50 in ten, eight and seven out 

of 14 cell lines, respectively, when oxygen was reduced to 1 %. For pentathiepin 6, statistical 

evidence for higher IC50 was obtained for three cell lines, but in six additional cell lines, the 

IC50 under hypoxia exceeded the highest test concentration of 10.0 µM, which impaired 

statistical evaluation. 
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Figure 17. IC50 values for pentathiepins 1-6 under different incubation conditions in a panel of 14 human cancer 

cell lines. Displayed are the mean IC50 and SD for normoxic (no fill) and hypoxic (streaked) conditions. A 

comparison was made for the six pentathiepins in 14 cell lines of different tissue origin under normoxic (19 % O2) 

and hypoxic (1 % O2) conditions. Statistical analysis of the difference between the means was performed with an 

unpaired t-test. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. n ≥ 3 independent experiments 

For some cell types, hypoxic incubation changes the expression of proteins and also 

influences proliferation [227-230]. Therefore, I aimed to assess to what extent the described 

observations regarding the cytotoxicity of the pentathiepins were due to altered cell doubling 

rates under normoxia or hypoxia. Hence, the growth rates and subsequently the division times 

were determined (Figure 18).  
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Figure 18. Doubling time in a selection of eleven cell lines under both normoxic and hypoxic culturing 

conditions. Determined by crystal violet assay every 24 h over the course of 96 h and presented as mean and SD. 

Doubling times under normoxic conditions (19 % atmospheric O2, blue) were compared with hypoxic conditions 

(1 % atmospheric O2, orange) with an unpaired t-test. n = 3 independent experiments 

With respect to this parameter, there was no difference detected between the cultivation 

under normoxic and hypoxic conditions. The altered sensitivity of the cell lines toward the 

treatment with pentathiepins was thus independent of changes in doubling times but rather 

depending on the availability of oxygen. 

Another question I addressed was whether the cytotoxicity of the pentathiepins is 

related to the growth rates of the cell lines. The susceptibility to chemotherapeutic agents is 

generally higher in rapidly dividing cells. A Pearson correlation analysis based on the 

doubling times and IC50 or GI50 values, respectively, was performed (Figure 19) and interpreted 

according to statistics guidelines [231]. For pentathiepins 4 (r = 0.65, p = 0.029) and 5 (r = 0.70, 

p = 0.017), a moderate statistically significant correlation of the GI50 with the doubling times 

was found. The correlation of the cell division time and the IC50 values under normoxia for 

compounds 3 (r = 0.70, p = 0.017), 4 (r = 0.72, p = 0.012), 5 (r = 0.73, p = 0.010), and 6 (r = 0.70, 

p = 0.016) was moderate, as well, also to a statistically significant extent. However, this did not 

pertain to the IC50 values under hypoxic incubation conditions. The R², depicting the fraction 

of shared variance between the two variables, ranges from 43 to 54 %, implying that about half 

of the effect is related to the cell doubling time. Altogether, this suggests that rapidly dividing 

cells are more susceptible to the treatment with these pentathiepins.  
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Figure 19. The influence of the cellular doubling time on the cytotoxicity of the pentathiepins 1-6. A Pearson 

correlation analysis of the doubling times and the corresponding GI50 values from crystal violet assay (a) or from 

MTT under both normoxic (b) and hypoxic (c) conditions with corresponding R², Pearson’s r values, and 

significance levels where applicable. All correlations were calculated with Prism 9. n ≥ 3 independent experiments. 

*p<0.05 

4.3 Characterization of the cell lines 

Following the determination of the inhibitory potential toward the GPx1 and other 

enzymes, the pentathiepins were screened for cytotoxic and antiproliferative properties in a 

panel of 14 human cancer cell lines. Selected cell lines underwent more detailed biological 

testing and were therefore analyzed regarding their GPx1 and catalase expression profile as 

part of the antioxidant defense mechanisms. In addition, a comparison of the HAP-1 and the 

corresponding GPx1 knockout cell line was performed to exclude varieties in, e.g., growth, 

viability, or physiology while studying the relevance of GPx1 expression for the cytotoxicity 

of pentathiepins. 

4.3.1 Expression of the antioxidant enzymes GPx1 and CAT 

The selection of the cell lines HAP-1, HAP-1.KO.GPx1, A2780 and Siso was in principal 

based on their expression profile of GPx1. As this enzyme is a potential target of pentathiepins 

in cells, it should be assessed whether the high toxicity of the compounds is dependent on the 

cellular protein levels. Furthermore, both HAP-1 cell lines, as well as A2780, were very 

sensitive toward the treatment with pentathiepins, while Siso cells are known to be susceptible 

to a range of chemotherapeutic agents [232]. Additionally, three pancreatic cancer cell lines 

were selected for further investigations: DanG, PATU-8902 and YAPC. Although the 
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pancreatic cancer cell lines were less sensitive when compared with the other cell lines of the 

test panel, the inhibitory concentrations were in the very low micromolar range. This was the 

motivation also to examine the cellular response of these cells derived from an aggressive 

tumor type in more detail. Western blotting with subsequent total protein normalization was 

done to quantify both the expression of GPx1 and catalase in the seven cell lines (Figure 20).  
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Figure 20. Relative expression of GPx1 (a) and CAT (b) across the seven cell lines used for selected biological 

assays to determine the effects of the pentathiepins 1-6 displayed as single values with mean and SD with 

representative Western blot images. Protein levels were determined by Western blotting and normalized to total 

protein load per lane. For each protein, a mean was calculated throughout all cell lines (set to 1, dashed line) and 

all single values related to it. Protein bands derive from a representative blot and data from n  = 3 independent 

experiments. 

In relative terms, HAP-1 and Siso were the cell lines with the highest expression of GPx1. 

As expected, the knockout cell line HAP-1.KO.GPx1 expressed no detectable enzyme. The two 

pancreatic cancer cell lines DanG and YAPC contained similar amounts of GPx1, while PATU-

8902 and A2789 had very low expression levels. Regarding the abundance of catalase, the 

parental HAP-1 and the corresponding GPx1 knockout cell line both had similar protein levels. 

A2780 and Siso had the lowest CAT expression within the panel while, in contrast, DanG had 

the highest levels. The pancreatic cancer cell lines PATU-8902 and YAPC had equally low 

amounts, both being below average expression in all cell lines. 

For CAT, it was also possible to measure the expression levels and compare them 

between hypoxia and normoxia during cell growth (Figure 21). This experiment should reveal 

whether the hypoxic incubation conditions influence the protein expression. The samples were 
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collected and analyzed by Western blotting after culturing the cells at 1 % oxygen for three 

days. 
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Figure 21. Relative expression of CAT under hypoxic (H) related to normoxic (N) conditions displayed as single 

values with mean and SD with representative Western blot images. Protein levels were determined by Western 

blotting and normalized to total protein load per lane. Protein bands derive from a representative blot and data 

from n ≥ 4 independent experiments. *p<0.05 

A statistically significant decrease of CAT by roughly 50 % was detected in both HAP-1 

and the GPx1 knockout cell line, but not for A2780. For Siso, there was a slight trend observed 

toward reduced CAT expression under hypoxia. This indicated an impact of the lowered 

atmospheric oxygen availability on the protein expression of the cells, exemplarily for CAT. 

One possible explanation would be the decreased production of ROS so that the need for 

detoxification by, e.g., CAT is less than under normoxic conditions. 

4.3.2 Comparison of the parental cell line HAP-1 and the GPx1 knockout HAP-1.KO.GPx1 

In order to compare the two cell lines HAP-1 (parental) and KO.HAP-1.GPx1 (GPx1 

knockout), parameters like cell size, doubling time, viability, and metabolic activity were 

assessed. Furthermore, the abundance of a set of antioxidant proteins apart from GPx1 and 

CAT was quantified by Western blotting. 

Cell sizes were determined by both Coulter and EVE counter methods (Figure 22). These 

measurements led to the conclusion that both cell lines have the same size of 11.8 µm for HAP-

1 and 12.0 µm for the knockout variant (Coulter counter) or else 8.8 and 9.0 µm (EVE counter), 

respectively. No significant difference was detected after performing an unpaired, two-tailed 

t-test.  
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Next, cell growth behavior was analyzed by using the crystal violet proliferation assay 

over the course of 96 h. From this experiment, growth rates and, subsequently, doubling times 

were calculated (Figure 22). No significant differences were detected, with doubling times for 

HAP-1 and KO.HAP-1.GPx1 of 14.9 and 14.8 h, respectively. 
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Figure 22. Cell sizes of HAP-1 (green) and KO.HAP-1.GPx1 (red) as detected by Coulter Counter and EVE 

counter and doubling time as determined by crystal violet proliferation assay over the course of 4 days. An 

unpaired, two-tailed t-test was performed in Prism 9 to compare the means. n = 3 independent experiments 

Furthermore, the viability of the cells was analyzed by three different approaches 

(Figure 23). The trypan blue exclusion principle detected with the EVE counter resulted in 

viability of about 83 % for both cell lines. An Annexin V-based flow cytometric assay showed 

93 % viable cells in both lines with no significant differences detected between the 

measurements. Finally, as an additional means to detect viable cells, an ATP assay was 

performed. In this luminescence-based method, the intracellular amount of ATP contributes 

to the conversion of luciferin to luminescent oxyluciferin by the enzyme luciferase. No 

difference in intracellular ATP content between the parental and the knockout cell line was 

found. To summarize, the loss of GPx1 does not appear to significantly influence the viability 

of the HAP-1 cell lines based on the three methods applied. 
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Figure 23. Viability of HAP-1 and KO.HAP-1.GPx1 determined by trypan blue staining using the EVE counter, 

an Annexin V-FITC-based flow cytometric apoptosis assay and an ATP assay. An unpaired, two-tailed t-test was 

performed in Prism 7 to compare the means or the luminescence of the KO.HAP-1.GPx1 cells was set in relation to 

that of the native HAP-1 cells. The bottom images display representative measurements from the flow cytometric 

analysis with the fluorescence intensity of propidium iodide (PI) on the x-axis and fluorescein isothiocyanate (FITC) 

on the y-axis. Analysis quadrants: A. viable cells (FITC-/PI-) B. early apoptotic cells (FITC+/PI-) C. late apoptotic cells 

(FITC+/PI+). n ≥ 3 independent experiments 

Also, the metabolic activity of HAP-1 and KO.HAP-1.GPx1 cells was compared by two 

different assays. Both include the conversion of a substrate into a detectable product by 

metabolically active and thus viable cells (Figure 24). In the MTT assay, a salt is converted to 

a corresponding formazan by mitochondrial dehydrogenases of intact cells. In the acid 

phosphatase (APH) assay, the intracellular APH hydrolyzes the substrate p-nitrophenyl 

phosphate (PNPP) to p-nitrophenol (PNP), which can subsequently be measured 

photometrically [194]. 
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Figure 24. Conversion rates of the MTT and APH substrates by both HAP-1 and KO.HAP-1.GPx1. (a) The 

absolute rates were calculated by computing the ratio of the ODs of two subsequent incubation intervals. (b) The 

relative conversion rates for the MTT and APH assay in KO.HAP-1.GPx1 cells in comparison with HAP-1 rates. 

Presented are means from n = 3 independent experiments with SD (not shown when smaller than symbol height). 

For both experiments, no differences were detected between the cell lines. For better 

comprehension, the ratio knockout to native line was calculated (Figure 24). The conversion 

rate for both MTT and APH was similar in the knockout cell line compared to the parental cell 

line with ratios around 1. 

The expression levels of of GPx1 and CAT in selected cancer cell lines have already been 

presented in chapter 4.3.1. For HAP-1 and the GPx1 knockout cell line, a more detailed 

expression profile was analyzed (Figure 25). The motivation was to assess whether a lack of 

GPx1 is compensated for by an increased abundance of other antioxidant proteins in HAP-

1.KO.GPx1. This characterization comprised the GPx4 isoform responsible for protecting the 

cell membrane from peroxidation, as well as peroxiredoxins 1 and 2 and thioredoxins 1 and 2.  
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Figure 25. Relative expression of antioxidant enzymes and proteins in HAP-1.KO.GPx1 in relation to the 

parental cell line HAP-1 and corresponding representative bands from Western blotting. n ≥ 3 independent 

experiments 

As apparent in Figure 25, there were no differences detected in the expression of GPx4, 

Prx1, Prx2, Trx1, or Trx2 when comparing the two HAP-1 cell lines. There were slight trends 

observed for a higher abundance of Prx1, Trx1, or Trx2 in HAP-1.KO.GPx1 but none of these 

were statistically significant. This indicated that the expression of some of the critical 

antioxidant proteins of a cell, apart from GPx1, was similar in these two cell lines. 

4.4 Intracellular distribution of a representative pentathiepin 

Pentathiepin 1 of the second generation was explicitly designed as a trackable compound 

to investigate the intracellular distribution by fluorescent microscopy. Exemplarily, Siso cells 

were incubated with the aryl-conjugated pyrrolo-pyrazine-fused pentathiepin 1 and 

subsequently monitored under the fluorescent microscope (Figure 26).  

The  entathie in was visuali ed in the   P  (4′,6-diamidino-2-phenylindole) channel 

(λex = 325-407 nm, λem = 461 nm) whereas the autofluorescence of the cells was detected in the 

FITC channel (λex = 460-500 nm, λem = 512-542 nm). Upon excitation, compound 1 emitted 

fluorescence, so it was feasible to examine its intracellular distribution. The pentathiepin was 

dispersed within the cytoplasm, and there was no prominent accumulation in any subcellular 

compartments. Interestingly, the nucleus remained dark, indicating that compound 1 was not 

present there, at least not in its original form. 
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Figure 26. Representative images of Siso cells treated with either DMF or pentathiepin 1 (IC90) for 24 h prior to 

imaging with a Leica DMi8 fluorescence microscope with a 63× oil immersion objective. The distribution of 1 

was visualized in the DAPI channel (λex = 325–407 nm, λem = 461 nm) and the autofluorescence of the cells in the 

FITC channel (λex = 460-500 nm, λem = 512-542 nm). Cell morphology was imaged in bright field settings. n = 1 

4.5 Induction of intracellular oxidative stress 

It is supposed that pentathiepins can induce oxidative stress by the generation of reactive 

sulfur precursors, as depicted in the hypothesized mechanism of action presented in Figure 

10. In addition, recent studies from our group confirmed the potential to increase intracellular 

levels of ROS for one representative compound [117]. On that account, this effect was 

evaluated for the pentathiepins of the second generation. Seven different cell lines were 

examined, including HAP-1 and HAP-1.KO.GPx1, Siso and A2780, as well as the three 

pancreatic cancer cell lines DanG, PATU-8902, and YAPC (Figure 27). A flow cytometric 

analysis was performed using the intracellular ROS sensor 2',7'-dichlorodihydrofluorescein 

diacetate (DCFDA) after incubating the cells with 25.0 µM of the respective compound for 

15 min.  

