Influence of alkylthio and arylthio derivatives of tert-butylquinone on the induction of DNA damage in a human hepatocellular carcinoma cell line (HepG2)
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Abstract
The aim of this study was to investigate the effects of tert-butylquinone (TBQ) and its alkylthio and arylthio derivatives on DNA in vitro, using acellular and cellular test systems. Direct interaction with DNA was studied using the plasmid pUC19. Cytotoxic (MTS assay) and genotoxic (comet assay and γH2AX focus assays) effects, and their influence on the cell cycle were studied in the HepG2 cell line. Our results show that TBQ and its derivatives did not directly interact with DNA. The strongest cytotoxic effect on the HepG2 cells was observed for the derivative 2-tert-butyl-5,6-(ethylenedithio)-1,4-benzoquinone (IC50 64.68 and 55.64 µM at 24-h and 48-h treatment, respectively). The tested derivatives did not significantly influence the cell cycle distribution in the exposed cellular populations. However, all derivatives showed a genotoxic activity stronger than that of TBQ in the comet assay, with 2-tert-butyl-5,6-(ethylenedithio)-1,4-benzoquinone producing the strongest effect. The same derivative also induced DNA double-strand breaks in the γH2AX focus assay. 
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Introduction
	Cancer is a complex disease characterized by, among other things, increased cell proliferation and resistance to cell death (including apoptosis), often caused by alterations in the genome (Hanahan and Weinberg, 2011). As the rate of cell proliferation is increased, cell cycle arrest and/or induction of cancer cell death is an effective way to treat cancer patients. This can be achieved through the use of cytotoxic agents (chemotherapy) or ionizing radiation, with the replication of DNA molecules being one of the main targets (Swift and Golsteyn, 2014). However, many cytotoxic agents used in cancer treatment cause high levels of DNA damage through various mechanisms of action by triggering cell cycle checkpoints, resulting in cell cycle arrest and/or cell death (Helleday et al., 2008). Several different cancer chemotherapeutic drugs cause different types of DNA damage through different mechanisms of action (e.g., monofunctional adducts or intra- and interstrand and DNA-protein crosslinks (Helleday et al., 2008; Woods and Turchi, 2013) depletion of deoxynucleotide triphosphates (dNTPs), inhibition of topoisomerase enzymes (Pommier, 2006).
	Cancer cell resistance to chemotherapeutics is the main factor preventing successful cancer treatment, therefore, new drugs with new mechanisms of action are urgently needed.  Approximately 80% of the new molecules approved by the Food and Drug Administration (FDA) for cancer treatment have been derived from natural products (Bishayee and Sethi, 2016; Newman and Cragg, 2016).
	The oceans cover more than 70% of the Earth's surface, making them the largest habitat on Earth with the greatest biodiversity. Therefore, a considerable number of drugs from marine organisms have been identified in recent years. Since 2008, more than 1,000 compounds originating from marine organisms have been newly discovered each year (Lindequist, 2016). However, there is a problem with the availability of a sufficient number of organisms and the amount of active compounds that can be economically provided. This can be solved by chemical synthesis of complete biologically active compounds or by chemical modifications of other compounds structurally similar to marine natural products. 
	One of the most abundant chemical groups found in sessile marine organisms are the terpenoid quinones and hydroquinones, a class of compounds that exhibit diverse biological activities. They belong to the second largest class of clinically used antitumor agents, which have been shown to induce cell death by apoptosis (Huang and Pardee, 1999; Öllinger and Kågedal, 2004).
