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Abstract: Biological activity of 2-tert-butyl-1,4-benzoquinone (TBQ) and its
derivatives, 2-tert-butyl-5-(2-propylthio)-1,4-benzoquinone, 2-tert-butyl-5-
-(propylthio)-1,4-benzoquinone,  2-tert-butyl-5,6-(ethylenedithio)-1,4-benzo-
quinone, 2-tert-butyl-5-(phenylthio)-1,4-benzoquinone and 2-zert-butyl-6-(phe-
nylthio)-1,4-benzoquinone, were tested for their antioxidant, antibacterial,
toxic, cytotoxic and genotoxic potential. Using the DPPH test, all derivatives
showed good antioxidant activity, better than ascorbic acid, and the 2-tert-
-butyl-5-(propylthio)-1,4-benzoquinone derivative showed the strongest effect.
Better antibacterial potential was observed against Gram-positive bacteria in
the broth microdilution method in which the 2-fert-butyl-5-(phenylthio)-1,4-
-benzoquinone derivative showed the strongest activity (MIC = 15.6 uM). The
results of toxicity tests, using the Brine shrimp test, indicated that the deri-
vatives lose their toxic potential compared to TBQ, except for 2-tert-butyl-6-
-(phenylthio)-1,4-benzoquinone, which showed a 3 times stronger effect. Cyto-
toxicity was assessed by the MTT assay in 24 and 72 h treatments in MRC-5,
HS 294T and A549 cell lines in threefold decreasing gradient (11, 33 and 100
uM). Modifications potentiate the cytotoxic effect, and the strongest effect was
observed with the 2-tert-butyl-5,6-(ethylendithio)-1,4-benzoquinone derivative.
In addition, the genotoxic potential was examined in the MRC-5 cell line using
the comet assay. All tested derivatives of TBQ showed a genotoxic effect at all
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applied subtoxic concentrations. In general, the chemical modifications of TBQ
enhanced its biological activity.

Keywords: TBQ; toxicity; MTT assay; antibacterial activity; antioxidant act-
ivity; comet test.

INTRODUCTION

Cancer is a disease of altered signaling and metabolism, which causes
uncontrolled division and survival of the transformed cells.! According to the
World Health Organization, in 2018 alone, there were 18.1 million new cancer
patients and 9.6 million cancer deaths.2 The process of developing this disease is
not sufficiently elucidated and modern treatments, although much more effective,
are not effective enough to reduce the mortality rate to an acceptable level. Bio-
logically active compounds originating from a variety of natural sources, plants,
animals, and microorganisms, have great potential for use in the treatment of
malignancies.3 According to the work of Amaral et al.,* from 1980 to 2019, a
total of 174 new compounds with indications for cancer treatment were commer-
cialized, with 53 % of these drugs being natural products, compounds based on
them, or compounds that mimic their action. Since the biodiversity of marine
organisms is approximately half of the total biodiversity on Earth, marine org-
anisms are a good basis for the creation of modern chemotherapeutics and have
been involved in various clinical trials.> However, although they show good
biological activities, natural products originating from marine organisms have
certain limiting factors in the form of availability and an adequate amount of the
active compound obtained because of their low yield. This problem could be
solved by creating synthetic compounds modeled from natural products. Many
biologically active compounds isolated from marine organisms are hydroquin-
ones and quinones, such as avarol/avarone redox pair isolated from the Medi-
terranean sponge Dysidea avara. Avarol and avaron have shown great and div-
erse biological activity, such as antimicrobial, antiviral, antioxidant and anti-
tumor.6-10 In previous studies, the biological activity of avarol/avaron and their
methoxy and methylamino derivatives,!! alkylamino and aralkylamino derivat-
ives,12 amino acid derivatives!3 and alkyl(aryl)thio derivatives!? were examined.
The yield of biologically active compounds originating from marine organisms is
generally good, as is the case with avarol/avaron, but the problem is in the avail-
ability of marine organisms and, hence, the solution could be to design specific
synthetic compounds that are similar in structure and their derivatives in order to
enhance activity and reduce potential side effects. Bearing this in mind, in pre-
vious research a relatively crude model was used, based on tert-butylquinone —
TBQ.14:15 The results of previous studies showed that modifications increase the
cytotoxic and antibacterial activity of TBQ and the alkylamino and aralkylamino
derivatives of TBQ show a more selective effect over avarone derivatives.!415 In
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this work, TBQ and its alkylthio derivatives 2-fert-butyl-5-(isopropylthio)-1.4-
-benzoquinone, 2-tert-butyl-5-(propylthio)-1.4-benzoquinone, 2-tert-butyl-5,6-
-(ethylenedithio)-1.4-benzoquinone) and arylthio derivatives (2-fert-butyl-5-
-(phenylthio)-1.4-benzoquinone and 2-fert-butyl-6-(phenylthio)-1.4-benzoquin-
one) were examined for their antioxidant, antibacterial, toxic, cytotoxic and
genotoxic potentials. According to the work of Bozi¢ et al.,10 alkylthio and aryl-
thio derivatives were selected to cover the range of redox potentials between
those of alkoxy and alkylamino derivatives on the one end, and the chloro deri-
vatives on the other. The alkylthio group is also found in many compounds and
mixtures of natural origin, such as allicin (a thiosulfinate compound originating
from Allium sativum L.) that induces apoptosis in tumor cells.16:17 Allicin
reduces cell viability and cell proliferation in healthy and cancers cells.!® By
selecting this group, the aim was to combine the action of two strong functional
groups of natural origin - quinones and alkylthio sulfides.