The treatment with the pentathiepins 2, 3, 4 and 5 resulted in an increase in intracellular 

ROS in all cell lines, in part even exceeding the effect of 2.0 mM of H2O2, which was used as 

the positive control. However, compound 1 did not alter the intracellular ROS levels in any of 

the cell lines, and pentathiepin 6 only affected HAP-1 cells as well as the corresponding GPx1-

knockout line and A2780 cells. The impact of the treatment was different for the distinct cell 

lines. In HAP-1 and HAP-1.KO.GPx1 cells, there was a two- to four-fold increase of ROS after 

incubation with pentathiepins compared to the solvent control. In Siso cells, ROS levels raised 
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roughly five- to ten-fold, whereas, in A2780, it was about doubled or tripled. Regarding the 

pancreatic cancer cell lines, DanG and PATU-8902 had high levels of intracellular ROS after 

treatment with 2, 3, 4 and 5, while in YAPC cells, the only boost of ROS was detected after 

incubation with 5. In the latter cell line, there was no significant reaction observed with the 

H2O2 positive control either, indicating a minimal response in general. 
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Figure 27. Relative intracellular levels of ROS after incubation for 15 min with 25.0 µM of pentathiepin 1-6 

detected by flow cytometric DCFDA-based assay in seven cancer cell lines. Solvent only was used as the negative 

control; 2.0 mM of H2O2 was used as the positive control. Data are displayed as mean and SD, and a representative 

histogram from flow cytometric analysis is included (bottom right). All treatment conditions were related to the 

negative control sample (set to 1, dashed line) and statistical analysis performed in Prism 7 by one-way ANOVA 

and Dunnett's multiple comparisons post-hoc test. n ≥ 3 independent experiments, *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. 

It is supposed that thiols are critical for activating the pentathiepins [118]; thus, the 

influence of GSH supplementation during treatment was assessed with respect to the ROS 

levels. This experimental setup included the addition of 3.0 or 30.0 µM of GSH to the IMDM 

culture medium that contained 25.0 µM of pentathiepin or solvent, respectively (Figure 28).  

After supplementing the IMDM medium used for treatment with additional GSH, a 

significant increase of intracellular ROS caused by pentathiepins 2 and 5 was observed, 

roughly doubling the effect of the compound alone. An ascending trend was detected for 

compound 4 but was not found to be statistically significant. However, the pentathiepins 3 

and 6 revealed a tendency toward reduced oxidative stress with additional GSH. Here, the 

supplementation with GSH decreased the ROS stimulating effect by 50 %, but not to a 
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statistically significant extent. Additionally, for pentathiepin 1, no change was observed, 

neither for treatment with omitted GSH (Figure 27) nor in a co-incubation. 
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Figure 28. Relative intracellular levels of reactive oxygen species after incubation for 15 min with pentathiepins 

(25.0 µM) omitting or adding GSH to the treatment medium detected by flow cytometric DCFDA-based assay 

in HAP-1 and HAP-1.KO.GPx1. Solvent only was used as negative control (set to 1, dashed line), and treatment 

conditions with either no or 3.0 or 30.0 µM of GSH were related to it. Data are displayed as mean and SD, and 

statistical analysis was performed in Prism 7 by one-way ANOVA and Dunnett's multiple comparisons post-hoc 

test. n ≥ 3 independent experiments, *p<0.05, **p<0.01, ***p<0.001. 

To gain better insight into the long-term influence of pentathiepin treatment on the ROS 

levels, the cells were incubated with the pentathiepins 2 and 3 for 24 and 48 h, respectively 

(Figure 29). Here, the concentrations were lowered to the IC90 because of the high cytotoxicity 

of the compounds (Table 19). The selection of compounds was based on the possible 

potentiation by GSH (2) and due to a high potential to quickly induce ROS (3) (see Figures 27 

and 28). The incubations were additionally performed under both normoxic (19 %) and 

hypoxic (1 %) conditions to evaluate the impact of available oxygen (Figure 29).  

Under normoxic conditions, long-term treatment did not result in any significant 

differences between cells incubated with pentathiepins and the solvent control cells. However, 

in A2780, a slight trend was noticed for 3 where ROS levels increased with incubation time. In 

contrast, in the Siso cell line, significant differences were detected under hypoxic conditions, 

where the levels of ROS decreased by about 50 % for both representative pentathiepins and 

either time point.  
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Figure 29. Relative intracellular levels of ROS after incubation for 24 or 48 h with the respective pentathiepin 2 

or 3 (IC90) under normoxic (a) or hypoxic (b) conditions detected by flow cytometric DCFDA-based assay in four 

cell lines. All treatment conditions were related to the negative control sample (set to 1; dashed line), displayed as 

mean with SD, and statistical analysis was performed in Prism 7 by one-way ANOVA and Dunnett's multiple 

comparisons post-hoc test. n ≥ 3 independent experiments, *p<0.05, **p<0.01, ***p<0.001. 

It became apparent that the effect of the pentathiepins on the ROS levels is different 

when comparing the results from the long-term with the short-term assay, considering 

normoxic conditions. For all four cell lines, where compounds 2 and 3 increased the levels by 

factor 2 to 10 in the acute assay, no significant effect was detected in this approach. An 

explanation could be that with elevated oxidative stress, many cells have already died. 

Regarding the long-term hypoxic incubation, the expectation would be a decrease of 

intracellular ROS compared with the results from the same assay but under normoxia. From 

the postulated mechanism of action, one could infer that reduced oxygen availability would 

lead to a diminished generation of ROS. However, as there was no significant change for any 

cell line under normoxia, it is difficult to assess the results from the hypoxic approach. Looking 

at the trend in A2780 cells with increased ROS after treatment with 3 after 48 h under normoxic 

incubation, the decrease of this effect under hypoxic conditions underlines the importance of 
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oxygen for the pentathiepin-triggered increase of oxidative stress. However, ROS levels below 

the solvent control, as seen in Siso cells, contradict this idea. 

4.6 Damage of DNA 

Two different experimental approaches were pursued to assess the potential of the 

pentathiepins to damage DNA. An in vitro plasmid cleavage assay was employed to 

determine the general potential to damage DNA, and the Comet assay was used to assess the 

potential to fragment DNA in single cells.   

4.6.1 Induction of strand breaks in plasmid DNA 

The plasmid cleavage assay can distinguish between a single and a double-strand break 

(SSB and DSB) due to the distinct electrophoretic mobilities of the resulting plasmid 

conformation discriminated by agarose gel electrophoresis. In the case of a single strand nick, 

the supercoiled plasmid (scDNA) relaxes and leads to the detection of open circular DNA 

(ocDNA), while a double-strand nick linearizes the plasmid (linDNA).  

It was observed that compounds 1-6 induced the cleavage of plasmid DNA to 

statistically significantly different extents (Figure 30 a and c). Pentathiepins 3, 4 and 5 caused 

similar levels of SSB to about 55 % at 5.0 µM and roughly 75 % at 25.0 µM, whereas 2, 6 and 1 

showed a reduced potential to damage DNA. The extent of cleavage depends on both the 

presence of a thiol, in this case, GSH, and the concentration of the pentathiepin (Figure 30 a). 

A significantly higher percentage of open circular plasmid DNA was detected after incubation 

with 25.0 µM compared to treatment with 5.0 µM, resulting in a difference of about 15-30 %. 

Interestingly, after incubation of the plasmid DNA with 25.0 µM of pentathiepins 2, 3, 4 

and 5, about 4 % of linearized plasmid was detected (Figure 30 b). To the best of my 

knowledge, this was the first time that the induction of DSB caused by pentathiepins was 

identified.  

Further experiments were carried out with selected pentathiepins to investigate some of 

the conditions that may promote the DNA cleaving effect. These investigations covered 

different concentrations of GSH (Figure 30 e) and various pH values of the buffer system 

(Figure 30 f). Both parameters have been reported to influence the pentathiepin-mediated 

damage of plasmid DNA [104, 105]. 
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Figure 30. Cleavage of pBR322 plasmid DNA after treatment with pentathiepins 1-6 for 20 h at 37 °C under 

different conditions. Percentage of (a) open circle (oc) DNA after incubation with 5.0 or 25.0 µM of pentathiepins 

1-6 with or without 2.0 mM GSH at pH 7.1, (b) linearized (lin) DNA after incubation with 25.0 µM of pentathiepins 

2-5 with 2.0 mM of GSH at pH 7.1, (c) ocDNA displayed as an inter-compound comparison, (d) ocDNA after 

incubation with 5.0 µM of pentathiepin 3 and 2.0 mM of GSH in the absence and presence of 100 µg/mL of CAT or 

SOD or both at pH 7.1, (e) ocDNA after incubation with 5.0 µM of pentathiepin 3 with GSH concentrations from 

1.00 µM to 10.0 mM at pH 7.1 with asterisks indicating significant differences from solvent control with 10.0 mM 

of GSH, (f) ocDNA after incubation with 5.0 µM of pentathiepin 1 or 3 with 2.0 mM of GSH and different buffer pH 

ranging from 5.1 to 8.1. Background cleavage was assessed by incubation with the solvent acetonitrile (ACN). 

Quantification was performed with Image Lab, and data are displayed as mean, with single values and SD. 

Statistical analysis was performed with Prism 7 by one-way       and  unnett’s or Tukeyʹs multi le 

comparisons post-hoc test. n = 3 independent experiments. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 



Results 

83 

 

First, it was investigated whether there is an optimal ratio of pentathiepin-to-thiol by 

treating plasmid DNA with 5.0 µM of the most active compound 3 and GSH concentrations 

ranging from 1.0 µM to 10.0 mM (Figure 30 e). The greatest extent of damage, quantified as 

the amount of ocDNA, was detected with GSH concentrations between 0.25 to 4.0 mM, 

corresponding to 50 to 800 equivalents of GSH per pentathiepin. The minimum amount of 

GSH that induced statistically significant plasmid cleavage was 25.0 µM, corresponding to a 

1:5 ratio of pentathiepin to GSH.  

In another experiment, the reaction buffer was modified regarding its pH to investigate 

how this factor influences the potential of two different pentathiepins to cleave DNA (Figure 

30 f). The least (1) and the most (3) active pentathiepins with respect to their potential to 

damage DNA were selected, and the assay was conducted at pH values of 5.1, 6.1, 7.1 and 8.1 

while applying 5.0 µM of each compound. For pentathiepin 1, no statistically significant 

increase of DNA cleaving was observed as a function of pH value; however, a trend favoring 

lower pH for higher cleavage activity was visible. Treatment with pentathiepin 3, though, 

resulted in the highest amounts of ocDNA at pH 7.1 (55 %), followed by the conditions at pH 

6.1 (49 %) and 5.1 (45 %). At pH 8.1 (28 %), a remarkably decreased cleaving potential was 

measured, only about half of the amount of ocDNA than it was detected at pH 7.1. 

To further investigate the plasmid cleaving mechanism, this experiment was repeated 

with the pentathiepin 3 in the presence of CAT or SOD added to the reaction mixture, 

respectively (Figure 30 d). Based on the mechanism of action shown in Figure 10, both 

enzymes should play essential roles in detoxifying the DNA-damaging radicals H2O2 and 

superoxide [105]. 

The fraction of damaged DNA was significantly increased to about 43 % when treated 

with pentathiepin 3 compared to the solvent control (7 %). The addition of CAT or SOD 

diminished the amount of ocDNA to 19 % and 29 %, respectively, whereas a combination of 

both enzymes did not surpass the effect of CAT alone (19 %). Both enzymes thus exert a 

protective role but could not entirely protect DNA from the cleaving effect of the pentathiepin 

at the catalytic concentrations that were used. 

4.6.2 Damage of intracellular DNA 

Aside from the plasmid cleavage assay, the pentathiepins 1-6 were investigated 

regarding their potential to damage nuclear DNA by Comet.  
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The cell lines HAP-1, HAP-1.KO.GPx1 and Siso were used, all having distinct expression 

levels of GPx1 and CAT (Figure 20). To assess the direct DNA-cleaving impact of the treatment 

with pentathiepins, the incubations were performed on ice to downregulate any activity of 

DNA repair enzymes. Representative microscopic images of comet formation, exemplarily in 

the Siso cell line, show different degrees of DNA damage, when comparing the pentathiepin-

treated samples with the solvent control (Figure 31). 

 

Figure 31. Representative images from comet assay analysis. Here, Siso cells were incubated with pentathiepins 

1-6 (25.0 µM). DMF was used as negative control and H2O2 as a positive control. 

After quantification of the Comet assay images, all tested pentathiepins exerted DNA 

damaging properties in each investigated cell line but with different severity, whereas in the 

negative control population, about 95 % of the DNA remained intact (Figure 32). In HAP-1 

and the corresponding GPx1-knockout cell line (Figure 32 a and b), the compounds showed 

comparable effects, with 6 being the least DNA damaging, resulting in about 50 % of DNA 

damage. Interestingly, the effect of 1 was similar to the other pentathiepins, causing levels of 

damage between 70-80 %, despite its inferior potential to cleave the plasmid DNA. After 

treatment with 2, 3, 4 or 5 for 15 min, about 5 to 25 % of DNA remained undamaged.  