	In this work, we have studied alkylthio and arylthio derivatives of 2-tert-butyl-1,4-benzoquinone – TBQ, which are similar in chemical structure to the marine natural product, sesquiterpene quinone avarol/avarone, and have a variety of biological effects, but are over 20 times more economical (de Rosa and Tommonaro, 2012; S. Kolarević et al., 2019; Pejin et al., 2018, 2016; Sladic and Gasic, 2006; Tommonaro et al., 2015). Alkylthio and arylthio groups were selected due to their presence in many biologically active compounds of natural origin, such as allicin from Allium sativum L, which also showed numerous beneficial effects, such as antimicrobial, antiviral, antioxidant, antidiabetic, and antitumor activities (Ankri and Mirelman, 1999; Coppi et al., 2006; Kim et al., 1997; Li et al., 2019; Sheela et al., 1995). The cytotoxicity of quinones such as TBQ is manifested through two molecular mechanisms: (1) covalent binding to macromolecules (protein, DNA) via Michael addition and/or (2) formation of reactive oxygen species (ROS) (Bolton et al., 2000; Okubo et al., 2003; Pérez-Rojas et al., 2011; Siraki et al., 2004). However, the mode of TBQ-induced cell death is not yet clearly understood. Shi et al. (2014) demonstrated that TBQ treatment leads to apoptosis. However, in the study by Okubo et al. (2003), no oligonucleosomal degradation of nuclear DNA or nuclear fragmentation was observed suggesting that the effects of TBQ are not typically apoptotic, but also cannot be considered as necrosis. Although apoptosis and necrosis have long been considered as mutually exclusive, there is growing evidence that they represent only the extreme ends of a broad spectrum of possible morphological and biochemical deaths and can be triggered by the same stimuli (Brown et al., 1999; Fiers et al., 1999; Kroemer et al., 1998; Zeiss, 2003).
	The DNA in each cell is continuously damaged by various sources, metabolic products (e.g., reactive oxygen species – ROS), exogenous factors (e.g., ultraviolet light, ionizing radiation), environmental toxins, and various drugs (Reddig et al., 2018). Various lesion-specific DNA damage response mechanisms allow DNA integrity to be restored. However, if the damage is not repaired, it can lead to mutations, which in turn can cause pathological changes and even cancer. For all these reasons, it is necessary to investigate the genotoxic effects of drugs before their clinical use. This is particularly important for antitumor drugs, which are designed to kill or reduce cell proliferation, and whose described mechanism of action often involves direct or indirect interaction with the DNA molecule and thus genotoxicity. In our previous studies, (Djordjevic et al., 2022), alkylthio and arylthio derivatives of TBQ showed good antioxidant activity and antibacterial potential against Gram-positive bacteria, with the toxicity of most derivatives being lower than that of TBQ. In the same work, the derivatives showed stronger cytotoxicity in MRC-5, HS 294T, and A549 cell lines and genotoxicity in the MRC-5 cell line compared to TBQ. 	Therefore, it is important to gain deeper insight into the genotoxic effects of TBQ and its alkylthio and arylthio derivatives by using other model systems and methods, with the aim of better understanding the advantages and disadvantages of using TBQ and its alkylthio and arylthio derivatives as anti-cancer drugs. The HepG2 cell line has several advantages over other cell lines on which the cytotoxicity and genotoxicity of TBQ and its derivatives were previously tested. Human hepatoma cell lines, such as HepG2, are advantageous for testing drug effects due to their drug metabolism capability, stable phenotype, many liver-specific functions, unlimited period of cultivation, availability, ease of use, and wide research application which enables method standardization and comparability of results across studies (Kanebratt and Andersson, 2008; Gómez-Lechón et al., 2014; Snopov et al., 2017).
	The direct interaction with the DNA molecule was tested in an acellular model - plasmid pUC19, investigating the transition from the closed (CCF) to the open circular form (OCF). The human hepatocellular carcinoma - HepG2 cell line was used to assess cytotoxicity by the MTS assay after 24- and 72-h treatment and genotoxicity by alkaline comet and γH2AX-focus assays detecting DNA single- (SSBs) and double-strand breaks (DSBs), respectively, since it is important to investigate whether potential therapeutic agents induce DNA damage before their further development (Bonner et al., 2008; Ivashkevich et al., 2012, 2011). To obtain additional information on the possible mechanisms involved in the deleterious effects of alkylthio and arylthio derivatives of TBQ, their impact on HepG2 cell-cycle progression was determined by flow cytometry. 