EXPERIMENTAL
Synthesis of derivatives

Alkylthio-derivatives of 2-fert-butyl-1,4-benzoquinone were synthesized by nucleophilic
addition of thiols to quinones.!® Synthesis of TBQ and derivatives commenced with commer-
cially available fert-butylhydroquinone which were oxidized using silver oxide to the corres-
ponding quinone. Conditions described in the paper by Bozi¢ et al.,!0 for the synthesis of
alkylthio and aralkylthio derivatives of avarone were the same for the synthesis of TBQ and
its derivatives. Briefly, the optimum reaction conditions for the synthesis of alkylthio deri-
vatives were: equimolar amount of reactants, slightly alkaline medium, nitrogen atmosphere,
temperatures of 60 °C, and a 30-min reaction time. Phenylthio derivatives were synthesized
under neutral conditions in the air atmosphere while the other conditions were the same. The
names and chemical structures of the derivatives are shown in Fig. 1.

1 O 2 R=H R~ —S«< 5 R=H R~ —s
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3 R=H R= —§7™%
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Fig. 1. Chemical structure of tert-butylquinone-TBQ and its derivatives: TBQ (1) 2-tert-butyl-
-1.4-benzoquinone, 2) 2-tert-butyl-5-(isopropylthio)-1.4-benzoquinone, 3) 2-tert-butyl-5-(pro-
pylthio)-1,4-benzoquinone, 4) 2-tert-butyl-5,6-(ethylenedithio)-1.4-benzoquinone, 5) 2-tert-
-butyl-5-(phenylthio)-1.4-benzoquinone and 6) 2-tert-butyl-6-(phenylthio)-1.4-benzoquinone.

Details on synthesis and spectral data are given in Supplementary material to this paper.

Biological activities testing

Assessment of antioxidant potential by the 1,1-diphenyl-2-picrylhydrazyl (DPPH) test.
The antioxidant effects of TBQ and its derivatives were determined using the DPPH assay,
which measures the radical scavenging potential of selected compounds. The test was per-
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formed according to the protocol developed by Blois (1958).20 A total of 180 uL of freshly
prepared methanolic DPPH solution (concentration of 40 pg mL-") was added to each well of
the microtiter plate, followed by 20 pL of TBQ and its derivatives in DMSO at the appropriate
concentration. Seven concentrations were tested for each test compound in a threefold gra-
dient with the highest concentration of 1 mM. The test was performed in triplicate. Samples
were incubated for 30 min in the dark at room temperature, after which the absorbance was
measured at 517 nm using a microplate reader (Multiskan Sky Thermo Scientific, Finland).