With the Siso cells (Figure 32 c), the most effective cleaving agents were 3, 4 and 5, 

followed by 2, reducing the amount of intact DNA to 12-25 % and 30 %, respectively. The 

pentathiepins 1 and 6 caused a similar low level of damage, leaving about 70-80 % of DNA 

uncleaved. This was a statistically significant difference compared to the more active 

compounds 2, 3, 4 and 5. 
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Figure 32. Percentage of intact DNA in the Comet head after treatment of HAP-1 (a) and HAP-1.KO.GPx1 (b) 

and Siso (c) with 25.0 µM of pentathiepins 1-6 or 20.0 µM of H2O2 for 15 min at 0 °C as assessed with the Comet 

Assay. In (d), a direct comparison of HAP-1 and HAP-1.KO.GPx1 is displayed. Data are presented as box plots with 

single values, mean and minimum to maximum. Asterisks on boxes indicate the difference from solvent control, 

asterisks on brackets denote inter-compound or inter-cell line variation. Statistical analysis was performed with 

Prism 7 by one-way       and  unnett’s or Tukeyʹs multi le  om arisons  ost-hoc test. n ≥ 4 independent 

experiments. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

Expectedly, the positive control (20.0 µM H2O2) resulted in a more pronounced comet 

formation in GPx1-knockout cells than in the parental cell line HAP-1, with 5 and 63 % 

undamaged nuclear DNA, respectively. Surprisingly, in the Siso cell line with an expression 

level of GPx1 similar to that of HAP-1, the damage of nuclear DNA (about 90 %) by H2O2 was 

almost equal to that of the GPx1-knockout cell line., This was likely due to the relatively low 

expression of CAT in Siso. Summarizing, H2O2 resulted in the least pronounced comet 

formation in HAP-1, where both GPx1 and CAT had the highest expression levels, speaking 
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in relative terms (Figure 20). A direct comparison of HAP-1 and its corresponding GPx1-

negative cell line HAP-1.KO.GPx1 revealed statistically significant differences when the cells 

were treated with either 3 or 4 (Figure 32 d), where the effects were more pronounced in the 

knockout cell line. Siso cells generally reacted like both HAP-1 cell lines, except for a much 

lower DNA damage exerted by pentathiepin 1. 

These in vitro data are in line with the results from the plasmid cleavage assay, where 

compounds 1 and 6 were inferior to the compounds 2-5, as well. 

4.7 Induction of apoptosis 

4.7.1 Morphological appearance 

A straightforward approach to observing the effects of a compound on cells is assessing 

morphological changes after treatment. Here, microscopic images of the cells after the 

treatment with pentathiepins at their respective IC90 concentrations for 24 h were 

photographed (Figure 33). In particular, hallmarks of apoptosis, such as cell shrinkage or 

membrane blebbing, are apparent and can be observed using light microscopy.  

Interestingly, treatment with 1 resulted in no apparent morphological changes in any of 

the cell lines after 24 h, suggesting cell death by a non-apoptotic mechanism. On the other 

hand, the GPx1 negative HAP-1.KO and A2780 cell lines revealed morphological 

abnormalities such as a blebbed membrane with the other five compounds. However, HAP-1 

and Siso did not show such changes. Cell shrinkage was observed in all four investigated cell 

lines, but especially in A2780. All cell lines have in common that the confluence of the cell 

monolayer was reduced after the treatment with pentathiepins. 
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Figure 33. Representative images of cellular morphology after incubation for 24 h with the respective 

pentathiepins 1-6 (IC90) or a corresponding volume of DMF as a negative control in HAP-1, HAP-1.KO.GPx1, 

Siso and A2780 cells. Arrows denote membrane blebbing, dashed arrows label cell shrinkage. 
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4.7.2 Externalization of phosphatidylserine  

As reported in an earlier publication, pentathiepins can trigger apoptosis in cancer cell 

lines [117]. In this dissertation, compounds 1-6 were tested for their potential to induce this 

particular mode of cell death in the four cell lines HAP-1, HAP-1.KO.GPx1, A2780 and Siso. A 

flow cytometric assay was performed, allowing to distinguish between viable, early and late 

apoptotic cells. Annexin V labeled with FITC was used to detect the externalization of 

phosphatidylserine, which represents a hallmark of early apoptosis induction [163]. The 

detection of late apoptotic cells was enabled by the addition of propidium iodide (PI), as it 

only permeates leaky cell membranes and emits fluorescence once intercalated into nucleic 

acids. Representative dot plots of a control population and a pentathiepin-treated sample are 

provided in Figure 34.  

 

Figure 34. Representative dot plot of flow cytometric analysis of apoptosis using the Annexin V-FITC/PI assay. 

Quadrant I contains a double-negative cell population (FITC-/PI-) corresponding to viable cells, quadrant II cells 

positive for Annexin V (FITC+/PI-) representing early apoptotic cells, and quadrant III double-positive cells 

(FITC+/PI+) that resemble late apoptotic/necrotic cells. 

The cells were analyzed following treatment with the pentathiepins (IC90) for 24 h 

(Figure 35). All pentathiepins induced apoptosis as assessed by the Annexin V/PI assay, but to 

different extents and in a cell line-dependent manner.  

In HAP-1 cells, each pentathiepin except for 1 resulted in higher amounts of early 

apoptotic cells up to 23 %, similar to the doxorubicin-treated population that served as the 

positive control. Additionally, compound 3 increased the fraction of late apoptotic cells up to 

12 %. In HAP-1.KO.GPx1, the effect of doxorubicin was more pronounced (about 50 %), 

whereas only the two pentathiepins 3 and 5 induced apoptosis. The population of early 
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apoptotic cells accounted for 34 and 15 % for 3 and 5, respectively, and the proportion of late 

apoptotic cells was around 6 % for 3 but not statistically significantly higher for 5. In the 

ovarian carcinoma cell line A2780, the effects were generally relatively marginal, but all 

pentathiepins, except for 6, increased the fraction of early apoptotic cells to 6-14 % with 3, 

resulting in the highest percentage. In the Siso cell line, pentathiepin 3 enhanced the number 

of early and late apoptotic cells to about 20 %, exceeding the effects of the positive control 

doxorubicin (0.5 µM). 
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Figure 35. Induction of apoptosis assessed by Annexin V/PI flow cytometric assay after treatment for 24 h with 

the respective pentathiepin 1-6 (IC90) or 0.5 µM of doxorubicin (Dox) as a positive control. Negative control cells 

were incubated with the solvent DMF. The fractions of early apoptotic cells (left y-axis, dotted bars) and late 

apoptotic cells (right y-axis, chequered bars) are displayed as mean with SD. The resulting gaps between the bars 

correspond to viable cells. Statistical analysis was performed with Prism 7 by one-way ANOVA and Dunnett's 

multiple comparisons post-hoc test. n = 3 independent experiments. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

For the representative pentathiepin 3, which was the most effective regarding the 

induction of apoptosis, the effect was monitored for 6, 24 and 48 h, respectively (Figure 36). In 

Siso cells, apoptosis was apparent already after 6 h, while in HAP-1, HAP-1.KO.GPx1 and 

A2780 first effects were observed after 24 h. Additionally, there was no increase in the fraction 

of apoptotic cells measured between the incubation periods of 24 to 48 h. Further 

investigations regarding apoptosis thus focused on the time frame of 24 h. 
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Figure 36. Induction of apoptosis in a time-dependent manner as assessed by Annexin V/PI flow cytometric 

assay after treatment with the representative pentathiepin 3 (IC90) for 6, 24 or 48 h, respectively. Negative control 

cells were incubated with the solvent DMF. The fractions of early apoptotic cells (left y-axis, dotted bars) and late 

apoptotic cells (right y-axis, chequered bars) are displayed as mean and SD. The resulting gaps correspond to viable 

cells. The asterisks on brackets denote time-dependent differences. Statistical analysis was performed in Prism 7 by 

one-way ANOVA and Dunnett's multiple comparisons post-hoc test. n = 3 independent experiments. *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001. 

4.7.3 Activation of effector caspases-3 and -7 

To find further evidence for this mode of cell death, a luminescent caspase assay was 

performed, which measures the enzymatic activity of caspase-3 (cas-3) and caspase-7 (cas-7) 

(Figure 37). Both are zymogens (35 kDa) of executioner caspases that become active after 

cleavage (fragment sizes 17 and 19 kDa) by initiator caspases. The activated cas-3 and -7, in 

turn, have other substrates, including the DNA repair enzyme PARP1. In this assay, a 

precursor containing a caspase-specific target sequence is converted into its luminescent form 

by active cas-3 or -7, followed by quantification of the emitted light.  

The activation of the effector caspases was confirmed in all four cell lines HAP-1, HAP-

1.KO.GPx1, A2780 and Siso for the positive control treated with doxorubicin (0.5 µM). The 

incubation of HAP-1 with all pentathiepins caused an increased activity of caspases, showing 

trends for 1, 3 and 5 and statistically significant results for 2, 4 and 6. In the corresponding 

knockout HAP-1 line, the observations were similar. All compounds enhanced the caspase 

activity in relation to the solvent control. However, the differences were only statistically 
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significant for the pentathiepins 1, 2, 3 and 6. In contrast, none of the compounds triggered the 

activation of cas-3 or -7 in the cell lines A2780 and Siso. In fact, for Siso cells, there was instead 

a trend for decreased activity detected. 
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Figure 37. Activation of caspase-3 and -7 in HAP-1, HAP-1.KO.GPx1, A2780 and Siso after treatment for 24 h 

with the respective pentathiepins 1-6 (IC90) or 0.5 µM doxorubicin (Dox) as a positive control in relation to 

incubation with the solvent DMF. Statistical analysis was performed with Prism 9 by one-way ANOVA and 

Dunnett's multiple comparisons post-hoc test. n = 3 independent experiments. *p<0.05, **p<0.01, ****p<0.0001 

4.7.4 Cleavage of PARP1 

Complementing the flow cytometric and microscopic investigations, a Western blot 

analysis was performed to quantify the levels of the apoptosis-relevant protein PARP1 (poly 

(ADP-ribose) polymerase 1) and its corresponding cleavage fragment (Figure 38). As a full-

length protein, PARP1 (116 kDa) participates in DNA repair, and a caspase-mediated cleavage 

(fragment sizes 24 and 89 kDa) caused by cas-3 and -7 is a characteristic feature of late 

apoptosis [158]. 

In these experiments, the cells were incubated with the respective pentathiepins (IC90) 

for 24 h, followed by the preparation of protein lysates and subsequent separation by SDS-

PAGE and Western blotting to quantify the percentage of the cleaved PARP1 fragment. 

Normalization was performed by using the total protein load per lane as determined by the 

TGX stain-free gel system from Bio-Rad. 
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Figure 38. Detection of cleaved PARP1 by Western blotting after the treatment of HAP-1, HAP-1.KO.GPx1, 

A2780 and Siso for 24 h with the respective pentathiepins 1-6 (IC90) or the solvent DMF as a negative control. A 

positive control was performed by incubating the cells with 0.5 µM of Doxorubicin (Dox). Displayed is the 

percentage of cleaved PARP1 out of total PARP1 as single values with mean and SD with corresponding 

representative Western blot images. Statistical analysis was performed with Prism 9 by one-way ANOVA and 

Dunnett's multiple comparisons post-hoc test. n = 3 independent experiments. *p<0.05, **p<0.01, ***p<0.001 

In both HAP-1 and HAP-1.KO.GPx1, statistically significant amounts of cleaved PARP1 

were detected after the incubation with doxorubicin (0.5 µM, positive control). Only the 

incubation with 6 resulted in relevant and statistically significant quantities of the PARP-1 

cleavage fragment. Treatment with 3 or 5 caused trends for elevated levels of cleaved PARP-

1, but they were not statistically significant. These results, in part, support the findings from 

the caspase activity assay, where doxorubicin and pentathiepin 6 triggered the activation of 

cas-3/-7. In the two cell lines A2780 and Siso, the fraction of 89 kDa PARP1 was minor and only 

detected after treatment with the pentathiepins 3 or 5. The minimal amounts of cleaved PARP1 

overall were consistent with the results of the caspase-activity assay. However, the cascade-

like characteristics of the apoptosis pathway lead to a signal amplification which could 

probably explain a lack of activated caspases in the respective assay but small amounts of 

cleaved PARP1 for the same condition as detected by Western blotting. 
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4.7.5 Further attempts to assess apoptotic pathways 

Several further attempts were made to confirm the induction of apoptosis by using 

Western blot analysis of cleaved cas-3, -7 and -9 in the four cell lines HAP-1, HAP-1.KO.GPx1, 

A2780 and Siso. Here, I faced the difficulty of very low levels of cleaved caspases that were 

not adequately detectable in the presence of high abundant procaspases. As a result, cleaved 

and hence activated caspases could not be quantified in any of the four cell lines after treatment 

with the pentathiepins 1-6. However, to underline the low abundance of cleaved caspases, 

doxorubicin-treated samples were analyzed regarding cleaved cas-3 as a representative 

(Figure 39). 
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Figure 39. Detection of cleaved cas-3 by Western blotting after the treatment of HAP-1, HAP-1.KO.GPx1, A2780 

and Siso for 24 h with 0.5 µM of doxorubicin (Dox) or the solvent DMF as a negative control. Displayed is the 

percentage of cleaved cas-3 as single values and SD where applicable with corresponding representative Western 

blot images. n ≥ 1 independent experiments.  

As can be seen in Figure 39, the contrast and brightness of the Western blot image had 

to be strongly modified to uncover the bands for the cleaved cas-3. This also meant that the 

bands for the procas-3 were overexposed and hardly definable from one another. However, 

for the positive control with doxorubicin, an increase of cas-3 was detected. It was relatively 

small with means of up to 1.0 % compared to the solvent controls in the 0.03 % range. These 

findings were in accordance with the results from the cas-3/-7 assay, where also a rather low 

caspase activity was determined for Dox (Figure 37). 