MATERIAL AND METHODS
Chemicals
	Acridine orange (AO), etoposide (ET), benzo[a]pyrene (BaP), cisplatin, dimethyl sulfoxide (DMSO) solution, normal melting point agarose (NMP), low melting point agarose (LMP), bromophenol blue, xylene cyanol, glycerol, trypsin, EDTA, Triton X-100, Tris, glucose 6-phosphate, were purchased from Sigma-Aldrich, St. Louis, MO, USA. MTT solution was obtained from Elabscience Biotechnology Inc, Houston, TX, USA. Fetal bovine serum (FBS), 1 x phosphate-buffered saline solution (PBS), and Dulbecco’s Modified Eagle Medium (DMEM) were obtained from PAA Laboratories GmbH, Austria. Hoechst 33258 dye was purchased from Invitrogen (Waltham, MA, USA). Anti-H2AX pS139 (130-107-586), and REA Control (I)-APC (131-104-615) antibodies were obtained from Miltenyi Biotec (Bergisch Gladbach, Germany).

Chemical synthesis of the TBQ derivatives
	Alkylthio and arylthio derivatives of 2-tert-butyl-1,4-benzoquinone (TBQ) were synthesized by nucleophilic addition of thiols to quinones as described in Djordjevic et al. (2022). Briefly, tert-butylhydroquinone was oxidized with silver oxide to the corresponding quinone. The optimal reaction conditions were an equimolar amount of reactants, a slightly alkaline medium, a nitrogen atmosphere, temperatures of 60 °C, and 30-minute reaction time. The phenylthio derivatives were synthesized under neutral conditions in an air atmosphere, while the other conditions were the same. The chemical structure of TBQ and its alkylthio and arylthio derivatives: 2-tert-butyl-5-(isopropylthio)-1,4-benzoquinone (hereafter referred to as TD2), 2-tert-butyl-5-(propylthio)-1,4-benzoquinone (hereafter referred to as TD3), 2-tert-butyl-5,6-(ethylenedithio)-1,4-benzoquinone (hereafter referred to as TD4), 2-tert-butyl-5-(phenylthio)-1,4-benzoquinone (hereafter referred to as TD5), and 2-tert-butyl-6-(phenylthio)-1,4-benzoquinone (hereafter referred to as TD6) are shown in Figure 1.
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Fig. 1 Chemical structure of the 2-tert-butyl-1,4-benzoquinone (TBQ) and its alkylthio and arylthio derivatives: TD2: 2-tert-butyl-5-(isopropylthio)-1,4-benzoquinone, TD3: 2-tert-butyl-5-(propylthio)-1,4-benzoquinone, TD4: 2-tert-butyl-5,6-(ethylenedithio)-1,4-benzoquinone, TD5: 2-tert-butyl-5- (phenylthio)-1,4-benzoquinone, TD6: 2-tert-butyl-6-(phenylthio)-1,4-benzoquinone.

Interaction with plasmid DNA
	The analysis of the interaction of TBQ and its selected alkylthio and arylthio derivatives was performed according to the protocol of Vujčić et al. (2007) with the modifications presented in the work of Đorđević et al. (2020). Briefly, the reaction mixture consisted of 800 ng of plasmid pUC19 previously isolated from Escherichia coli KSL1-blue and TBQ or its derivatives at a concentration of 1 mM dissolved in DMSO (10 %). The interactions of the selected compounds were tested in bicarbonate buffer at a concentration of 40 mM, pH = 8.4 over an incubation period of 2 h at 37 °C. Interactions were stopped by adding 5 µL of 6x loading dye consisting of 30 % (v/v) glycerol, 0.25 % (w/v) bromophenol blue, and 0.25 % (w/v) xylene cyanol to each sample. UV-irradiated (540 J/m2) mixtures of 3 mM hydrogen peroxide and plasmid were used as positive controls (PC). Samples were loaded onto a 1% agarose gel, and electrophoresis was performed in 0.5x TBE buffer at constant voltage (80 V, 300 mA) for about 1h until bromophenol blue migrated 75 % of the length of the gel. Comparison of the positions of the open circular form (OCF) and closed circular form (CCF) of the plasmid was done using ladder λ/PstI (0.5 μg/lane, Thermo Fisher Scientific, USA). The gels were observed on a UV transilluminator under ultraviolet light (312 nm) and photographed with a digital camera. The photographs were analyzed using ImageJ software (National Institutes of Health, Bethesda, MD).

