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Abstract: A series of N-Substituted 2-(benzenosulfonyl)-1-carbotioamide derivatives (WZ1-WZ4)
were synthesized and characterized using spectral methods. A comprehensive activity study was
performed for each compound. All compounds were tested for antibacterial activity. Moreover,
in silico studies were carried out to determine the anticancer potential of the designed WZ1-WZ4
ligands. Based on molecular docking, aldehyde dehydrogenase was selected as a molecular target.
The obtained data were compared with experimental data in vitro tests. Novel hybrids of the
thiosemicarbazide scaffold and sulfonyl groups may have promising anticancer activity via the
aldehyde dehydrogenase pathway. The best candidate for further studies appears to be WZ2, due to
its superior selectivity in comparison to the other tested compounds.

Keywords: thiosemicarbazide; antimicrobial; anticancer: in silico; aldehyde dehydrogenase; docking

1. Introduction

Sulfonamides and sulfanilamide derivatives constitute a large group of drugs with
bacteriostatic properties and at the same time an acceptable level of toxicity towards
higher organisms. Many broad-spectrum sulfonamide derivatives have been developed
as chemotherapeutic and preventive agents for a variety of diseases [1,2]. Derivatives
containing a sulfone moiety are constantly modified and tested as substances with anti-
tuberculosis activity [3], anti-inflammatory and anticancer properties [4—6] and as alpha-
deglucosidase inhibitors [7,8]. Moreover, it has been shown that sulfonyl derivatives of
5-fluorosubstituted benzimidazole have effective affinity for the MAO-B 2C65 responsible
for Parkinson’s disease (PD) [9]. Sulfonamides are predominantly used in antibacterial
therapies [10-12]. Their spectrum of action covers both Gram-positive bacteria such as
Staphylococcus spp. or Streptococcus spp., but also Gram-negative bacteria.
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On the other hand, thiosemicarbazide derivatives with anticonvulsant [13], antituber-
culosis [14] and antiviral activity [15] are widely described in the literature. The antibacterial
activity of thiosemicarbazide derivatives against S. aureus, S. epidermidis, S. mutans and
S. sanguinis is noteworthy, with moderate cytotoxicity and good therapeutic safety.

This property is particularly important from the point of view of the increasing drug
resistance among both Gram-positive bacteria, such as those mentioned above, and also
Gram-negative bacilli [16-18]. The number of drug-resistant bacteria is increasing year on
year in all parts of the world.

Their combination with sulfone moiety may prove beneficial in the context of over-
coming drug resistance, due to the simultaneous beneficial effect of thiosemicarbazides
and sulfonamides in terms of antimicrobial properties.

Currently, there are several chemotherapeutic agents on the pharmaceutical market
but there is still an upward trend in the incidence and mortality of malignant tumors
cells [19]. A significant problem in the treatment of cancer is that drugs on the market often
fail to cure patients despite early detection [20]. In addition, patients experience several
complications during chemotherapy and also during radiotherapy. These include gastroin-
testinal problems, nausea and vomiting, but also complications that pose a direct threat to
the patient’s life: pancytopenias, secondary tumors and thromboembolic complications.

The search for the new compounds that could contribute to improving the curability
of malignant tumors while minimizing side effects seems crucial and justified [21]. Due
to the wide range of applications in medicinal and applied chemistry, thiosemicarbazides
are also modified for anticancer activity [20-22]. Many studies have shown that thiosemi-
carbazides can combine various strategies used in cancer therapy, including effects on
enzymes involved in carcinogenesis, and anti-angiogenic, antioxidant or anti-inflammatory
properties [22-24]. However, a key feature is that they have been shown to possess antipro-
liferative properties in several studies [25-29]. Therefore, the thiosemicarbazide scaffold
is responsible for promising biological properties. One study compared a semicarbazide
molecule and a thiosemicarbazide bearing a 4-nitrophenyl substituent. The compound
with the thiosemicarbazide scaffold possessed stronger antiproliferative properties [30].
Importantly, it is also believed that it is not the structure of the thiosemicarbazide itself that
is important in the anticancer activity, but its structure as a whole [31]. Studies emphasize
the importance of the nature and position of the radicals in the molecule.

Furthermore, it is believed that the presence of a thiosemicarbazide-sulfone bond may
also be important for anti-tumor activity [4-6,32].

In our work, hybrid compounds bearing both benzenesulfone and thiosemicarbazide
groups were designed and synthesized. In the present article we verified the antimicrobial
activity of compounds WZ1-WZ4 against reference bacteria and fungi strains. We also ex-
amined their toxicity to erythrocytes. Finally, based on the virtual screening and molecular
docking, aldehyde dehydrogenase inhibitors were indicated as a potential molecular target.
The results obtained using in silico tests were experimentally verified using in vitro tests.