In addition, the mitochondrial membrane potential was analyzed after incubation of Siso 

cells with the representative pentathiepins 1 as the least and 3 as the most active (Figure 40).  
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Figure 40. Detection of JC-1 aggregates as an indicator for mitochondria with intact membrane potential after 

incubation of Siso cells with pentathiepins 1, 3 (IC90) or DMF as solvent control for 4 h and CCCP (50 µM) as a 

positive control (5 min). Displayed is the distribution of monomeric JC-1 in the FITC channel (λex = 460-500 nm, 

λem = 512-542 nm), of JC-1 aggregates in the RHOD channel (λex = 541-551 nm, λem = 565-605 nm), an overlay of both 

monomeric and aggregated JC-1 and a brightfield microscopic image of the cell morphology captured using a Leica 

DMi8 fluorescence microscope with a 63× oil immersion objective. The size bar equals 20 µm. n=1 

JC-1 is a dye that enters vital mitochondria with a hyperpolarized membrane, forms 

oligomers due to an accumulation and emits red fluorescence while cytoplasmic monomers 

fluoresce green. Upon loss of the membrane potential as a result of cellular stress and apoptotic 

stimuli, there is a deprivation of the red JC-1 signal as no aggregates form. 

Numerous red foci were detected in the negative control with DMF, representing vital 

mitochondria with their characteristic membrane potential. Upon treatment with CCCP, an 

uncoupler of the respiratory chain, a loss of the MMP was observed as indicated by a total lack 

of red signals with simultaneous retention of green background fluorescence. After incubation 
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of the Siso cells with pentathiepin 1 for 4 h, no changes were detected compared to the solvent 

control. This implied that the mitochondria were not affected. In contrast, the treatment with 

compound 3 drastically reduced the number of red foci in comparison with the DMF sample. 

However, there was no total loss of MMP observed as it was apparent in the CCCP-treated 

sample. 

In a final investigation, immunofluorescent staining for apoptosis-inducing factor (AIF) 

was performed to gather further evidence for apoptosis (Figures 41-44).  

AIF is translocated from the mitochondria to the nucleus upon a pro-apoptotic stimulus, 

independent of caspase activity, and can be monitored using a specific antibody and 

immunofluorescence. Here, the representative pentathiepin 3 was selected as it showed the 

most potent induction of apoptosis in the experiments before and also induced a loss of MMP 

that could lead to a release of factors.  

 

Figure 41. Immunofluorescent detection of AIF in HAP-1 cells after treatment with the pentathiepin 

representative 3 (IC90) for 24 h compared to the solvent control with DMF. Displayed is the overlay of the nuclei 

counterstained with DAPI (λex = 325–407 nm, λem = 461 nm) and rhodamine-coupled AIF (λex = 541-551 nm, λem = 565-

605 nm), AIF-rhodamine only and a brightfield microscopic image of the cell morphology captured using a Leica 

DMi8 fluorescence microscope with a 63× oil immersion objective. The size bar equals 20 µm. n = 1  

In control cells of HAP-1 (Figure 41), AIF is dispersed as foci throughout the cell, which 

is in accordance with its location in mitochondria. After the incubation with 3, these signals 
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seemed to concentrate around the nuclei but apparently did not enter them. The brightfield 

images reveal shrinkage of cells with reduced volumes of cytoplasm, which might explain the 

accumulation of AIF fluorescence.  

Similar observations as for HAP-1 were made for the GPx1 knockout cell line (Figure 42), 

where AIF was first distributed within the cell and then accumulated around the nuclei upon 

the treatment with pentathiepin 3. Here, however, a reduction of cytoplasmic volume was less 

apparent so that the concentration of AIF close to the nucleus cannot solely be explained by it. 

 

Figure 42. Immunofluorescent detection of AIF in HAP-1.KO.GPx1 cells after treatment with the pentathiepin 

representative 3 (IC90) for 24 h compared to the solvent control with DMF. Displayed is the overlay of the nuclei 

counterstained with DAPI (λex = 325–407 nm, λem = 461 nm) and rhodamine-coupled AIF (λex = 541-551 nm, λem = 565-

605 nm), AIF-rhodamine only and a brightfield microscopic image of the cell morphology captured using a Leica 

DMi8 fluorescence microscope with a 63× oil immersion objective. The size bar equals 20 µm. n = 1  

In the A2780 cells (Figure 43), no major differences were detected between the solvent 

control and the sample incubated with pentathiepin 3. In contrast to the other samples, no 

accumulation of AIF in proximity to the nuclei was observed, although the brightfield image 

suggested shrinkage of cells. 
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Figure 43. Immunofluorescent detection of AIF in A2780 cells after treatment with the pentathiepin 

representative 3 (IC90) for 24 h compared to the solvent control with DMF. Displayed is the overlay of the nuclei 

counterstained with DAPI (λex = 325–407 nm, λem = 461 nm) and rhodamine-coupled AIF (λex = 541-551 nm, λem = 565-

605 nm), AIF-rhodamine only and a brightfield microscopic image of the cell morphology captured using a Leica 

DMi8 fluorescence microscope with a 63× oil immersion objective. The size bar equals 20 µm. n = 1 

In the case of the Siso cells (Figure 44), AIF was dispersed throughout the cell in the 

negative control and did not enter the nuclei after being treated with pentathiepin 3. However, 

there was a trend for accumulation of the target protein around the nuclei with a simultaneous 

increase of fluorescence intensity. 

Summarizing the results for AIF staining in the four cell lines, the protein did not enter 

the nucleus but apparently concentrated around it after treatment with pentathiepin 3. 

Fluorescent punctiform signals dispersed throughout the cell might correspond to 

mitochondrial AIF, while an accumulation and less foci-like shape may imply its release from 

the mitochondria into the cytoplasm. 

The latter observation is in line with the potential of 3 to cause a loss of MMP (Figure 40) 

that might facilitate the release of proteins from the mitochondria. Unfortunately, the detection 

of activated caspases by Western blotting did not yield any reliable results, probably due to a 

very low abundance and thus minor participation of caspases in the execution of cell death. 
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Figure 44. Immunofluorescent detection of AIF in Siso cells after treatment with the pentathiepin representative 

3 (IC90) for 24 h compared to the solvent control with DMF. Displayed is the overlay of the nuclei counterstained 

with DAPI (λex = 325–407 nm, λem = 461 nm) and rhodamine-coupled AIF (λex = 541-551 nm, λem = 565-605 nm), AIF-

rhodamine only and a brightfield microscopic image of the cell morphology captured using a Leica DMi8 

fluorescence microscope with a 63× oil immersion objective. The size bar equals 20 µm. n = 1 

4.8 Investigation for ferroptosis 

Ferroptosis is an iron-dependent cell death mechanism that derives from oxidative 

damage of the cellular membrane [144] and may contribute to the primarily ROS-based 

cytotoxicity of the pentathiepins in addition to apoptosis. This mode of programmed cell death 

is triggered by peroxidation of the phospholipid bilayer, which is typically prevented by GPx4, 

an isoform of GPx1 that is recruited to the cell membrane. Precluding ferroptosis is also an 

indirect approach to investigate whether the pentathiepins inhibit the GPx4 besides the GPx1. 

For this investigation, the cells were incubated with a serial dilution of the respective 

pentathiepin, followed by the addition of either ferrostatin-1 (Fer-1, an established inhibitor of 

ferroptosis [144, 168] or vehicle control (DMSO). The cell viability was measured after 48 h, 

and the IC50 of the compounds was compared between the conditions with and without Fer-1 

(Figure 45).  

If the IC50 of pentathiepin-treated cells co-incubated with Fer-1 were higher than of those 

supplemented with DMSO,  this would indicate that Fer-1 decreases the cytotoxicity compared 

to the control population [169]. This result would suggest the induction of ferroptosis by the 
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compounds. Nevertheless, the co-incubation with Fer-1 did not alter the IC50 of the respective 

pentathiepins, thus indicating that ferroptosis is not triggered by any of them. 
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Figure 45. Relative IC50 in the four human cancer cell lines HAP-1, HAP-1.KO.GPx1, A2780 and Siso after 

treatment with pentathiepins 1-6 with either vehicle control (DMSO) or 1.5 or 6.0 µM of ferrostatin-1 (Fer-1), 

respectively, for 48 h. The IC50 of Fer-1-treated cells were related to DMSO-treated samples (set to 1, dashed line), 

and data are displayed as means and SD calculated in Prism 9 from n = 3 independent experiments. 

4.9 Participation of autophagic processes  

In addition to investigating whether pentathiepins can induce apoptosis or ferroptosis, 

this dissertation also includes studies regarding autophagic processes. Autophagy can be 

induced by starvation or other stressors and eventuate in either cell survival or death. One 

means that can be used as an indicator for the induction of autophagy is assessing the number 

of acidic vesicles, such as autolysosomes, by using an adicotropic dye. Here, acridine orange 

was applied and analyzed by flow cytometry (Figure 46) and, in addition, by fluorescence 

microscopy (Figures 47-50). For these experiments, two representative pentathiepins were 

selected: compounds 1 and 3.  

In HAP-1 cells, neither treatment with pentathiepins nor nutrient starvation by 

incubating the cells with serum-free (SF) medium changed the ratio of red-to-green 

fluorescence to a statistically significant extent. This indicated that no changes in the number 

of acidic vesicles, such as autolysosomes as part of the autophagic pathway, were present. 

However, trends were observed for serum-starved cells and those incubated with 3 when 

considering a 24 h period. These trends were reinforced in the corresponding GPx1-knockout 
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cell line, resulting in statistically significant increases of the red-to-green fluorescence for the 

SF condition and treatment with 3 for 24 and 48 h.  

In A2780 cells, no changes were observed after a period of 24 h. However, after 48 h, an 

increased number of acidic vesicles was observed for pentathiepin 1 as a trend but for 

compound 3 to a statistically significant extent. 
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Figure 46. Flow cytometric analysis to quantify the relative number of acidic vesicles as an indicator for 

autophagic processes in HAP-1, HAP-1.KO.GPx1, A2780 and Siso. Displayed is the ratio of red to green 

fluorescence intensity (FI) after acridine orange staining of cells that were incubated with the pentathiepins 1 and 

3 (IC90), with DMF as solvent control or with serum-free (SF) medium as a positive control for 24 and 48 h, 

respectively. Statistical analysis was performed with Prism 9 by one-way ANOVA and Dunnett's multiple 

comparisons post-hoc test. n ≥ 3 independent experiments. *p<0.05, **p<0.01, ****p<0.0001  

To corroborate these findings, visualization was performed by fluorescence microscopy 

of similarly treated samples after 24 h of incubation (Figures 47-50). In this assay, red foci 

indicate the presence of acidic organelles due to an accumulation of AO, its oligomerization, 

and hence emission of red fluorescence.  

In HAP-1 cells (Figure 47), there was an increase in red foci observed in the positive 

control cell population. After incubation with pentathiepin 1, however, the elevated red 

background staining hampered the assessment, while the treatment with 3 resulted in a very 

low number of remaining cells which made a proper analysis difficult, as well. Nevertheless, 
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the data from the positive control were in line with those from the flow cytometric analysis 

after 24 h.  

 

Figure 47. Analysis of acridine orange (AO) staining to assess the number of acidic vesicles as an indicator for 

autophagic processes in HAP-1. Displayed are cells that were incubated with the pentathiepins 1 and 3 (IC90), with 

DMF as solvent control or with serum-free (SF) medium as a positive control for 24 h and subsequently stained 

with AO. Images were acquired using the FITC channel (λex = 460-500 nm, λem = 512-542 nm) for monomeric AO and 

the Texas Red (TXR) channel (λex = 488 nm and λem = 655–730 nm) for oligomeric AO in acidic compartments by 

using a Leica DMi8 fluorescence microscope with a 63× oil immersion objective. The size bar equals 20 µm. n = 1 

In GPx1-knockout cells (Figure 48), both the nutrient starvation and the incubation with 

either pentathiepin led to a noticeable increase of red fluorescent punctiform signals. This 

indicated an increased number of acidic organelles that, in turn, could mean ongoing 

autophagic processes. The findings from the microscopic analysis confirmed the results from 

the flow cytometric quantification after 24 h.  

In A2780 cells (Figure 49), neither the positive control with serum-free medium nor the 

incubation with pentathiepin 1 or 3 resulted in the observation of more red AO foci than in the 

control with DMF. This is a confirmation of the findings of the flow cytometric experiment, 

considering the 24 h sample. 
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Figure 48. Analysis of acridine orange (AO) staining to assess the number of acidic vesicles as an indicator for 

autophagic processes in HAP-1.KO.GPx1. Displayed are cells that were incubated with the pentathiepins 1 and 3 

(IC90), with DMF as solvent control or with serum-free (SF) medium as a positive control for 24 h and subsequently 

stained with AO. Images were acquired using the FITC channel (λex = 460-500 nm, λem = 512-542 nm) for monomeric 

AO and the Texas Red (TXR) channel (λex = 488 nm and λem = 655–730 nm) for oligomeric AO in acidic compartments 

by using a Leica DMi8 fluorescence microscope with a 63× oil immersion objective. The size bar equals 20 µm. n = 1  

 

Figure 49. Analysis of acridine orange (AO) staining to assess the number of acidic vesicles as an indicator for 

autophagic processes in A2780. Displayed are cells that were incubated with the pentathiepins 1 and 3 (IC90), with 

DMF as solvent control or with serum-free (SF) medium as a positive control for 24 h and subsequently stained 

with AO. Images were acquired using the FITC channel (λex = 460-500 nm, λem = 512-542 nm) for monomeric AO and 

the Texas Red (TXR) channel (λex = 488 nm and λem = 655–730 nm) for oligomeric AO in acidic compartments by 

using a Leica DMi8 fluorescence microscope with a 63× oil immersion objective. The size bar equals 20 µm. n = 1 

Siso cells (Figure 50) treated with the solvent DMF did not present any red foci, while 

the positive starved control population displayed an increase of punctuate fluorescent signals.  
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In addition, the incubation with the pentathiepins 1 and 3 resulted in the increased 

formation of AO-positive acidic cellular organelles. At first glance, these results do not confirm 

the findings from the flow cytometric approach. However, a ratio of red-to-green fluorescence 

intensity was calculated in the other assay, giving relative instead of absolute values. In the 

images of Siso, the green fluorescence is more intense under the condition with pentathiepins. 