Evaluation of antibacterial activity by the broth microdilution method. The antibacterial
activity of TBQ and its derivatives against four strains of Gram-positive (Enterococcus face-
alis ATCC 29212, Listeria innocua ATCC 33090, Staphylococcus aureus ATCC 25923 and
Bacillus subtilis ATCC 6633) and three strains of Gram-negative (Escherichia coli ATCC
25922, Salmonella typhimurium ATCC 14028 and Pseudomonas aeruginosa ATCC 15442)
bacteria was tested using the double microdilution method according to Sarker et al2! The
highest concentration tested for TBQ and its derivatives were 1 mM. E. faecalis and L. inno-
cua were grown in brain heart infusion broth (BHI), while the other bacteria were grown in
Mueller Hinton broth (MHB). After double dilution of the derivatives in the appropriate broth,
10 pL of bacterial suspension (10* cells per well), and resazurin at a final concentration of
67.5 ug mL'! were added per well. After thermostating for 24 h at 37 °C, the MIC value was
determined as the lowest concentration that led to a change in the color of resazurin from blue
to pink. Rifampicin and streptomycin with the highest concentrations of 30 and 43 uM, res-
pectively, were used as positive controls. As the solvent control 5 % DMSO was tested. The
antibacterial effect was categorized as strong (0—100 uM), moderate (100-500 pM) and weak
(5001000 puM).22

Assessment of toxic potential by the Brine shrimp test with Artemia salina (ARC test). A
commercially available mixture (Artemia eggs, Dajana, Czech Republic) of lyophilized A.
salina eggs were put in saltwater solution (3.3 % of sea salt). The test was performed accord-
ing to Vanhaecke and Persoone?? in triplicate over a 24-hour incubation period. TBQ and its
derivatives were tested in six concentrations in a triple or double gradient (depending on the
test compound) with a maximum tested concentration of 500 pM. The experiment had a neg-
ative control (saltwater only), positive control (K,Cr,05, concentration range 50-10 pg mL1),
and solvent control (5 % DMSO).

Assessment of the cytotoxic potential using the MTT assay on different cell lines. The
cytotoxic effect was assessed by the MTT assay on three cell lines: MRC-5 (healthy human
fetal Iung cell line; ECACC No. 84101801), HS 294T (cancer cell line — human melanocytes;
ATCC HTB-140) and A549 (human lung cancer cell line; ATCC CCL-185) according to the
protocol described by Kolarevi¢ et al.!l Cells in monolayer were treated with TBQ and its
derivatives at concentrations of 11, 33 and 100 uM while 5 % DMSO was used as the solvent
control. The following passages were used for cell lines MRC-5, A549, HS 294 T: passage 25
and 26; passage 7, 10, 12 and 19; passage 14, respectively. The MTT assay was performed in
3 individual experiments during 24- and 72-hour incubation.

Assessment of the genotoxic potential in MRC-5 cell line by the Comet assay. As des-
cribed in Kolarevié et al.,'! cells were grown 24 h until monolayer formation, washed with 1 x
PBS and treated with non-toxic concentrations of the test compound (TBQ: 1.3, 3.7 and 11
uM; derivative 4: 0.41, 1.23 and 3.7 uM, derivatives 2, 3, 5, 6: 3.7, 11 and 33 uM). Etoposide
(33 uM) and 5 % DMSO were used as the positive and solvent control, respectively. The exp-
eriments were performed in triplicate in mini gel format as described in Azqueta et al.2* with
some modifications. Aliquots of cell suspensions obtained after treatment (30 pL) were mixed
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with 70 pL of 1 % low melting point agarose. For each sample, 15 pL of the mixture was
placed in duplicate on slides pre-coated with 1 % normal melting point agarose. Each micro-
scope slide (prepared individually for each substance) contained duplicates of negative and
positive controls and three concentrations of tested substances. Lysis, denaturation, electro-
phoresis, and neutralization were performed as described in Gagi¢ et al?> A total of 150
nuclei were analyzed for each compound tested, controls were made separately for each mic-
roscopic plate examined. Acridine Orange (2 pg mL!) was used for staining and the analysis
was performed with a fluorescence microscope (Leica, DMLS, Austria, under magnification
400x%, excitation filter 450—490 nm, barrier filter 510 nm) by Comet IV computer software
(Perceptive Instruments, UK). DNA damage was monitored via the tail intensity parameter
(T.1). Statistical analysis was performed by IBM SPSS Software. The results did not show a
normal statistical distribution using the Kolmogorov—Smirnov test. Non-parametric tests were
further performed: Kruskal-Wallis one-way ANOVA followed by Wilcoxon signed ranks test
for pairwise comparison of treated groups with negative and positive controls with the signi-
ficance level at p < 0.05.