2. Results
2.1. Chemistry

In medicinal chemistry, the development of new, effective drugs containing nitrogen
and sulfur heteroatoms is of great importance. A comprehensive and rational approach
to drug design is molecular hybridization (MH), which involves combining two pharma-
cophore molecules with distinct intrinsic activities into a single scaffold to increase their
therapeutic potential. Sulfonylo-thiosemicarbazide hybrids are a valuable scaffold, which is
related to their utility in the treatment of many diseases and simple synthetic pathways. The
title compounds were obtained by reacting benzenesulfonohydrazide WZ with cyclohexyl,
butyl, hexyl and methyl isothiocyanate (Scheme 1). The new connections (compounds
WZ1-WZ4) were characterized using 'H, '3C NMR and IR spectroscopic methods. All
compounds were tested for antibacterial activity. In silico tests of the predisposition of
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WZ1-WZ4 compounds towards anticancer activity and ADMET analysis were performed.
A potential molecular target was proposed on the basis of molecular docking.
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R - cyclohexyl (WZ1), butyl (WZ2), hexyl (WZ3), methyl (WZ4)
Scheme 1. Synthesis path of new N-Substituted 2-(benzenosulfonyl)-1-carbotioamide derivatives.

2.2. X-ray Investigation

The X-ray investigation was performed for the model compound WZ1 in order to
confirm the synthetic route, assumed molecular structure as well as to characterize the
geometry, conformations and intra- and intermolecular interactions in the crystal in terms of
potential biological activity. The X-ray analysis showed that the compound WZ1 crystalizes
in P24 /¢ space group with two molecules in the asymmetric part of the unit cell. The X-ray
structures of molecules A and B in the conformations observed in the crystalline state
are presented in Figure 1. The two crystallographically independent molecules have very
similar geometry, but slightly different conformations, as shown in the Figure 2 where the
overlay of molecules A and B with the positions of non-hydrogen atoms in the thiourea
planar system is presented.
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Figure 1. The molecules of WZ1 with atom labels and displacement ellipsoids (30% probability level).
Dashed lines indicate intra- and intermolecular hydrogen bonds.
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Figure 2. A overlay of molecules A and B by fitting of the atoms positions of the thiourea system
(RMS = 0.0123 A).
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The geometry of the biological active sulfonamide system in molecules A and B is
typical for this type of system [33]. The S=O bond lengths are in the range from 1.417(3)
to 1.427(2) A and the S6—C31 and S6—N5 bond lengths are 1.754(4) and 1.660(3) A in A
and 1.745(3) and 1.657(3) A in B, respectively. The values of the valence angles on the S
atom change from 103.13(15)° for O8A—S6A—ND5A in A to 122.1(2)° for O7B—S6B—O8B
in B, which shows clear deviations from the ideal tetrahedral configuration on the S atom
with the values of the valence angles of 109°. These deviations are related to the mutual
repulsion of lone pairs on the oxygen atoms, which causes them to be located as far away
from each other as possible.

The sulfonylaminothiourea chain adopts trans-cis-gauche-gauche conformation in
both molecules with similar values of the torsion angles C21-N1-C2-N4, N1-C2-N4-NS5,
C2-N4-N5-56 and N4-N5-56-C31 of 178.2(3), —11.8(4), 123.1(3) and 55.7(2)° for A and
—173.2(3), —7.5(5), 108.2(3) and 56.4(2)° for B, respectively. The thione C2-S3 group has cis
and trans conformation with respect to N1-C2 and N4-C2 bonds, respectively, as shown by
the torsion angles for C21-N1-C2-53 of —4.6(5)° and N5-N4-C2-53 of 175.8(2)° in A and
6.7(5) and 172.6(2)°, respectively, in B. The torsion angles for N4-N5-56-07 and N4-N5-56—
08 of —60.8(2) and 170.3(2)° in A and 171.6(2) and —59.1(3)° in B, respectively, show that
the S=O groups of the sulfonyl part of the sulfonylaminothiourea chain adopt trans and
gauche conformation with respect to the N5-56 bond in both molecules. Molecules A and B
differ in the position of the benzene and cyclohexane rings relative to the sulfonylaminoth-
iourea spacer, as shown by the torsion angles for N5-56—-C31-C32 and C2-N1-C21-C22 of
—113.9(3) and —113.7(4)° in A and 82.6(3) and 133.9(4)° in B, respectively. In both molecules,
the hexane rings adopt an almost ideal chair conformation with puckering parameters [34]
of Q = 0.563(4) A and 0 = 178.8(4)° for A and Q = 0.559(4) A and 6 = 0.0(4)° for B. The
conformations of the A and B molecules are influenced by the intramolecular hydrogen
bond N1-H1...N5 (Figure 1, Table 1). Moreover, the molecules form a molecular dimer
using the pair of N4-H4. . .S3 intermolecular hydrogen bonds (Table 1).