In the case of the flow cytometric experiment, this might explain the unaltered ratios. 

 

Figure 50. Analysis of acridine orange (AO) staining to assess the number of acidic vesicles as an indicator for 

autophagic processes in Siso. Displayed are cells that were incubated with the pentathiepins 1 and 3 (IC90), with 

DMF as solvent control or with serum-free (SF) medium as a positive control for 24 h and subsequently stained 

with AO. Images were acquired using the FITC channel (λex = 460-500 nm, λem = 512-542 nm) for monomeric AO and 

the Texas Red (TXR) channel (λex = 488 nm and λem = 655–730 nm) for oligomeric AO in acidic compartments by 

using a Leica DMi8 fluorescence microscope with a 63× oil immersion objective. The size bar equals 20 µm. n = 1 

As implied in the introduction, autophagy detection is not simple and cannot be based 

on the results of just one assay. Therefore, another autophagic marker was quantified to 

complement the findings from staining and analysis of pentathiepin-treated cells with the 

acidotropic dye acridine orange by flow cytometry and fluorescence microscopy. LC3BII is a 

protein involved in the formation of autophagosomes; an increase can hence potentially imply 

the occurrence of autophagy. This analysis was accomplished by Western blotting of lysates 

from HAP-1, HAP-1.KO.GPx1, A2780 and Siso cells after incubation with pentathiepins (IC90) 

for 24 h (Figure 51).  

In HAP-1 and HAP-1.KO.GPx1 cells, no changes were detected for the expression of 

LC3BII when comparing pentathiepin-treated samples with the solvent control. This is in line 
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with findings from the acridine orange experiments in HAP-1 cells but contradicts those in the 

GPx1-knockout cell line when considering the pentathiepins 1 and 3. In A2780, however, 

pentathiepin 6 caused a statistically significant increase of LC3BII and trends for a higher 

expression after treatment with compound 5. With regards to the previous results from AO 

staining, the finding that 1 and 3 do not trigger autophagy in A2780 were confirmed. In Siso 

cells, a reversed observation was made. Here, incubation with 5 resulted in statistically 

significantly elevated levels of LC3BII, whereas, after treatment with pentathiepin 6, there was 

a trend visible. The observation that neither compound 1 nor 3 changed the protein expression 

confirms the findings from flow cytometric analysis of AO but not from fluorescence 

microscopy in Siso cells. However, one must keep in mind that data from flow cytometry were 

used to calculate a ratio of red-to-green fluorescence intensity while the images of the 

microscopy experiment were analyzed for the presence of red foci. 
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Figure 51. Detection of LC3BII by Western blotting after the treatment of HAP-1, HAP-1.KO.GPx1, A2780 and 

Siso for 24 h with the respective pentathiepins 1-6 (IC90) or the solvent DMF as a negative control. Displayed is 

the relative expression of LC3BII compared to the solvent control as single values with mean and SD with 

corresponding representative Western blot images. Statistical analysis was performed with Prism 9 by one-way 

ANOVA and Dunnett's multiple comparisons post-hoc test. n = 3 independent experiments. *p<0.05, ***p<0.001 
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4.10 Effects on cell cycle progression 

Pentathiepins exert potent cytotoxicity and have the potential to inhibit the growth of 

cancer cells while creating DNA strand breaks, most probably due to the induction of oxidative 

stress. This raised the question of whether they also affect cell cycle progression. In order to 

examine this, the four cell lines HAP-1, HAP-1.KO.GPx1, A2780 and Siso (Figure 53), as well 

as the three pancreatic cancer cell lines DanG, PATU-8902 and YAPC (Figure 54), were 

incubated with the pentathiepins (IC90) for 24 and 48 h, respectively. Afterward, the number 

of cells in the respective phases of the cell cycle was quantified by flow cytometry. This was 

accomplished by staining the fixated cells with PI, which intercalates into the DNA and exerts 

fluorescence proportional to the amount of DNA. The three phases of the cell cycle are 

characterized by a specific amount of genetic material, thus enabling quantification of the 

fraction of cells in each phase. In that way, it can be distinguished between the gap- (G0/G1), 

synthesis- (S) and gap/mitosis (G2/M) phase, as well as cellular debris (subG1) resulting from 

cell death. The resulting distribution between untreated control and a treated cell population 

are compared with histograms; representative images are provided in Figure 52.  

 

Figure 52. Representative histograms of cell cycle analysis including a reference phase distribution (solvent 

control, left), a G1 arrest (middle) and a G2/M arrest (right). 

For both HAP-1 and HAP-1.KO.GPx1 (Figure 53 a and b) the most prominent effects 

were detected 24 h after the treatment with 2, 3, 4 and 5. Under these conditions, the number 

of cells in the subG1-phase and G2/M-phase increased by up to 10 and 30 %, respectively, while 

fewer cells remained in the G0/G1-phase. No effects were detected after incubation with either 

1 or 6 when compared to the solvent control. After 48 h, similar trends as after 24 h occurred, 

but only for pentathiepins 2 and 3 and to a lesser extent for the G2/M-arrest. 
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In A2780 and Siso cells (Figure 53 c and d), differences from the cell cycle of the negative 

control were detected after incubation with all pentathiepins except for 1.  
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Figure 53. Distribution of cell cycle phases in HAP-1 (a), HAP-1.KO.GPx1 (b), A2780 (c) and Siso (d) after 

treatment for 24 (left) and 48 h (right) with the respective pentathiepin (IC90) or the solvent DMF as a negative 

control. The fractions of cells in either sub G1-, G0/G1-, S- or G2/M-phase are displayed as mean and SD. Asterisks 

indicate differences between the solvent control and the treatment condition. Statistical analysis was performed in 

Prism 7 by one-way ANOVA and Dunnett's multiple comparisons post-hoc test. n = 3 independent experiments. 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Primarily, changes appeared after 24 h, including fractions of G0/G1-phase cells lowered 

by up to 22 %, and the number of cells in the G2/M-phase increased by up to 27 %. However, 

pentathiepin 6 constituted an exception in A2780 with a very high relative amount of subG1-

phase cells (30 %) after 48 h at the expense of the G0/G1-phase. In Siso cells, the effects after 

48 h were similar to those of the treatment for 24 h. The pronounced effects of the 

pentathiepins 2, 3, 4 and 5, assessed as the impact on the cell cycle progression, are in line with 

their superior biological activity in the previously presented cellular assays. 

The three pancreatic cancer cell lines DanG, PATU-8902 and YAPC turned out to be less 

sensitive toward the treatment with pentathiepins, as indicated by higher IC50 values 

compared to the other cell lines investigated. However, the inhibitory concentrations were in 

the low micromolar range, and the pentathiepins were still potent inhibitors of the 

proliferation of these aggressive cancer cell lines. This was also a motivation to study the 

effects on the cell cycle of these cells (Figure 54). In DanG, the fraction of cells in the G2/M- and 

sub G1-phase increased by 6 and 8 %, respectively, while those in G0/G1-phase decreased by 

roughly 15 %, attesting slight changes in the cell cycle after treatment with the pentathiepins 

2, 3, 4 and 5 (Figure 54 a). No such differences from a normal cell cycle were observed for 

compounds 1 and 6. In PATU-8902 cells (Figure 54 b), an additional significant increase of the 

S-phase population up to 14 % occurred, particularly after incubation with pentathiepins 3 and 

4. Intriguingly, in the YAPC cell line (Figure 54 c), the distribution of the cell cycle phases was 

changed by all six pentathiepins. For compounds 2, 3, 4 and 5, the aberrations were similar to 

those in DanG and PATU-8902 cells. However, the treatment with 1 and 6 caused a very 

different cell cycle phase distribution. Here, a G0/G1-arrest was made noticeable by a 

significant increase of G0/G1-phase cells by up to 18 %, with a simultaneous decrease of cells 

in the S-phase by roughly 7-13 %. In summary, the incubations with pentathiepins resulted in 

either a G2/M-arrest mediated by 2, 3, 4 and 5 or a G0/G1-arrest resulting from treatment with 

1 and 6, the latter only occurring in the YAPC cell line. Again, the pentathiepins 2-5 presented 

a higher effect on the progression of the cell cycle, which is consistent with the results that 

have been obtained overall. The compounds 1 and 6, which were inferior in other assays 

regarding biological activity, caused a different response in cell cycle analysis. 
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Figure 54. Distribution of cell cycle phases in DanG (a), PATU-8902 (b) and YAPC (c) after treatment for 24 (left) 

and 48 h (right) with the respective pentathiepin (IC90) or the solvent DMF as a negative control. The fractions of 

cells in either sub G1-, G0/G1-, S- or G2/M-phase are displayed as mean and SD. Asterisks indicate differences 

between the solvent control and the treatment condition. Statistical analysis was performed in Prism 7 by one-way 

ANOVA and Dunnett's multiple comparisons post-hoc test. n = 3 independent experiments. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. 
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5 Discussion 

This dissertation aimed to provide a more detailed understanding of the biological 

activity that pentathiepins exert in vitro, as well as to identify possible structure-activity 

relationships. These investigations were expected to contribute to a comprehensive insight 

into the intracellular effects, how these intertwine and promote the high cytotoxicity of this 

class of sulfur-containing compounds. 

5.1 Enzyme inhibition 

Five of the six pentathiepins from the second generation investigated in this thesis 

revealed potent inhibitory effects on the GPx1 as determined with an enzyme activity assay 

based on the bovine isoform (Chapter 4.1.1). 

In the GPx1 inhibition assay, the IC50 values of the five novel pentathiepins 1-5 ranged 

from 0.6 to 2.3 µM, while it was >12.5 µM for compound 6. Evidently, the fusion of a 

morpholino (3) or N, ’-diethylamine (4) moiety to a nicotinamide backbone yielded 

considerably more potent compounds than attaching a piperidine (2). In the piperazine-

nicotinamide structure, introducing a p-fluorobenzoyl (5) instead of a p-tosyl residue (6) 

considerably enhanced the inhibitory potential, rendering it similarly effective as 3 and 4. 

Nevertheless, the pentathiepin with a pyrrolo-pyrazine scaffold (1) also proved to be a potent 

GPx1 inhibitor with an IC50 of about 0.9 µM. In addition, the pyrrolo-pyrazine scaffold turned 

out to cause a much lower residual activity at the highest tested concentration (16 % for 1 vs. 

30 % for compounds 2-5 at 12.5 µM). The observation that pentathiepins rarely reduced 

enzymatic activity entirely to 0 % has been made before [233] and might be accounted for by 

undesirable reactions in the enzyme assay. An observed residual activity might occur when 

high concentrations of pentathiepins are used, causing the oxidation of GSH to GSSG 

independent from the enzymatic consumption by GPx1. This artefactual process may mask 

the inhibitory capacity of the pentathiepins at high concentrations. Further investigations 

regarding this topic are ongoing. 

 Previously, the first generation of synthetic pentathiepins revealed the novel property 

of being potent and quite specific inhibitors of the GPx1 [117]. This characteristic was 

confirmed for the majority of the herein-tested compounds of a second generation. The novel 

pentathiepins were about as effective as the  yrrolo  ,2 a]quinoxaline and indole-based 
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derivatives from the first generation and thus substantially more potent than the so-far best 

characterized GPx1 inhibitor mercaptosuccinic acid that has an IC50 of 5.9 µM [117]. Apart 

from MSA, tiopronin is another inhibitor exerting activity by a thiol group that interacts with 

the selenocysteine in the active center of the GPx1 [155, 234]. However, a specific inhibition is 

questionable; on the one hand, the catalytic motif exists in more than one isoform of the 

enzyme, and, on the other hand, thiols tend to interact with other thiols in an unspecific 

manner. The lack of specificity was also observed for heavy metal-based compounds such as 

auranofin, which is also seleno-affine [82].  

To explore the specificity of the inhibitors toward the GPx1, other enzymes of the 

antioxidant defense mechanism were selected here and tested for susceptibility (Chapter 

4.1.2). Neither the assay component GR nor H2O2-detoxifying CAT or the selenoenzyme TrxR 

were inhibited by any of the pentathiepins at relevant concentrations. For the TrxR, however, 

there are some constraining remarks for compounds 3 and 4 that decreased enzymatic activity 

to about 50 % at a concentration of 12.5 µM but not at 2.32 µM, which is in the dimension of 

GPx1 inhibition. Excluding the GR as a target of the pentathiepins guarantees the validity of 

the GPx1 assay as GR is an auxiliary component of it. These findings are in line with results 

from the previous study, investigating the first generation of pentathiepins [117]. 

In this dissertation, GPx1 from bovine erythrocytes was used to determine the inhibitory 

potential of the compounds. Although the sequence identity toward the human isoform is 

about 91 % according to the EMBOSS alignment tool (http://emboss.open-bio.org), testing the 

pentathiepins on human enzyme would add valuable data. One approach could be to include 

protein lysates from human cell lines into the assay and subsequently determine the inhibitory 

concentrations as it had been done in studies before [117].  

5.2 Cytotoxic and antiproliferative activity 

5.2.1 General considerations 

In this thesis, the high cytotoxicity of the pentathiepins was confirmed across a set of 14 

cell lines of different tumor origins by assessing the inhibition of viability (IC50) and 

proliferation (GI50) (Chapter 4.2). In summary, all novel compounds 1-6 had IC50 values in the 

low micromolar range (0.2 – 5.2 µM), with GI50 concentrations even smaller (0.1 – 1.5 µM). 

Previous research stated that pentathiepins exert high cytotoxicity, as illustrated by IC50 values 

in the nanomolar scale for varacin in several cancer cell lines [105] or GI50 values between 1.4 
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and 8.9 µM for  yrrolo  ,2 a]quinoxaline and indole derivatives in the human cervix 

carcinoma cell line Siso [117]. When comparing the antiproliferative action of the pentathiepins 

in this dissertation with those of well-known and widely applied anticancer agents, 

comparable cytotoxic properties were found as for cisplatin, oxaliplatin, or etoposide in the 

same cell lines under identical assay conditions [232]. The novel compounds even exceeded 

the effects of carboplatin, chlorambucil, thiotepa, hydroxyurea, and busulfan from the same 

study. 