RESULTS AND DISCUSSION

Assessment of the antioxidant potential of TBQ and its derivatives
by the DPPH test

Based on the results obtained by DPPH (Table I), it could be concluded that
the strongest antioxidant effect was observed for derivative 3, which was also
stronger than TBQ. On the other hand, 6 exhibits the lowest antioxidant activity.
Additionally, derivatives 2, 4 and 5 show activity similar to the parent compound
TBQ. It should be noted that derivative 3 with a propyl group on the quinone
moiety has a higher activity compared to derivative 2 with a voluminous isopro-
pyl substituent. In addition to the size of the substituents, it is obvious that the
activity is also influenced by their position on the quinone nucleus, since a strik-
ing difference in activity occurs with two regioisomers 5 and 6, the 5-phenylthio
isomer 5 being more active than 6-phenylthio regioisomer 6. It should be noted
that all tested compounds have higher activity than ascorbic acid, which is a con-
trol compound.

TABLE 1. DPPH test results (ICsy / uM) of tert-butylquinone- and its derivatives, AsAc —
ascorbic acid as control

Compound
TBQ 2 3 4 5 6 AsAc
77.27+£5.07 80.75+4.10 70.48+3.04 81.98+1.96 80.61+2.14 108.03+£1.08 177.81+2.68

The scavenging activity of TBQ and its alkylthio and arylthio derivatives
was evaluated using the DPPH assay. DPPH is a relatively stable free radical.
This assay is based on the color change of the DPPH solution (from purple to
yellow) as the radical receives an electron or a hydrogen atom from the anti-
oxidant. It is a simple and widely used method to evaluate the ability of com-
pounds to act as free radical scavengers or hydrogen donors.26 The obtained
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results show that all the tested compounds have good antioxidant activity, better
than that of ascorbic acid. The antioxidant activity of thio derivatives is not sur-
prising. Namely, by the introduction of alkylthio and arylthio groups, the mole-
cules get a sulfur atom that can lose an electron and thus increase the antioxidant
activity of the compounds. Furthermore, alkylthio derivatives have a slightly
stronger activity than that of the arylthio derivatives. This may be due to electron
delocalization in the phenylthio group, which reduces the electron availability for
sulfur atoms.

Evaluation of antibacterial activity

The microdilution method on different bacterial strains showed antibacterial
effects of different strengths depending on the tested compound. Ethylenedithio 4
and phenylthio derivatives 5 and 6 show a strong antibacterial effect against S.
aureus, and TBQ and the 2, 4 and 5 derivatives against B. subtilis (Table II).
Other derivatives showed a moderate to weak effect on the tested Gram-positive
bacterial strains, while no antibacterial effect was observed against Gram-nega-
tive bacteria. It could be concluded that both TBQ and all the tested compounds
show selectivity towards Gram-positive bacterial strains. Against E. faecalis and
S. aureus, derivatives 4, 5 and 6 show a stronger antibacterial activity than the
parent compound (TBQ) which justifies the synthesis and introduction of S-sub-
stituents to the quinone moiety.

TABLE II. Antibacterial activity (MIC / pM) of tert-butylquinone and its derivatives, AB —
antibiotics rifampicin (?) or streptomycin (®) as positive controls

\ Bacterium
CompounuE. faecalis L. innocua S. aureus B. subtilis S. typhimurium P. aeruginosa E. coli
TBQ 1000 250 125 62.5 >1000 >1000  >1000
2 >1000 250 125 62.5 >1000 >1000  >1000
3 >1000 1000 500 250 >1000 >1000  >1000
4 125 250 62.5 62.5 >1000 >1000  >1000
5 500 250 15.6 62.5 >1000 >1000  >1000
6 250 125 31.2 125 >1000 >1000  >1000
AB 3.792 1.902 10.75b 10.75% 21.50° 42,990 42.99b

TBQ and its derivatives were assigned values (1, 2, 4, 8, 16, 32, 64, 128)
depending on the obtained minimum inhibitory concentration (MIC: 1000, 500,
250, 125, 62.5, 31.25, 15.62, 7.81 uM). The assigned values obtained for the
derivatives are compared with the assigned values for TBQ and shown on the
radial diagram in Fig. 2, to show how many times stronger the derivatives are
relative to the starting compound TBQ. The derivatives 4, 5 and 6 showed better
antibacterial activity against bacterial strains: E. faecalis and S. aureus, while
towards L. innocua, derivative 6 showed better activity than TBQ. The highest
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activity, 8 times stronger than TBQ, was shown by derivatives 4 (against E. fae-
calis) and 5 (against S. aureus).