Cytotoxic activity of TBQ and its derivatives in the HepG2 cell line determined by MTS assay
	Cells were grown in DMEM medium with the following supplements: 10% FBS, 1% NEAA,1 mM sodium pyruvate, 2.2 g/L sodium bicarbonate, 2 mM L-glutamine, 100 U/mL penicillin, and 100 µg/mL streptomycin. Cells were grown on T25 and T75 flasks at 37 ℃ in a 5% CO2 atmosphere, and passages up to 11 were used for the experiments. The experiment was performed in triplicate according to the protocol described by Riss et al. (2016). Cells were grown in 96-well plates (105 cells/mL) and incubated for 24 hours at 37 °C and 5 % CO2. Then, cells were treated with TBQ and its derivatives in a threefold gradient in the concentration range from 3.7 to 100 µM, while cisplatin in the same concentration range as the derivatives and DMSO (0.5 %) were used as positive and solvent controls, respectively. After 24 h incubation (at 37 ℃ and 5 % CO2), MTS solution containing PMS (MTS:PMS = 20:1) was added to each well (final MTS concentration of 0.33 mg/ml) and plates were further incubated for 3 h at 37 ℃ and 5% CO2. The results were quantified by measuring the absorbance at 490 nm (Cory et al., 1991). The measured absorbance values were adjusted by subtracting the blank values for each tested compound. Viability (V) was calculated using the following formula: V(%) = 100% × A/A0, where A and A0 are the absorbances of the experimental groups and control group, respectively. Based on the obtained results, graphs showing the relationship between viability and the concentration of the test compound were constructed, and IC50 values (concentration of the test compounds that reduce cell viability by 50%) were calculated for both incubation periods (24h and 48h). Statistically significant differences in the activity of derivatives compared to TBQ were determined using a T-test in IBM SPSS software (p<0.05).

Genotoxic activity of TBQ and its derivatives in HepG2 cells determined by the Comet assay
	Cells were seeded in 12-well plates (105 cells/mL) and incubated for 24 hours at 37 ° C and 5 % CO2. Afterward, cells were washed with 1x PBS and then 1 mL of growth medium containing the appropriate concentration of the test compound was added to each well. The test was performed three times independently in a mini gel format according to the protocol described in Azqueta et al. (2013) with minor modifications described in Kolarević et al. (2019). Non-toxic concentrations of test compounds previously determined by the MTS assay were tested and are listed in Table 1. Benzo[a]pyrene (at concentrations of 12.5, 25, and 50 µM) was used as a positive control and DMSO (0.5 %) as the solvent control.

Table 1 Non-toxic concentrations (µM) of test compounds in µM used to determine genotoxicity by the comet test. 

	Test compounds
	Concentrations tested (µM)