Chemotherapeutic agents mainly strike cancer cells by interfering with their cell cycling 

apparatus; they hence preferably affect rapidly dividing cells. The high cytotoxicity of the 

pentathiepins suggests a similar mechanism, which was in part confirmed by a Pearson 

correlation analysis taking into consideration the division time of the respective cell line 

compared to the mean IC50 or GI50 of the pentathiepins. A moderate to high correlation between 

cytotoxicity of the compounds and doubling time of the cells was found. Apart from a higher 

susceptibility of rapidly dividing cells, like cancer cells, toward the treatment, this also 

suggests that pentathiepins may affect the cell cycle machinery of the cell. 

Another more general observation was that the investigated cell lines presented slightly 

different sensitivities toward pentathiepins. Especially those from pancreatic or urinary 

bladder carcinoma had IC50 values higher than the overall cell line average, although viability 

and proliferation were still strongly decreased. This underlines the necessity of testing cell 

lines of different origins to obtain a general impression of the biological effect caused by a 

compound. It also presents the opportunity to reveal a possible specific mechanism of action 

for a particular cell line or tissue of origin that can be exploited in a future therapeutic 

application. 

5.2.2 Impact of the expression of antioxidant enzymes on the cytotoxicity of pentathiepins 

One question was whether the inhibition of the GPx1 enzyme contributes to the high 

cytotoxicity of pentathiepins. Although compounds with higher IC50 in the GPx1 assay, such 

as 2 and 6, were slightly less cytotoxic, in both MTT and crystal violet assay, the overall 

cytotoxic and antiproliferative properties of the pentathiepins were independent of their 

potential to inhibit the GPx1 in the GPx assay. This is particularly noticeable for pentathiepin 

6, which proved inactive as a GPx1 inhibitor (IC50 > 12.5 µM) but still exerted cytotoxic effects 

in cells. This indicates that the inhibition of the GPx1 is not the sole reason for the high 
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cytotoxicity. To further investigate this, an expression profile for GPx1 was established across 

seven cell lines (Chapter 4.3). Above-average GPx1 levels were detected for HAP-1 and Siso 

cells, which did not correlate with their sensitivity toward the pentathiepins. No such 

relationship was found for the other cell lines, either. Another strong evidence for the 

negligible impact of GPx1 expression on the responsiveness to treatment with pentathiepins 

is the similar sensitivity of the HAP-1 cell line and its GPx1 knockout variant line. Previous 

studies have already compared these two cell lines regarding their metabolism and 

antioxidant capacity, including several enzymes and intracellular GSH levels [154]. No 

differences were found apart from the GPx1 expression. 

Not only the GPx1 but also CAT serves as an essential participant in the redox stress 

defense mechanism and was thus included in these investigations. It was detected that CAT 

was most abundant in HAP-1, HAP-1.KO.GPx1 and the pancreatic cancer cell line DanG. 

Again, there was no relationship between responsiveness toward the treatment with 

pentathiepins and CAT levels. Hence, the expression of CAT did not seem to have any further 

impact on the sensitivity toward pentathiepins, either. 

5.2.3 Activity of the compounds under normoxia vs. hypoxia 

According to the hypothesized mechanism of action, among others, oxygen is 

considered necessary for the pentathiepins to unfold their cytotoxic activity. This dissertation 

included the simple approach of running the viability testing not only under normoxic but, 

additionally, under hypoxic conditions (Chapter 4.2). A comparison of the resulting IC50 values 

did not give consistent conclusions about the role of available oxygen. The IC50 values of 

compounds 2-6 were increased under hypoxia, suggesting a decreased cytotoxicity and hence 

a supportive role of the availability of oxygen. Pentathiepin 1, on the contrary, was more 

cytotoxic when oxygen levels were reduced, suggesting that oxygen is not needed for its 

activity.  

It has been established that hypoxic culturing conditions may alter cell proliferation [227-

230] which could be a reason for an altered sensitivity of the used cell lines. However, this 

possibility was foreclosed; comparing the doubling times of the cells under either normoxic or 

hypoxic culturing conditions revealed no difference. Hence, the decreased cytotoxicity is 

rather due to the distinct availability of oxygen and most probably does not depend on cell 

division times.  
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This, in turn, suggests that pentathiepin 1 may work differently than the other 

compounds. Regarding the applicability and relevance of these findings, one must remember 

that the supply of oxygen in solid tumors is regularly limited due to insufficient blood supply 

and high energetic metabolism [235, 236]; thus, hypoxic conditions are prevalent. Compounds 

that act under these conditions would hence be beneficial in anticancer therapy of solid 

tumors. 

5.3 Intracellular effects of pentathiepins 

5.3.1 Induction of intracellular oxidative stress and DNA strand breaks 

Oxidative stress is characterized by disequilibrium of pro- and antioxidant factors in 

favor of the former. ROS are produced as byproducts during oxidative phosphorylation in the 

mitochondria and by several metabolic enzymes (e.g., oxidases), and a certain level is needed 

in the cell for proper function and signal transduction. An excess of ROS, however, has as a 

consequence the damage of biomolecules such as lipids, proteins, and nucleic acids. In this 

dissertation, the intracellular ROS levels were measured after treatment with pentathiepins 

(Chapter 4.5), and the potential of the compounds to induce DNA strand breaks was assessed 

(Chapter 4.6). 

The pyrrolo-pyrazine containing compound 1 did not produce a noticeable boost of ROS 

in any of the tested cell lines. The addition of GSH to support the thiol-dependent reaction did 

not alter the outcome. Surprisingly, DNA damaging activity was detected to a small extent, 

nonetheless. Acidification of the reaction environment for strand scission was beneficial for 

other pentathiepins [22, 105] and also 3 from this study, but did not reinforce this effect for 1. 

On the one hand, these findings are contradictory to the failure of 1 to induce oxidative stress 

but, on the other hand, in line with its cytotoxic profile.  

All three nicotinamide derivatives (2, 3, 4) showed similar activity, irrespective of their 

terminal functional group. Both a potent induction of intracellular ROS and strong levels of 

DNA damage were observed, which supports the postulated mode of action of pentathiepins. 

Among the piperazine derivatives, the compound bearing a p-fluorobenzyol moiety (5) had 

the most substantial effect, whereas the attachment of a p-tosyl in 6 resulted in inferior activity. 

This accounted for the generation of ROS as well as DNA strand scission. The decreased ability 

of 6 to create ROS and subsequently damage DNA might in part explain its comparably lower 

cytotoxicity. However, it contradicts the explanation for the ambiguous effects mediated by 1.  
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That ROS were involved in pentathiepin-mediated induction of DNA strand breaks was 

further confirmed by the reduced cleaving ability of the representative compound 3 upon 

adding CAT and SOD to the incubation. The investigations included the H2O2-decomposing 

CAT and superoxide anion-degrading SOD to identify the prevalent DNA-damaging ROS. 

Apparently, either species is involved in the cleavage of the plasmid as both enzymes are 

competent to decrease the pentathiepin-mediated damage. This directly implicates both 

superoxide anions and H2O2 in the mechanism of action of pentathiepins. However, protection 

was not complete, so that for future studies, higher enzyme concentrations would be 

interesting to analyze. 

Furthermore, in the plasmid cleavage assay, DMF was initially used as a solvent in 

relatively high concentrations, which led to the complete inhibition of strand scission (data not 

shown). During assay optimization, hydroxyl radical-scavenging DMF [237] was exchanged 

with acetonitrile which did not interfere with the assay, and immediately DNA damage was 

detected.  

Another remarkable finding was that in addition to single-strand breaks, double-strand 

breaks were induced by compounds 3, 4, and 5, which had not been reported before to the best 

of my knowledge. DSBs have more severe biological consequences as they can cause deletions 

and translocations if not repaired correctly. 

DNA damage was not only assessed on the level of plasmid but also confirmed for 

intracellular DNA by the Comet assay. These results match those from the plasmid assay 

except for pentathiepin 1, which was almost as active as 2, 3, 4, and 5, although it did not 

generate ROS. With the alkaline procedure of this assay, SSB, DSB, and alkali-labile sites were 

detected, and one cannot discriminate which is more prevalent. The neutral Comet assay could 

be performed in a future project to obtain more detailed insights as it only detects DSB [238].  

Considering the data for the induction of oxidative stress and DNA damage altogether, 

two conclusions can be drawn. First, the general mode of action postulated for the 

pentathiepins is applicable for compounds 2 - 6. At the same time, it indicates that not only the 

pentathiepin ring is responsible for effects in the cells but also the nature of the heterocycle. 

Finally, more evidence was gathered that suggests a different mode of action for pentathiepin 

1. 

Regarding the role of the antioxidant enzymes GPx1 and CAT in this context, it can be 

stated that their abundance has, at best, a minor effect on the cellular effects of pentathiepins. 
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From the seven cell lines that underwent ROS analysis, six responded to the incubation with 

H2O2, irrespective of their GPx1 or CAT expression levels (Chapter 4.3.1). HAP-1 and Siso had 

the highest relative abundance of GPx1 and DanG of CAT, but YAPC, with a relatively low 

expression of both enzymes, showed almost no increase in ROS levels. In addition, both HAP-

1 cell lines react similarly to treatment with H2O2 in the ROS and toward pentathiepin 

incubation in the Comet assay. When further comparing the DNA damage caused by H2O2 in 

Siso and HAP-1, a surprisingly strong Comet formation was observed for Siso, although both 

cell lines express similar amounts of GPx1. A possible explanation is the comparably low 

expression of CAT in Siso, which is more effective in decomposing high concentrations of H2O2 

than GPx1 [239]. 

One possibility is that pentathiepins induce oxidative stress in more than a single way; 

on the one hand, as postulated, via reactive sulfur intermediates after a ring-opening 

mechanism aided by thiols. As GSH is the most prevalent thiol in cells and is known to be 

involved in pentathiepin activation, its conversion to GSSG reduces the overall level in the 

cells, thus plummeting the antioxidative defense and redox buffering mechanism. The 

inactivation of GPx1 as an antioxidant player is a third promoting factor of oxidative stress as 

the capacity of the cell to detoxify H2O2, and other organic peroxides is diminished. 

The finding that the pentathiepins investigated induced oxidative stress in the cells 

confirms the discoveries of previous studies, where it had been postulated that reactive sulfur 

intermediates are released in the presence of a thiol and succeedingly produce ROS [117, 118]. 

It was further proposed that the primary pathway by which pentathiepins exert cytotoxicity 

is through their ability to cleave DNA by generating reactive species such as H2O2 or hydroxyl 

radicals [22, 105]. The induction of DNA strand breaks was also verified here for the new 

generation of compounds. For all except one (1), there was a strong association between the 

potential to generate ROS and damage the DNA in terms of plasmid and nuclear DNA. 

On the one hand, regulated levels of ROS are essential for cellular physiology, but on the 

other hand, excess ROS are involved in a plethora of pathologies. In the case of cancer, an 

elevated amount of ROS is an initiator of tumorigenesis, e.g., by directly affecting the DNA 

and thus inducing mutations or altering signaling pathways that lead to aberrated expression 

of oncogenes or tumor suppressor genes [122]. In later stages of cancer development, higher 

levels of intracellular ROS are frequent due to the intensified metabolism. The tumor cells 

adapt to these conditions and rely on maintaining their oncogenic phenotype by these ROS 
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signaling cascades. One therapeutic option is to increase oxidative stress beyond a certain 

threshold to trigger programmed cell death, such as apoptosis [240]. The argumentation 

behind this is the already comparably high intrinsic oxidative stress in cancer cells that rely on 

the total antioxidative capacity of the cell to survive these conditions. This renders them 

potentially more sensitive toward further increases of ROS. In 2020, Behnisch-Cornwell et al. 

demonstrated a higher sensitivity of a GPx1 knockout cell line toward anticancer agents when 

compared to the native cell line [154]. As reviewed before, exploiting ROS sensitivity in tumor 

cells is a common strategy in anticancer treatment [124, 125]. Therapeutic approaches span 

from applying agents that generate ROS (and induce DNA damage), such as cisplatin [241, 

242] or bleomycin [243], over drugs that inactivate oxidant enzymes, like the CAT inhibitor 

aminotriazole [244] or buthionine sulfoximine [245] and others that affect the GSH system and 

thus decrease buffer capacity. The effects of pentathiepins cover all three ways mentioned 

above to create oxidative stress in cells, rendering them interesting compounds in anticancer 

therapy.  

5.3.2 Apoptosis and ferroptosis 

In this dissertation, a series of investigations were performed to study the underlying 

mechanism of cell death to explain the high cytotoxicity and antiproliferative activity of the 

pentathiepins in 14 human cancer cell lines. 

 

Figure 55. Simplified schematic overview of the intrinsic mitochondrial apoptotic pathway. 
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After detecting morphological changes, such as membrane blebbing and cell shrinkage, 

emphasis was directed toward caspase-dependent apoptosis (simplified summary in Figure 

55, for results see chapter 4.7). Furthermore, the massive induction of ROS and DNA strand 

breaks would most probably result in this mode of controlled cell death. The presentation of 

phosphatidylserine on the outer layer of the cellular membrane is a marker for early apoptosis 

and was detected for all six pentathiepins, but to the greatest extent for compound 3. 

Pentathiepins 1 and 6 only induced early apoptosis in one cell line each, namely HAP-1 and 

A2780, respectively. Using a sensitive luminescence-based microplate assay, the activation of 

executor cas-3 and -7 was demonstrated on a very small scale in both HAP-1 cell lines for 

pentathiepins 1, 2, 3, 4, and 6 but not in A2780 and Siso. These findings could, however, not be 

confirmed by Western blot analysis of cas-3 and -7. This was most probably due to the low 

abundance of cleaved caspase in relation to the level of procaspase, which aggravated a proper 

quantification (Chapter 4.7.5). Here, applying a fragment-specific antibody that only detects 

the 17 and 19 kDa subunits would be helpful and should be considered in future experiments. 