The introduction of a substituent on the quinone moiety of TBQ, generally
leads to an improvement of the antibacterial activity for most synthesized deri-
vatives. Selectivity of both TBQ and all its derivatives to Gram-positive bacteria
was observed.

= F. faecalis
== L.innocua

S. aureus
== B. subtilis

Fig. 2. Antimicrobial activity of derivatives relative to TBQ against bacterial strains:
E. faecalis, L. innocua, S. aureus and B. subtilis.

From a structure—activity relationship (SAR) analysis, it could be noticed
that the derivatives with a more voluminous substituent show stronger antibac-
terial activity. In accordance with this data, the isopropylthio derivative showed
better activity than the propylthio derivative, while bulky groups ethylenedithio
and phenylthio also exhibited an increased activity. On the other hand, two phe-
nylthio regioisomers (5 and 6) showed different activities, but with no clear pre-
ference. Derivative 5 showed promising antibacterial properties because of an
activity against S. aureus similar to that of streptomycin. Alkylthio and arylthio
derivatives of avaron were less or equally active than avarone on S. aureus and E.
coli bacterial strains.!0 On the same bacterial strains, alkylamino, aralkylamino
and amino acid derivatives of TBQ mostly showed stronger activity compared to
TBQ.12*14

Assessment of toxic potential by the Brine shrimp test

Based on the obtained results (Table III), it could be concluded that all the
tested derivatives, except 6, showed lower toxicity than TBQ. Toxicity of TBQ
and derivatives 3, 4 and 6 were higher than the toxicity of potassium dichromate
(K2Cry0O7), which was used as a positive control (6 > TBQ > 3 > 4).

The lowest activity was observed for derivative § which is interesting since
it contains the same substituent as derivative 6 but at a different position.
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Since A. salina shrimps live in symbiosis with some types of bacteria and that
the toxicity of the compounds may be related to the lysis of the cell wall of bacteria
present in the digestive tract of A. salina adults,?’ false-positive toxicity results are
avoided by using nauplii in which the digestive tract is not yet developed. The fact
that the most toxic TBQ derivatives are not those which are the most active against
bacterial cells corroborates with this conclusion. The most toxic compound is deri-
vative 6 that is almost 10 times more toxic than its regioisomer 5. Since quinone
toxicity is associated with either ROS formation or alkylation of cellular nucleo-
philes, a possible explanation for this activity difference is the fact that in deri-
vative 6, the most active position for nucleophilic attack is available. The toxicity
of other derivatives could be explained by ROS formation since nucleophilic addit-
ion is either unlikely (derivatives 2, 3, 5) or impossible (derivative 4).

TABLE III. Brine shrimp test results (LCso / uM) of fert-butylquinone and its derivatives.
Control — potassium dichromate (K,Cr,07)

Compound
TBQ 2 3 4 5 6 KQCI'207
58.68+ 159.20+ 69.85+ 85.55+ 183.83+ 19.21+ 92.29+
4.72 46.36 17.67 11.34 11.88 0.88 0.34

Assessment of cytotoxic potential using the MTT assay on different cell lines

The results presented in Table IV confirm that the derivatives show a
stronger cytotoxic effect than TBQ and the effect is more pronounced after a
longer incubation period (72 h). Exceptions were only observed for derivatives 3,
4 and 6 on the A549 cell line where the derivatives had a lower cytotoxic effect
than TBQ after 72 h. The strongest cytotoxic effect on the MRC-5 cell was exhi-
bited by derivative 4 (20.61 and 11.12 uM for 24 and 72 h incubation periods,
respectively), while on HS 294T, the compounds were active only at 72 h treat-
ment, whith derivative 3 showing the strongest effect (53.12 pM). On the A549
cell line, derivative 5 (57.04 and 52.80 uM for 24 and 72 h treatments, respect-
ively) was the most active, while derivative 2 showed a similar effect but only at

TABLE 1V. Cytotoxic activity ( ICsy / uM) of tert-butylquinone and its derivatives on
different cell lines after 24 and 72 h treatment; nt — not tested