	TD2
	3.7
	11
	33
	/

	TD3
	/
	11
	33
	100

	TD4
	3.7
	11
	33
	/

	TD5
	/
	11
	33
	100

	TD6
	/
	11
	33
	100



	After treatment, plates were incubated for 24 hours, then cells were trypsinized, suspended in the fresh growth medium, and centrifuged (1,000 rpm) for 5 min, and each pellet was resuspended in 100 µL of the remaining supernatant. A total of 30 µL of the cell suspension was mixed with 70 µL of 1 % LMP, of which 15 µL of the mixture was placed in duplicate on microscope slides that had been previously degreased and coated with 1 % NMP. The slides were lysed in freshly prepared lysis solution (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, 10 % DMSO, 1.5 % Triton X-100, pH 10), at 4° C for 1 h. Denaturation was performed at the same temperature, and the slides were transferred to an electrophoresis bath containing alkaline electrophoresis buffer (300 mM NaOH, 1 mM EDTA, adjusted to pH = 13 with 37 % hydrochloric acid) for 20 min without voltage, and then electrophoresis was performed in the same solution (0.75 V/cm, 300 mA) for 20 min. The slides were then transferred to a neutralization buffer (0.4 M Tris, pH 7.5) for 15 min and then fixed in cold methanol at 4° C for 15 min and allowed to dry overnight. For each compound tested and controls, 150 nuclei were analyzed (50 per experiment performed independently). Each slide contained negative and positive control. Visualization was performed with acridine orange (2 µg/mL) with a fluorescence microscope (Leica, DMLS, Austria, at 400x magnification, excitation filter 450 ̶ 490 nm, barrier filter 510 nm) with Comet IV computer software (Perceptive Instruments, UK). The Tail Intensity parameter (TI %) was selected to determine DNA damage, and data were analyzed using IBM SPSS Software using nonparametric statistical tests (Kolmogorov - Smirnov test, Kruskal - Wallis one-way ANOVA followed by Wilcoxon Signed Ranks Test for pairwise comparison with significance level at p <0.05).

Detection of DNA DSB by γ-H2AX assay and cell cycle analysis by flow cytometry
	A flow cytometric approach was used to simultaneously perform cell cycle analysis (Hoechst staining) and detect DNA double-strand breaks (γH2AX antibody). The γH2AX focus assay is a rapid and simple method for detecting DNA DSB caused by various genotoxic agents (Ivashkevich et al., 2011). The method is based on the detection of the phosphorylated form of the histone H2AX (γH2AX) that accumulates at the sites of DSB formation (Rogakou et al., 1998). The experiments were performed as described by Hercog et al. (2019) with minor modifications. Cells (6 x 105) were seeded in T25 flasks and incubated for 24 h. Cells were treated with TBQ and its derivatives at a concentration of 33 μM for 24 h, while etoposide was tested at a final concentration of 1 µg/mL as a positive control. At the end of the exposure, cells were collected by trypsinization, washed twice with cold PBS, resuspended in 0.5 mL of cold PBS, and then ethanol (1.5 mL) was added dropwise to the cell pellet. Cells were stored at −20 °C until analysis. Fixed cells were washed with ice-cold PBS and labeled with Anti-H2AX pS139 antibody according to the manufacturer's protocol. The γH2AX-labeled cells were then washed once with 2 mL of 1% BSA and subsequently stained with Hoechst for 30 min in darkness at room temperature for cell cycle analysis. The stained cells were then washed once with 2 mL of 1% BSA and resuspended in 0.2 mL 1 × PBS.
	Flow cytometric analyses were performed on a MACSQuant Analyzer 10 (Miltenyi Biotech, Germany). APC intensity, which corresponded to DNA DSB, was determined in the R1 channel (655–730 nm) and Hoechst fluorescence which is related to DNA content for cell cycle analyses was determined in the V1 channel (450/50 nm). Three independent experiments were performed, and 10,000 events per sample were recorded in each experiment. For further analysis of DSB and the cell cycle, the raw data obtained from the flow cytometer were exported to GraphPad Prism 8 to make the box and whiskers plots and the statistical significance of the change of APC fluorescence was calculated with the linear mixed-effects model (nlme) by REML in the R program (Pinheiro et al., 2007). The distribution of the cells in each phase of the cell cycle (G0/G1, S, and G2/M) was evaluated using the FlowJo Software by the Dean jet fox model (Single Cell Analysis Software v10, FlowJo, LLC). The statistically significant difference in cell cycle distribution in the cell populations was evaluated using GraphPad Prism 8 and the chi-squared test.