A possible explanation for the overall low levels of activated caspases could be their redox 

sensitivity due to the thiol of the cysteine in their active site. Evidently, persulfidation of cas-3 

diminished its activity [246], a plausible mechanism after treatment with pentathiepins as they 

set free reactive polysulfur intermediates. With Western blotting, cleavage of PARP1 as a direct 

substrate of effector caspases was demonstrated for pentathiepins 5 and 6 and indicated for 3 

and 4. The detected fragments of 89 and 24 kDa, respectively, are signature fragments of 

apoptosis that are only created by cas-3 and -7 [158]. In both HAP-1 cell lines, relatively strong 

bands of 89 kDa PARP1 were detected, whereas the signals in A2780 and Siso were 

comparably weak. These findings generally match the results from the caspase assays and, 

additionally, underline the characteristic cascade-like mechanism of apoptosis that results in 

signal amplification. It was surprising that pentathiepin 6 caused similar levels of cleaved 

PARP1 in HAP-1 and HAP-1.KO.GPx1, although it did not trigger phosphatidylserine 

flipping, as measured in the Annexin V/PI assay. Altogether, the data suggest that caspase-

independent cell death can be precluded. While the amount of active caspase was meager, 

features only associated with caspase-dependent cell death were prominent: the exposure of 

phosphatidylserine [247] and the respective signature cleavage fragments of PARP1 [158]. 

The most and the least active pentathiepin regarding initiation of the apoptotic pathway 

underwent a more detailed analysis that revealed a substantial difference between them. 
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Pentathiepin 3 caused an almost complete loss of mitochondrial membrane potential in Siso 

cells, whereas no change was observed after incubation with 1. This is in line with other data 

obtained for this cell line where 3 induced a boost of ROS and a relatively high fraction of 

apoptotic cells, and 1 resulted in no detectable change. ROS are known to decrease the MMP; 

however, a self-amplification loop is suggested where a disrupted MMP favors the further 

accumulation of ROS [248]. 

A final investigation concerning the translocation of apoptosis-inducing factor was 

performed. After treatment with pentathiepin 3, the release of AIF from the mitochondria was 

observed but not its entering into the nucleus, which had been expected. The nuclear 

translocation of AIF is considered the crucial death-promoting step; however, there are 

different interaction partners in both cytosol and nucleus. Its interaction with pro-apoptotic 

cytoplasmic proteins is proposed to serve as a further amplification mechanism of the 

apoptosis cascade [249]. That AIF was not detected in the nuclei may be either due to the 

timing of the experiment or a hindered translocation of the protein by oxidation of its cysteine 

residues that could cause changes in the translocation sequence [249]. 

The herein analyzed markers are the most common and widely accepted indicators for 

the induction of apoptosis. Hence, one can conclude that the novel pentathiepins can trigger 

this mode of cell death, although the results differ from pentathiepin to pentathiepin and 

between the cell lines and in the magnitude. The current findings corroborate those from our 

previous study [117], which is, to the best of my knowledge until today the only research 

article published that includes data on the cell death mechanism triggered by treatment with 

pentathiepins. 

Other OSCs, like diallyl disulfide (DADS) and trisulfide (DATS) from garlic (Allium), 

were also able to induce apoptosis in several cell lines, such as from the colon, breast, and 

prostate cancer [250-252]. An increasing body of evidence indicates that ROS and the 

mitochondrial pathway are involved in OSC-mediated cell death, based on findings regarding 

DADS and DATS [252, 253]. 

Apart from nucleic acids, lipids or, more specifically, membrane lipids can be targeted 

by ROS and become oxidized. Under normal conditions, GPx4 prevents lipid peroxidation and 

hence the induction of oxidative, iron-dependent ferroptosis. Inhibition of this GPx isoform 

would lead to a rapid accumulation of toxic lipid hydroperoxides and the respective lipid 

alkoxy radicals, and the cell subsequently undergoes ferroptotic cell death [144]. In this 
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dissertation, ferroptosis induction by treatment with pentathiepins was precluded (Chapter 

4.8). This was also an indication that the compounds do not inhibit GPx4, although it is a 

selenoenzyme like GPx1.  

5.3.3 Cell cycle progression and arrest 

The progression of the cell cycle relates to the integrity of genomic DNA, which is 

monitored at different checkpoints (simplified overview in Figure 56) [254, 255].  

 

Figure 56. Simple overview of the cell cycle including the phases and checkpoints. 

At the G1 checkpoint, the decision is made whether the cell enters the reproductive cycle 

by proceeding into the synthesis phase or entering a resting state in the G0 phase. Assessed 

factors include cell size, nutritional status, growth-stimulating signals, and DNA integrity. 

Another checkpoint is installed in G2, only allowing cells to enter the M phase when the DNA 

is intact, and its duplication is wholly finished during the S phase. Detected damage of DNA 

leads to an arrest and either results in repair via the intracellular machinery or in cell death in 

case of irreparable lesions. The latter is a way to prevent the propagation of cells with a 

defective genetic constitution.  

Therefore, the cell cycle aberrations caused by the pentathiepins are possibly due to their 

potential to damage genomic DNA. The induction of strand breaks is thereby most probably 

induced by oxidative stress except for pentathiepin 1, which was the only compound that did 

not cause an increase of intracellular ROS levels. Another difference was observed with 

regards to the phase in which the arrest was detected. Pentathiepins 2, 3, 4, and 5 triggered a 
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G2/M arrest in six out of seven cell lines, whereas compound 1 induced a G1 arrest in only one 

(Chapter 4.10).  

Nevertheless, not only the ROS-induced damage to DNA affects the cell cycle. Oxidative 

stress itself influences cell cycle progression at different stages. It is known that both 

endogenous and exogenous oxidative stress can result predominantly in a G2/M arrest [256, 

257]. Again, the redox sensitivity of involved proteins due to their cysteine content plays a 

significant role [258]. For the OSC DATS, it was also suggested that the cell cycle arrest in the 

G2/M phase in prostate cancer cells was caused by ROS [41]. This would support the theory 

that pentathiepins 2-5 trigger the G2/M arrest by their high potential to induce intracellular 

oxidative stress. It does, however, not provide further insights into the mechanism by which 

compound 1 unfolds its activity. To elucidate the cell cycle-aberrating effect of 1, its chemical 

structure was considered more closely. Here, structural similarity of the pyrrolo-pyrazine 

scaffold with those of the so-called aloisines (6-phenyl[5H]pyrrolo[2,3-b]pyrazines) was 

recognized. These compounds impact the cell cycle, specifically G1 and G2 arrests, by inhibiting 

cyclin-dependent kinases (CDKs) [259]. This suggests that the scaffold structure rather than 

the pentathiepin ring system of 1 may have the dominating effects on the cell cycle. This again 

supports the theory that 1 has a different mode of action than 2-6, not based on ROS-mediated 

DNA damage that eventuates in G2/M arrest, which is assumed for the other pentathiepins. 

5.3.4 Autophagy 

With regards to the induction of autophagy by pentathiepins, the findings of this 

dissertation were not definite (Chapter 4.9). An increase in the number of acidic vesicles was 

investigated for compounds 1 and 3 with ambiguous results when comparing the flow 

cytometric and microscopic analyses. In addition, elevated expression levels of LC3B II were 

detected for pentathiepins 5 and 6 in two out of four cell lines. However, autophagy is not as 

easily determined experimentally due to its complexity and high dynamics while being a 

multi-step process [178]. When measuring, e.g., the accumulation of autophagosomes 

indirectly by quantifying the amount of lipidated LC3 (LC3B II), increased levels could 

indicate a higher formation rate, reduced turnover of autophagosomes, or even inefficient 

fusion with lysosomes. More LC3B II would be detected in all three cases, but no proper 

conclusion about the induction of autophagy is possible without further experimentation. It is 

thus necessary to estimate the total autophagic flux instead of just a steady-state observation. 
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For future experiments, it would be advisable to use inhibitors that block the flow at specific 

points and compare the resulting LC3B II levels with and without these agents [178, 260].  

By what mechanism could treatment with pentathiepins possibly trigger autophagy? 

Autophagy is a cellular recycling mechanism, a degradation system predominantly initiated 

by nutrient starvation and modified by other stressors such as ROS [261]. First of all, nutrient 

deprivation and the subsequent initiation of autophagy rely on ROS formation as well. Hence, 

species such as H2O2 are essential for starvation-induced autophagy. In this mechanism, the 

protease Atg4 was identified as a target of oxidation, more specifically, its cysteine residue in 

proximity to the active site. Inactivation of Atg4 by this pathway would facilitate the lipidation 

of LC3BI, resulting in an increase of LC3BII [262]. This oxidation-mediated modification of 

thiol residues in participating proteins may also apply to ROS that were not triggered by 

nutrient starvation but, e.g., an incubation with pentathiepins. Autophagy may, however, also 

be seen as another defense mechanism against high ROS levels by removing damaged proteins 

or organelles. Its concomitant occurrence with oxidative stress is thus a conceivable reaction 

of the cell toward pentathiepin treatment. 

Regarding the therapeutic usefulness of pentathiepins, the presence (or absence) of 

autophagy needs a proper evaluation as it may either promote cell death or survival. 

Especially for apoptosis-resistant tumors, triggering ROS and autophagy-mediated cell death 

occurs as an attractive option to kill cancer cells [263]. In contrast, autophagy may also delay 

the activity of some anticancer agents and promote the survival of cancer cells and is hence 

not desired under certain circumstances [264]. 

5.4 Structure-activity relationships and future pentathiepin design 

One aim of this thesis was to derive structure-activity relationships from the biological 

evaluation of the pentathiepins. This may enable structural optimization of pentathiepins in 

the future. Six pentathiepins with distinct substructures covering either a pyrrolo-pyrazine (1) 

or a nicotinamide scaffold (2-6) were investigated and the results summarized in Table 21.  

Apart from its fluorescent properties and an average potential to inhibit the GPx1, the 

backbone of pentathiepin 1 was accompanied by inferior biological activity. This entailed 

especially the induction of ROS and apoptosis (Chapters 4.5 and 4.7), and to a lesser extent, 

also the DNA cleaving capability (Chapter 4.6). However, the terminal methoxy group might 
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act as a donor in hydrogen bonding, allowing for the interaction with biological targets. Hence, 

this may explain the observed effects such as the inhibition of the GPx1 and the cytotoxicity. 

Table 21. Summary of the biological effects of pentathiepins 1-6. 1 

  Pentathiepin 

 Investigation 1 2 3 4 5 6 

E
n

zy
m

e 
in

hi
bi

ti
on

 GPx1 inhibition ++ + ++ ++ ++ 0 

GR inhibition 0 0 0 0 0 0 

CAT inhibition 0 0 0 0 0 0 

TrxR inhibition 0 0 0 0 0 0 

 Cytotoxicity ++ + ++ ++ ++ + 

 Antiproliferative effect ++ + ++ ++ ++ + 

 ROS induction 0 ++ ++ ++ ++ + 

D
N

A
 

da
m

ag
e plasmid cleavage + ++ ++ ++ ++ + 

Comet formation + ++ ++ ++ ++ + 

A
po

pt
os

is
 

Morphological changes 0 + ++ ++ ++ + 

PS externalization +? + ++ + ++ + 

PARP1 cleavage 0 0 + 0 + ++ 

Cas-3/-7 activation +? + +? +? 0 + 

AIF translocation n.d. n.d. +? n.d. n.d. n.d. 

Loss of MMP 0 n.d. + n.d. n.d. n.d. 

 Ferroptosis 0 0 0 0 0 0 

A
u

to
-

ph
ag

y 

Acidic vesicles (AO) + n.d. + n.d. n.d. n.d. 

LC3B II increase 0 0 0 0 +? +? 

C
el

l 

cy
cl

e 

G0/G1 arrest + 0 0 0 0 + 

G2/M arrest 0 + + + + 0 

1 no impact (0), weak impact (+), strong impact (++), not determined (n.d.), questionable (?) 

Taking into consideration the three nicotinamide-based pentathiepins 2, 3, and 4, the 

terminal morpholine (3) and diethylamine (4) moieties cause superior biological effects 

compared to the piperidine (2). These observations comprise the inhibition of the GPx1, the 

cytotoxic and antiproliferative activity, the induction of ROS, apoptosis, and DNA strand 

breaks (Chapters 4.1.1, 4.2, 4.5, 4.6, and 4.7). Since the diethylamine groups of 4 are more 

flexible than the closed piperidine of 2, this ring structure might not be optimal for further 
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drug design. However, the derivative 3 bearing morpholine as another ring structure exhibited 

enhanced activity. The increased effects of this compound could be related to the morpholine 

as the oxygen offers free electron pairs for the interaction with putative targets by hydrogen 

bonding. 

Pentathiepin 5 with the p-fluorophenone scaffold showed biological activity comparable 

with 3, especially in the GPx1 assay and ROS induction or apoptosis (Chapters 4.1.1, 4.5, and 

4.7). Here the electron-withdrawing inductive effect (-I effect) of the terminal fluorine 

substituent and the resulting electron-poor aromatic ring might support its biological activity, 

together with the potential of the fluorine to act as an acceptor in hydrogen bonding.  

The compound with the least potent biological activity was pentathiepin 6, containing a 

p-tosylpiperazine. This is surprising because the sulfonamide group is bioisosteric to the 

amide group, present in compound 5. Noticeably, this compound possesses an electron-rich 

aromatic system due to the electron-donating feature (+I effect) of the methyl substituent but 

has no potential to serve as a donor for hydrogen bonding. Moreover, the amide bond has a 

trigonal configuration, while the sulfonamide bond is tetrahedral. One or more of these 

structural properties could have resulted in the poor inhibitory potential toward the GPx1 and 

the lower induction of ROS and DNA damage (Chapters 4.5 and 4.6). 

For future optimization, the piperazine scaffold is preferred to the pyrrolo-pyrazine 

backbone. Moreover, substituents with electron-withdrawing properties and providing a free 

electron pair, e.g., fluorine or morpholine, may be associated with superior biological activity 

of the pentathiepins. Computer-based modeling or screening could support the targeted 

design of future compounds. 