MRC-5 HS 294T A549

Compound Time, h

24 72 24 72 24 72
TBQ 82.93+4.79 54.22+8.02 >100 >100 >100 67.58+0.87
2 64.1443.66 51.51+5.38 >100 83.77+7.88 >100 52.99+4.01
3 61.1544.89 35.516+9.79 >100 53.1249.80 >100 75.72+1.18
4 20.61+12.87 11.12+15.65 >100 94.74+18.07 >100 >100
5 64.3242.36  55.16+3,68 >100 nt 57.04+6.63 52.80+6.98
6 82.51+£2.94 37.11£3.47 >100 68.09+3.66 >100 75.73+1.18
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72 h treatment (52.99 uM). In general, the MRC-5 cell line was more sensitive in
regard to DNA damage by TBQ and its derivatives when compared to tested
cancer lines. All tested compounds showed a low selectivity index (SI < 2),
hence, according to Koch et al.,?8 they may be considered generally toxic.

In this work, modifications increase the cytotoxic effect of TBQ with a more
pronounced effect after a 72-hour incubation period. The tested compounds
showed as active (/Csq less than 20 pg mL—1) or moderately active (/Cs( between
20 and 100 pg mL-1!) in the inhibition of cell growth.29 According to Sladic and
Gasic,30 the main mechanism of quinone cytotoxicity may be nucleophilic addit-
ion and ROS production, resulting in oxidative stress and cell death. Tumor cells
are more susceptible to oxidative stress. This combined mechanism is not pos-
sible with derivative 4, which explains why this derivative is less active on the
tumor cell lines than the other derivatives. The stronger cytotoxic effects on the
normal MRC-5 cell line compared to tumor cell lines cannot be explained by
generation of radicals, and is possibly a consequence of enhanced transport
through cell the membrane and/or difference in metabolic transformations in nor-
mal and tumor cells. The conflicting results with the previously described anti-
oxidant effect of the derivatives could be explained by the fact that antioxidant
supplements, such as vitamins and/or flavonoids, under conditions of increased
oxidative stress also exacerbate the pro-oxidant effect.3! Candidate anticancer
drugs should ideally be selective, potent, and relatively non-toxic.32 However,
based on the selectivity index, these compounds show a low selectivity index and
are considered generally toxic. The low selectivity index could be a problem
when using these derivatives as anticancer drugs. Additional modifications could
improve the selectivity and reduce the genotoxicity of the derivatives. All tested
compounds, except derivative 4, showed a lower cytotoxic effect on the MRC-5
cell line at the highest tested concentration (100 uM) compared to avarol and
avarone examined in the work of Kolarevi¢ ez al.ll On the A549 cell line, the
cytotoxic effect of the derivatives was lower relative to avarol and lower or
similar to avarone. In the work of Bozi¢ et al.,!0 alkyl(aryl)thio derivatives of ava-
rone were less (or equally) active than avarone, whereas in the present work, the
opposite results were obtained. This indicates that alkyl(aryl)thio groups enhance
the activity of TBQ but not of avarone. Amino acid derivatives of TBQ showed a
lower cytotoxic activity compared to TBQ,!3 while the same avarone derivatives
generally proved to be more active. On the other hand, alkylamino and aralkyl-
amino derivatives of TBQ generally had a higher activity than the parent com-
pounds. 12,14

Assessment of genotoxic potential in MRC-5 cell line by Comet assay

All tested derivatives of TBQ induced DNA damage in a dose-dependent
way and show statistically significant differences in comparison with the negat-
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ive control (Fig. 3). The highest genotoxic potential was observed for derivative
4. In the previous work, no statistically significant difference was observed for
TBQ compared to the control.!5 The tested TBQ derivatives showed a lower
genotoxic potential than the positive control (etoposide).

l 2 . v 3 * “ 4 .
) . o] ol ]
*
s *
o o ® ] F
35. * * =~ od - o ‘
fa 1 = ) ol T E__ = 1 ||

e LREEREERE SN
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* 4 | *
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Fig 3. Comet assay results of tert-butylquinone derivatives represented by the tail intensity

parameter (7.1.). Concentrations of test compounds: GT1—0.41, GT,—1.3, GT3-3.7, GT4—11

and GTs-33; control-cells without treatment; ETO-etoposide (33 pM); *significant increase
of DNA damage in comparison with the negative control (Control).