RESULTS AND DISCUSSION
Interaction with plasmid DNA
	The densitogram of the electrophoretic bands after treatment with TBQ and its derivatives is shown in Fig 2A, while the representative image of the electrophoretic gel is shown in Fig 2B. Based on the obtained results of the absolute intensity of the electrophoretic bands, TBQ, and its derivatives did not change the closed circular form - CCF of the plasmid DNA to the open circular form - OCF. This change was observed only in the positive control group (PC).
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Fig. 2 (A) The densitogram of the gel after treatment with tert-butylquinone - TBQ and its derivatives (TD2-6); positive control (PC) consists of a UV irradiated mixture of 3 mM hydrogen peroxide and plasmid pUC19. (B) Agarose gel of plasmid pUC19 after treatment; ladder – DNA/PstI; OCF-opened circular form, CCF – closed circular form.

	A large number of low molecular weight molecules, synthetic and natural products or their derivatives, such as drugs (especially antitumor agents), interact with DNA molecules in various non-covalent modes that are: major and/or minor groove binder, electrostatic/allosteric binding, and intercalation (Almaqwashi et al., 2016). The results (Fig. 2) showed no cleavage of plasmid pUC19 in the presence of TBQ and its alkylthio and arylthio derivatives, which is in accordance with previous research by Vilipić et al. (2015) with amino acid derivatives of TBQ and study by Đorđević et al. (2020), on alkylamino and aralkylamino TBQ derivatives that also did not interact with plasmid DNA. 
	As determined by Vilipić et al. (2015) the cleavage of plasmid DNA molecules by quinones in vitro can be explained by the generation of free radicals following a nucleophilic attack on a quinone residue or reduction, followed by reoxidation of hydroquinone or semiquinone radical to a quinone. Plasmid DNA cleavage is present only in the positive control that caused DNA damage by generating ROS leading to single-strand and/or double-strand breaks of the plasmid chain UV photolysis of hydrogen peroxide. According to Vilipić et al. (2015), the main mechanism of action of amino acid derivatives of TBQ is most likely their binding to DNA minor groove, which, based on the same results, could also be one of the mechanisms of action of alkylthio and arylthio derivatives of TBQ.

Assessment of the cytotoxic activity of TBQ and its derivatives in the HepG2 cell line 
	The IC50 values of the cytotoxic activities of TBQ and its derivatives on HepG2 cells after 24- and 72-h exposure are shown in Table 2. The strongest cytotoxic activity was observed for derivative TD4 with IC50 values​​ of 64.68 μM and 55.64 μM at 24- and 72-hour exposure, respectively. After 72 h most derivatives showed stronger cytotoxic activity than TBQ, except for derivative TD2 and derivative TD6 (which had weaker and similar effects, respectively).

Table 2 Cytotoxic activity of tert-butylquinone - TBQ and its derivatives represented as IC50 values in μM after 24h and 72h treatment, mean ± SD.

	IC50 (μM) in HepG2 cells
	24 h
	72 h

	TBQ
	>100
	81.12±5.12

	TD2
	>100
	87.88±2.09

	TD3
	>100
	70.03±5.84

	TD4
	64.68±1.57
	55.64±4.91

	TD5
	>100
	74.79±5.48

	TD6
Cisplatin
	>100
>100
	80.92±3.02
57.70±3.79



	According to the established criteria, compounds are considered to be active if they have an IC50 value of less than 20 μM, moderate cytotoxic in the range of 20 to 100 μM, and inactive if the above limit is exceeded (Indrayanto et al., 2021). Based on the results of the present study, TBQ, and its alkylthio and arylthio derivatives mostly belong to moderate cytotoxic agents. In our previous work (Djordjevic et al., 2022), results obtained on MRC5, HS 294T, and A549 cell lines, showed that alkylthio and arylthio derivatives have a stronger cytotoxic effect than TBQ, with the effect being more pronounced after a longer incubation period. Similar to HepG2 cells, the strongest cytotoxic effect on MRC5 was observed with derivative TD4. The molecular mechanisms of action of quinones include ROS formation or alkylation of cellular nucleophiles. Due to its bicyclic structure, derivative TD4 is unable to undergo a nucleophilic attack, so ROS production was the likely reason for its higher cytotoxicity.
	DT-diaphorase (NAD(P)H: quinone oxidoreductase) is a flavoenzyme that catalyzes the two-electron reduction of quinones and related compounds and is overexpressed in many types of cancer cells and normal lung tissue (Yang et al., 2022). Thus, DT-diaphorase is an enzyme that catalyzes two-electron reduction of TBQ to 2-tert-butylhydroquinone (TBHQ), the concentration of which required to induce DNA damage was much higher than that of TBQ (Morimoto et al., 1991). Because the enzyme DT-diaphorase is found in large amounts in the HepG2 cell line (Li et al., 2014), the reduction of TBQ by DT-diaphorase may be protective against its toxicity and may explain the lower cytotoxicity of TBQ.