One pyrrolo[1,2-a]quinoxaline (pq) derivative from the first generation of pentathiepins 

showed biological activities similar to 6, especially regarding the cytotoxicity and the 

induction of ROS [117]. Both compounds have terminal alkyl substituents causing a +I-effect. 

However, pq inhibited the GPx1 in contrast to 6. This activity of pq could be related to the 

additional cyclic nitrogen in the pyrrolo-quinoxaline backbone, which is not present in 6. This 

is supported by the fact that 1 is a pyrrolo-pyrazine derivative and also shows inhibitory 

activity toward GPx1. The investigated pentathiepins, in particular 3, 4, and 5, have a more 

potent biological activity than pq concerning all performed assays. 

The design of trackable compounds is a helpful tool to assess the uptake and intracellular 

distribution qualitatively. Here, it was shown that it is possible to design a biologically active 
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pentathiepin rendered fluorescent by introducing a pyrrolo-annelated N-heterocycle that 

emits light upon excitation at a specific wavelength (Chapter 4.4). It provides an indication for 

the uptake of the compound into the cell. Long-term live-cell imaging could provide data on 

the lifespan of the compound backbone in the cytosol and should be considered in future 

studies. 

Future research could also employ fluorine as a tracer in F-MAS, which would allow for 

an intracellular quantification and hence quantitative and time-dependent studies on the 

uptake of the compound [185]. In a current project, fluorine is used to quantify the load of 

pentathiepin encapsulated in a liposome. Liposomal delivery of pentathiepins is now in the 

focus of our group to enhance chemical stability and uptake of the compound by cells. The 

second advantage of this technique is that less water-soluble pentathiepins may be delivered 

more efficiently and can thus be applied in cellular testing, which was a challenge before. 

Solubility in aqueous media was one of the main improvements from the first to the 

second generation of pentathiepins and is a crucial prerequisite for biological testing. 
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6 Summary 

Pentathiepins are cyclic polysulfides that exert antiproliferative and cytotoxic activity in 

cancer cells, induce oxidative stress and apoptosis, and potently inhibit GPx1. These properties 

render this class of compounds promising candidates for the development of anticancer drugs. 

However, the biological effects and how they intertwine to promote high cytotoxicity have not 

been systematically assessed throughout a panel of cancer cell lines from distinct tissues of 

origin. In this thesis, six novel pentathiepins were analyzed and constitute the second 

generation of compounds with additional properties such as fluorescence or improved water 

solubility to facilitate cellular testing. All compounds underwent extensive biological 

evaluation in 14 human cancer cell lines. These studies included investigations of the 

inhibitory potential with regards to GPx1 and cell proliferation, examined the cytotoxicity in 

human cancer cell lines, as well as the induction of oxidative stress and DNA strand breaks. 

Furthermore, selected hallmarks of apoptosis, ferroptosis, and autophagy were studied. 

Experimental approaches regarding these cellular mechanisms included observing 

morphological changes, detecting phosphatidyl serine exposure and caspase activity, and 

quantifying cleaved PARP1 and levels of LC3B II. In addition, the analysis of the cell cycle 

aimed to identify aberrations or arrests in cell division. 

Five of the six tested pentathiepins proved to be potent inhibitors of the GPx1, while all 

six exerted high cytotoxic and antiproliferative activity, although to different extents. There 

was a clear connection observed between the potential to provoke oxidative stress and damage 

to DNA in the form of single- and double-strand breaks both extra- and intracellularly. 

Furthermore, various experiments supported apoptosis but not ferroptosis as the mechanism 

of cell death in four different cell lines. In particular, the externalization of PS, the detection of 

activated caspases, and the cleavage of PARP1 corroborated this conclusion. Additionally, 

indications for autophagy were found, but more investigations are required to verify the 

current data. The findings of this dissertation are mainly in line with the postulated 

mechanism of action proposed for pentathiepins and a previous publication from our group 

that described their biological activity. However, the influence of modulators such as oxygen 

and GSH on the biological effects was ambiguous and dependent on the compound. The 

expression profile of the cell lines concerning GPx1 and CAT did not influence the cellular 

response toward the treatment, whereas the cell doubling time correlated with the cytotoxicity.  
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As the various pentathiepins give rise to different biological responses, modulation of 

the biological effects depends on the distinct chemical structures fused to the sulfur ring. This 

may allow for future optimization of the anticancer activity of pentathiepins. An analysis of 

the structure-activity relationships revealed that the piperazine scaffold was associated with 

superior biological activity compared to the pyrrolo-pyrazine backbone. Furthermore, 

substituents with electron-withdrawing properties or those providing a free electron pair, such 

as fluorine or morpholine, were advantageous. These findings should help design and 

synthesize the next generation of pentathiepins, thereby expanding the library of compounds, 

allowing for the further deduction of structure-activity relationships and an improved 

understanding of their mechanism of action. 
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Figure A1: Time-dependent decrease of dissolved oxygen in cell culture medium at 37 °C, 5 % CO2 and 1 % O2 

as measured with a   v n  o™ Pro dissolved oxygen meter S9. 

  



Eigenständigkeitserklärung 

147 

 

Eigenständigkeitserklärung 

Hiermit erkläre ich, dass diese Arbeit bisher von mir weder an der Mathematisch-

Naturwissenschaftlichen Fakultät der Universität Greifswald noch einer anderen 

wissenschaftlichen Einrichtung zum Zwecke der Promotion eingereicht wurde. 

Ferner erkläre ich, dass ich diese Arbeit selbstständig verfasst und keine anderen als die darin 

angegebenen Hilfsmittel und Hilfen benutzt und keine Textabschnitte eines Dritten ohne 

Kennzeichnung übernommen habe. 

 

       ________________________________ 

       Lisa Wolff 

  



Curriculum Vitae 

148 

 

Curriculum Vitae 

  



Publications and scientific achievements 

149 

 

Publications and scientific achievements 

Publications 

Wolff, L.; Bandaru, S.S.M.; Eger, E.; Lam, H.-N.; Napierkowski, M.; Baecker, D.; 

Schulzke, C.; Bednarski, P.J. Comprehensive Evaluation of Biological Effects of Pentathiepins 

on Various Human Cancer Cell Lines and Insights into Their Mode of Action. Int. J. Mol. Sci. 

2021, 22, 7631. doi:10.3390/ijms22147631 

 

Behnisch-Cornwell, S.; Wolff, L.; Bednarski, P.J. The Effect of Glutathione Peroxidase-1 

Knockout on Anticancer Drug Sensitivities and Reactive Oxygen Species in Haploid HAP-1 

Cells. Antioxidants 2020, 9, 1300. doi:10.3390/antiox9121300 

 

 alewski, Ł.; Są  ewski,  .;  ednarski, P.J.; Wolff, L.; Nadworska, A.; Gdaniec, M.; 

Kornicka, A. Synthesis, Structure and Cytotoxicity Testing of Novel 7-(4,5-Dihydro-1H-

imidazol-2-yl)-2-aryl-6,7-dihydro-2H-imidazo[2,1-c][1,2,4]triazol-3(5H)-Imine Derivatives. 

Molecules 2020, 25, 5924. doi:10.3390/molecules25245924 

 

Behnisch-Cornwell, S.; Bandaru, S.S.M.; Napierkowski, M.; Wolff, L.; Zubair, M.; 

Urbainsky, C.; Lillig, C.; Schulzke, C.; Bednarski, P.J. Pentathiepins: A Novel Class of 

Glutathione Peroxidase 1 Inhibitors that Induce Oxidative Stress, Loss of Mitochondrial 

Membrane Potential and Apoptosis in Human Cancer Cells. ChemMedChem. 2020;15(16):1515-

1528. doi: 10.1002/cmdc.202000160.  

 

Makowska, A.; Wolff, L.; Są  ewski,  .;  ednarski, P.J.; Kornicka, A. Synthesis and 

cytotoxic evaluation of benzoxazole/benzothiazole-2-imino-coumarin hybrids and their 

coumarin analogues as potential anticancer agents. Pharmazie. 2019;74(11):648-657. doi: 

10.1691/ph.2019.9664.  

 

 

 

 



Publications and scientific achievements 

150 

 

Supervision of diploma projects 

Elias Eger: „ n-vitro-Untersuchungen zum Mechanismus des Pentathiepin-vermittelten 

Zelltodes“ (January 2019) 

 

Hoai-Nhi Lam: „ iologis he Untersu hungen  um Wirkme hanismus synthetis her 

Pentathiepine mit besonderem Hinblick au  die Wirkweise in Pankreaskar inom elllinien“ 

(February 2020) 

Conference contribution 

Poster: Wolff, L.; Bandaru, S.; Lam, H.N.; Schulzke, C.; Bednarski, P.J.. Novel synthetic 

pentathiepins mediate the inhibition of glutathione peroxidase 1 and modulate cellular 

parameters. Annual Meeting of the German Pharmaceutical Association (DPhG). 2019. Heidelberg  

  



Acknowledgments 

151 

 

Acknowledgments 

An dieser Stelle möchte ich mich bei allen bedanken, die zu einem erfolgreichen 

Abschluss dieser Dissertation beigetragen und mich während meiner Promotionszeit begleitet 

haben. 

Ganz besonders danke ich Prof. Dr. Patrick J. Bednarski für die freundliche Aufnahme 

in den Arbeitskreis sowie das Stellen des spannenden und herausfordernden Themas. Ebenso 

dankbar bin ich für das entgegengebrachte Vertrauen in meine Arbeit, die konstruktive 

Zusammenarbeit und die Möglichkeiten der Kooperation und des Austausches mit anderen 

Forschungsgruppen.  

Ein weiterer Dank gilt Prof. Dr. Carola Schulzke und Dr. Siva Sankar Murthy Bandaru 

für das Bereitstellen und die Synthese der Pentathiepine sowie die tolle Zusammenarbeit mit 

dem Resultat einer erfolgreichen gemeinsamen Publikation. 

Dr. Steven Behnisch-Cornwell möchte ich einerseits für die intensiven Vorarbeiten auf 

dem Gebiet der Pentathiepine danken sowie für das herzliche Willkommen in Greifswald, die 

liebe Einarbeitung, die tolle Zusammenarbeit im Praktikum und all das schöne Drumherum. 

Bei Prof. Dr. Christoph Ritter bedanke ich mich für die Zugänge zu den Räumlichkeiten 

und Gerätschaften für die Durchflusszytometrie und die Western Blot-Analytik und die 

Hilfsbereitschaft und Zusammenarbeit. 

Ebenso danke ich Prof. Dr. Ulrike Garscha und Prof. Dr. Andreas Link für die Zugänge 

zu ihren Räumen und Geräten. 

Ich danke auch Herrn PD Dr. Dr. Christoph Lillig für die Bereitstellung des Thioredoxin-

Reduktase-Assays und mehrerer Antikörper. 

Ein großer Dank gilt meinen beiden Diplomstudierenden Elias Eger und Hoai-Nhi Lam 

für ihr Interesse, ihren Fleiß und die erfolgreiche, angenehme und lustige Zusammenarbeit, 

die in tollen Diplomarbeiten resultierte, deren Erkenntnisse wiederum ein wesentlicher 

Bestandteil dieser Dissertation sind. 

Im Rahmen des Praktikums Klinische Chemie danke ich Dr. Daniel Bäcker, Dr. Steven 

Behnisch-Cornwell, Dr. Renate Grünert, Gudrun Schuster und Anne Schüttler für den 

reibungslosen Ablauf und die angenehme Zusammenarbeit. 

Sylvia Ewert, Ruth Ball und Beate Zillmer danke ich für ihre Aktivitäten im Sekretariat, 

im Rahmen von Bestellungen, für alles Organisatorische und das ein oder andere Pläuschchen. 



Acknowledgments 

152 

 

Ich möchte mich außerdem bei allen ehemaligen und aktuellen KollegInnen des 

Arbeitskreises bedanken: Dr. Daniel Bäcker, Frieda Bartz, Dr. Steven Behnisch-Cornwell, 

Kristin Beirow, Malte Eichelbaum, Hoai-Nhi Lam, Dr. Carsten Lange, Martin Napierkowski, 

Anne Schüttler, Dr. Abdrrahman Surur und Patrick Werth. Danke für die Hilfsbereitschaft, 

den wissenschaftlichen Austausch, aber vor allem für die unvergessliche und lustige Zeit. 

Ich möchte mich weiterhin bei Ahmad Alahdab, Linus Gohlke, Dr. Jean Schneikert und 

Jana Sommerfeldt für die angenehme Zusammenarbeit, stetige Hilfsbereitschaf, die guten 

Gespräche und das Troubleshooting bedanken. 

Außerdem gilt ein Dank den Mitarbeitenden des AK Link und AK Garscha sowie allen 

Ehemaligen aus der PMC: Ich bedanke mich bei Konrad Wurm, Felix Potlitz, Tobias Keydel, 

Van Nguyen, Jana Lemke, Dr. Christoph Grathwol, Maria Hühr, Tobias Oergel, Lukas Schulig, 

Dr. Stefanie König, Louis Schmidt, Martin Mahler, Dr. Robert Hofstetter, Dr. Georg Fassauer, 

Dr. Steffen Vojacek, Dr. Nicole Rüger, Dr. Christian Bock und Michael Eccius für die 

Zusammenarbeit und besonders für die gemeinsamen Stunden draußen am Grill oder oben in 

der Küche. 

Für die entspannten, freudigen und kulinarischen Treffen im Rahmen der 

Geburtstagsrunde und das gemütliche Beisammensein danke ich Dr. Anja Bodtke, PD Dr. 

Gregor Radau, Dr. Markus Kindermann, Dr. Olaf Morgenstern und all den anderen 

Beteiligten. 

An dieser Stelle möchte ich noch einmal ein großes Dankeschön an Elias Eger und Dr. 

Daniel Bäcker aussprechen für ihre konstruktive Kritik und wertvollen Hilfestellungen 

während des Korrekturlesens meiner Arbeit. 

Mein abschließender Dank gilt meiner Familie, besonders meinen Eltern, für die 

immerwährende Unterstützung und für den sicheren Hafen und Kevin für deine großartige 

Fähigkeit, zu wissen, wann ein Schub Motivation und wann Verständnis gefragt ist. 

 