Various chemical, biological or physical agents damage DNA molecules and
thus cause a genotoxic effect. The resulting damage to DNA molecules, if not
repaired, can cause mutations and consequent pathological consequences, such as
cancer, which is why it is important to examine the possible genotoxic effect of
selected TBQ derivatives before their possible use as drugs.

All the tested derivatives at all the tested subtoxic concentrations showed a
genotoxic effect, while the opposite effect was observed for TBQ in the work of
Dordevié et al.15 Alkylthio and arylthio derivatives showed stronger genotoxic
potential than alkylamino and aralkylamino derivatives, where the effect was
observed only at the highest tested concentration of 11 uM, except for 2-(ben-
zylamino)-6-(tert-butyl)-1,4-benzoquinone, which showed a genotoxic effect at a
concentration of 4 uM.!5 The alkylthio and arylthio derivatives of TBQ showed
genotoxic potential at three times lower concentrations than 2-(benzylamino)-6-
-(tert-butyl)-1,4-benzoquinone, while derivative 4 was genotoxic even at a con-
centration that was nine times lower. These results confirm that the selected
modifications of the starting compound enhance their genotoxic potential. How-
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ever, the genotoxicity of alkylthio and arylthio derivatives was not higher than
the genotoxicity of etoposide at the same concentration tested. The stronger gen-
otoxic potential of alkylthio and arylthio derivatives of TBQ compared to TBQ
may be related to cytotoxicity and should be further investigated. Avarol and
avarone did not exert genotoxic potential in the same concentration range
according to the work of Kolarevi¢ et al.,!! while 3'-methoxyavarone and 3'-
-(methylamino) avarone have genotoxic potential. According to Okubo et al.,33
TBQ induced a decrease in the potential of the mitochondrial membrane, dis-
ruption of the mitochondrial structure with the formation of cytosolic vacuoles,
release of cytochrome ¢ from mitochondria, caspase activation, poly(ADP-rib-
ose)polymerase (PARP) cleavage, and a decrease of intracellular GSH and ATP.
However, in the same work, neither oligonucleosomal degradation of nuclear
DNA nor nuclear fragmentation in DAPI stained cells were detected, which
excludes apoptosis as a cell death pathway. The authors suggest, based on res-
earch by Fiers et al.,3% that it is possible that there are multiple pathways leading
to cell death and different pathways (apoptosis, necrosis, and reactive oxygen
damage) could co-exist in the same cell.

CONCLUSIONS

In general, the results indicated that modification of TBQ enhanced its
activity, but increased genotoxicity was also observed. The synthesized com-
pounds have good antioxidant activity, better than ascorbic acid, and exhibited
antibacterial potential against tested Gram-positive bacteria with the strongest
effect on S. aureus and B. subtilis. The results of the ARC test indicated that the
toxicity of the derivatives is diminished compared to TBQ except for 2-tert-
-butyl-6-(phenylthio)-1,4-benzoquinone. The derivatives show a stronger cyto-
toxic effect than TBQ whereby the effect is more pronounced after a longer inc-
ubation period (72 h), with the 2-fert-butyl-5,6-(ethylendithio)-1,4-benzoquinone
derivative showing the strongest cytotoxic activity. The tested compounds
behaved as active or moderately active in the inhibition of cell growth. However,
they show a low selectivity index and are considered generally toxic. In the stu-
died concentration range, all tested derivatives possess genotoxic potential while
TBQ does not exert genotoxic potential. In further studies, it is necessary to
examine the mechanism of action of TBQ derivatives on DNA molecules and to
determine whether genotoxicity is a consequence of cytotoxicity or vice versa.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/11670, or from the corres-
ponding author on request.
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U3BOJ
CHHTE3A ¥ BUOJIOIIKA AKTHBHOCT AJIKHMJITHO U APUJITUO JEPUBATA
wepy-BYTUJIIXUHOHA