Assessment of genotoxic activity in HepG2 cell line by Comet assay	
	Based on the results obtained on the HepG2 cell line by the comet assay shown in Figure 3, derivative TD 4 had the strongest genotoxic effect showing a statistically significant increase in DNA damage at the lowest tested concentration of 3.7 µM (p < 0.05 vs solvent control), while other derivatives caused DNA damage at higher concentrations of 33 µM (for derivative TD5; p < 0.01 vs solvent control), and 33 µM and 100 µM (for derivative TD3 and derivative TD6, respectively; p < 0.001 vs solvent control). Genotoxic potential was not observed for derivative TD2 at any of the tested subtoxic concentrations. 

Fig. 3. DNA damage induction by tert-butylquinone derivatives (TD2-6) assessed by the comet assay. Data are presented as boxplots displaying median, quartiles and extremes. SC-cells without treatment; PC – benzo(a)pyrene (50 µM); * significant increase (Kruskal-Wallis, Dunn’s multiple comparison test) of DNA damage in comparison with the solvent control (SC) (*p < 0.05, **p < 0.01, ***p < 0.001).

	In our previous study (Djordjevic et al., 2022), alkylthio and arylthio derivatives, showed a genotoxic effect in the MRC-5 cell line at all tested subtoxic concentrations. The highest genotoxic potential was again observed for derivative TD4 at the concentration of 0.41 µM while for the other derivatives, a statistically significant increase in DNA damage (p < 0.05 vs solvent control) was observed at 9-fold higher concentrations. The lower genotoxicity of TBQ and its alkylthio and arylthio derivatives in HepG2 compared to the MRC-5 cell line, examined in the work by Đorđević et al. (2020), can be explained by the reduction of TBQ to TBHQ by DT-diaphorase as explained above. Another type of TBQ derivatives, alkylamino, and aralkylamino derivatives, of TBQ, showed a similar genotoxic effect in MRC-5 and HepG2 cell lines, without a clear dose-dependent response (generally % of tail DNA below 20) (Đorđević et al., 2020). The genotoxic effect of all alkylamino and aralkylamino derivatives on the HepG2 cell line was observed at the highest concentration (11 µM) tested, except for 2-(benzylamino)-6-tert-butyl-1,4-benzoquinone, where the effect was observed at concentrations of 4 and 11 µM (Đorđević et al., 2020). The weaker genotoxic effect of alkylthio and arylthio derivatives compared to alkylamino and aralkylamino derivatives studied in Đorđević et al. (2020), could be explained by lower cytotoxicity in the HepG2 cell line.

Detection of DNA DSB by γ-H2AX assay 
	The induction of DNA DSB by TBQ and its alkylthio and arylthio derivatives (concentration of 33 µM) was measured by γH2AX focus assay. According to our results for γH2AX focus assay, only derivative TD4 induced increased formation of DSB (Figure 4).
[image: ]
Fig. 4 Induction of DNA double strand breaks by tert-butylquinone - TBQ and its derivatives (33 μM) assessed by γH2AX focus assay on HepG2 cell line. Solvent control (SC), negative control (NC), basic compound (TBQ), corresponding TBQ derivative (TD2-6), positive control - etoposide (PC, 1 µg/mL). * significant increase (linear mixed-effects model (nlme)) of the induction of DNA DSBs in comparison with SC (* p < 0.05, ** p < 0.01 ) and TBQ (* p < 0.05).

	As mentioned before, the toxicity of quinones also results from the formation of covalent bonds with biological molecules by Michael addition chemistry. Thus, quinones react with glutathione through a non-enzymatic reaction of Michael addition, resulting in reduced glutathione-hydroquinone adducts, which can be reoxidized to a quinone. This redox cycling depletes cellular glutathione and causes oxidative stress (Song et al., 2008). ROS generates DNA damage through oxidative modification of DNA bases, spontaneous hydrolysis of nucleosides, and the formation of DSB (Khanna and Jackson, 2001). According to Gutierrez (2000), quinones undergo one-electron reduction with the involvement of enzymes, e.g., NADPH-cytochrome P450 reductase and xanthine oxidase, yielding corresponding semiquinones, or undergo two-electron reduction with the involvement of DT-diaphorase producing corresponding hydroquinones. 

Cell cycle analysis
	In the present study, the effects of TBQ and its alkylthio and arylthio derivatives on HepG2 cell cycle progression were determined by flow cytometry (Figure 5). There were no significant changes in the cell cycle distribution in exposed cell populations compared to the control. The only statistically significant difference was observed between derivative TD4 and TBQ (p <0.05). In the derivative TD4 exposed population, the percentage of cells in the G2/M phase was about 34%, while in the TBQ exposed population the percentage of cells in the G2/M phase was about 27%. The increase in G2/M phase cells after exposure to derivative TD4 was accompanied by a 2.25-fold decrease in the S phase population (compared to TBQ). The positive control, etoposide, also arrested HepG2 cells in the G2/M phase, which is its known mechanism of action. 
[image: ]
Fig. 5 Flow cytometric analysis of cell cycle distribution of HepG2 cells after 24-hour exposure to tert-butylquinone - TBQ and its derivatives (33 μM). Solvent control (SC), negative control (NC), basic compound (TBQ), corresponding TBQ derivative (TD2-6), positive control - etoposide (PC, 1 µg/mL). Data are presented as mean ± SD of 3 independent experiments conducted in triplicates.  * statistically significant difference in cell cycle distribution in the cell populations (chi-squared test) in comparison with SC (*** p < 0.01) and TBQ (* p < 0.05, *** p < 0.01).
	
	The eukaryotic cell cycle is tightly regulated by the control of cellular checkpoints to minimize the accumulation of DNA damage and ensure genomic integrity during cell cycle progression (de Gooijer et al., 2017). When DNA damage is detected during G2 phase, ataxia-telangiectasia mutated (ATM) kinase is activated in response to double-strand breaks (DSBs) thereby activating the checkpoint kinase CHK2 that coordinates cell cycle arrest and blocks the cell from entering mitosis (Fernando et al., 2021; Lee and Paull, 2005). Since derivative TD4 induced DNA DSBs according to the γ-H2AX assay (which is not induced by TBQ), cell cycle arrest in the G2 phase was expected.

CONCLUSIONS
	The obtained results show that alkylthio and arylthio groups increase the cytotoxic and genotoxic potential of TBQ. However, the findings that TBQ and its alkylthio and arylthio derivatives are associated with genomic instability hinder their further development as anti-cancer drugs since they may cause secondary malignancies. According to our results, no interactions with plasmid pUC19 were observed for any of the compounds. TBQ and its alkylthio and arylthio derivatives were moderately cytotoxic for HepG2 cells, with 2-tert-butyl-5,6-(ethylenedithio)-1,4-benzoquinone (derivative TD4) being the most potent. However, genotoxicity does not necessarily have to be accompanied by cytotoxicity, or vice versa.  At non-cytotoxic concentrations, the compounds induced DNA damage mainly at higher concentrations, again with derivative TD4 being the most genotoxic, causing DNA double-strand breaks. Derivative TD4 was the only derivative that caused a significant difference in cell cycle distribution compared with TBQ-exposed cells.  The cell cycle analysis indicated that exposure to derivative TD4 resulted in G2/M phase arrest, which could be connected to the observed induction of DNA DSBs. 
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