JEJIEHA BOPBEBUR" %, CTOUMUP KOJIAPEBUE’, JOBAHA JOBAHOBUR MAPUR’, MAPUAHA OAJIBE
NIABJIOBUR', IVIIAH CJIALUR’, UPEHA HOBAKOBUR® n EPAHKA BYKOBUR-TAUME’
1YHusep3umem y Beoipagy, Hucutiyti 3a Myniuugucyutinundpra uciupaxusard, beoipag, ? Ynusep3uinein
y Beoipagy, Lleniuap 3a TeHOWOKCUKOIOTU]Y U eKoieHOTOKCuKonoiujy, Buonowxu ¢axyniei, Beoipag, Vuu-
sepsutiietni y Beoipagy, Huciiuitiyii 3a Ouonowxa ucipanusara ,Cunuwa Cankoguh", UHcwiuiiiyi og
HAUUOHATTHOT 3HAuaja 3a Periydnuiy Cpdujy, Beoipag, *Yuusepsuiiein y Beoipagy, Kaiiegpa 3a moponoiujy
u cuciiemamiuxy dumaxa, buonowxu gaxyniueiu, beoipag, 5YHueep3umeu7 y Beoipagy, Xemujcku ¢paxyniiei,
Beoipag u GYHMBCPSMWELTI y Beoipagy, Hnctiuitiy 3a XeMujy, TEXHONOTU]y U MeTaIypiujy,

Lentuap 3a xemujy, Beoipag

HcnurtaHa je duonomika akTUBHOCT 2-iepy-OyTun-1,4-6ensoxrvHoHa (TBQ) u weroBux
nepusarta: 2-wiepy-dyTun-5-(uzonponuntio)-1,4-6eH30xuHOHa, 2-Wepy-dyTun-5-(mponuni-
THO)-1,4-0eH30xVHOHa, 2-Wepy-0yTHi-5,6-(eTunenenuTro)-1,4-6eH30Xx1HOHA, 2-THepy-OyTHII-
-5-(denuntro)-1,4-6eH30XxuHOHA U 2-epy-OyTun-6-(dbeHunTuo)-1,4-6eH30XUHOHA YKIbY-
yyjyhu HHUXOB aHTHOKCUIATHBHY, aHTUOAKTEPHjCKH, TOKCHUYHH, LIUTOTOKCUYHH U T'€HOTOK-
cuuHU noreHuujan. [Ipumenom DPPH Tecra, cBM IepuBatu cy moKasaad NOOPY aHTHOKCH-
IATUBHY aKTUBHOCT, D0Jby OJl acKOpPOMHCKe KUCeTHHe, a Hajjaue IejcTBO MOKa3ao je mepuBar
2-tiepy-OyTun-5-(nponuntio)-1,4-6eH30xuHOH. bobM aHTHUMUKPOOHU MOTEHLUWjal je MpH-
meheH npoTuB 'paM-TIO3UTUBHUX DaKTepHja METOLOM MUKPOAWIyLHje y OyjoHy, rhe je nepu-
BaT 2-wepy-0yTuin-5-(denuntro)-1,4-0eH30XMHOH MoKasao Hajjayy aktuBHoct (MIC = 15,6
pM). PesyntaTy HCIUTHBaKba TOKCUYHOCTH, IPUMEHOM TecTa Ha Artemia salina, noxasyjy na
IepuBaTH ryde TOKCUYHU TOTEHIHjan y onHocy Ha TBQ, ocum 2-wwepy-dytuin-6-(denuntuo)-
-1,4-6eH30XMHOHA, KOjH je moka3ao 3 myTa jauu edexaT. LIuToTokcuuHOCT je ucnutana MTT
TECTOM y TpeTMaHuMa on 24 u 72 h Ha henujckum nuaujama MRC-5, HS 294T u A549 y
TpocTpyko onagajyhem rpagujenty (11, 33 u 100 uM). Mopudukanvje nojayasajy JUTOTOK-
cnyHM edekar, a Hajjaun edexat je npumeheH xon nepuBaTa 2-iiepy-OyTHi-5,6-(eTunen-
ouTno)-1,4-6eH3oxuHOHa. [lopen Tora, TEHOTOKCHYHU MOTEHLHjal je UCIUTAH Ha hesnjcKoj
nuHAju MRC-5 xoMet Tectom. CBM UCIIUTHBAHHU JEPUBATU Cy TOKa3alu reHOTOKCUYHH ede-
KaT NpH CBUM NIPUMEBEHUM CyDTOKCMYHHMM KOHILIEHTpauujama. [eHepanHo, XeMHjCKe MOOH-
¢ukauyje nodospiiaBajy dUONOIIKY aKTUBHOCT 2-iiepy-0yTHi-1,4-6eH30XHHOHA.

(ITpumrbeHo 4. mapTa, peBuaupano 13. maja, mpuxsaheno 16. maja 2022)
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