Table 1. The geometry (A, °) of the hydrogen bonds in the crystal of WZ1.

D-H...A D-H H.. A D...A D-H.. A
N1A-HI1A.. N5A 0.88 (3) 2.33 (4) 2.672 (3) 104 (3)
N1B-H1B.. .N5B 0.84 (3) 2.24 (4) 2.681 (3) 113 (3)
N4A-H4A. . S3B! 0.86 (4) 2.49 (4) 3.333 (3) 170 (3)
N4B-H4B. . S3A ! 0.87 (4) 2.42 (4) 3.281 (3) 177 (3)

N5A-H5A. . .S3A i 0.95 (4) 2.35 (4) 3.296 (3) 174 (2)
N5B-H5B. . .S3B i 0.85 (3) 2.45 (4) 3.259 (3) 158 (3)
i=xy zii=x,12—y, —1/2+ziii=x,1/2—y,1/2+z.

Identification of intermolecular interactions in the crystalline state is crucial from the
point of view of potential interactions of a biologically active molecule in the active site of a
potential molecular target. In the crystal structure of WZ1 the packing of the molecules is
influenced by the intermolecular hydrogen bonds NSA-H5A. . .S3A and N5B-H5B. . .53B
(Table 1), which link the molecular dimers formed by molecules A and B related by the 2;
symmetry axis into molecular chains parallel to the Y direction.

2.3. In Silico Prediction of Cytotoxicity for Cancer

To investigate the anticancer benefits of new synthesized compounds, Cell Line Cyto-
toxicity Predictor (CLC-Pred) 2.0 was used [35]. CLC-Pred 2.0 is a website used to predict
in silico the cytotoxic effects of chemical compounds based on their structural formula.
CLC-Pred 2.0 makes it possible to predict the toxicity towards cell lines of the tested com-
pound in order to assess the appropriateness of including the substance in an in vitro test.
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This allows it to predict the cytotoxicity of tested compounds. Table 2 shows the results of
the in silico predicted (Pa > 0.5) anticancer activity for the compounds WZ1-WZ4.

Table 2. Cancer cell line prediction results for WZ1-WZ4.

Compound Pa Pi Cell-Line Tissue/Organ
0.896 0.005 HepG2 Liver
Wz1
0.688 0.008 DU-145 Prostate
0.860 0.005 HepG2 Liver
WZz2
0.620 0.011 DU-145 Prostate
0.857 0.005 HepG2 Liver
WZ3
0.607 0.012 DU-145 Prostate
0.856 0.005 HepG2 Liver
Wz4
0.696 0.008 DU-145 Prostate

Pa (probability “to be active”), Pi (probability “to be inactive”).

The analysis showed the highest potential activity of the tested compound against the
HepG2 and DU-145 cell lines, representing hepatoblastoma and prostate cancer, respectively.
In addition, this service was used to predict the potential mechanism of molecular activity
for the given compounds (Table 3, for Pa > 0.6). For each compound, inhibition of Aldehyde
dehydrogenase 1A1 is the most likely predicted mechanism of biological activity.

Table 3. The predicted mechanism of biological activity of WZ1-WZ4.

Comp. Pa Pi Mechanism of Action
0.898 0.005 Aldehyde dehydrogenase 1A1 inhibitor
0.775 0.034 Lysosomal alpha-glucosidase inhibitor
wzl 0.686 0.003 Threonine aspartase 1 inhibitor
0.644 0.027 Tyrosyl-DNA phosphodiesterase 1 inhibitor
0.856 0.008 Aldehyde dehydrogenase 1A1 inhibitor
WZ2 0.720 0.045 Lysosomal alpha-glucosidase inhibitor
0.657 0.025 Tyrosyl-DNA phosphodiesterase inhibitor
0.835 0.010 Aldehyde dehydrogenase 1A1 inhibitor
WZ3 0.666 0.056 Lysosomal alpha-glucosidase inhibitor
0.638 0.028 Tyrosyl-DNA phosphodiesterase 1 inhibitor
0.944 0.005 Aldehyde dehydrogenase 1A1 inhibitor
0.777 0.033 Lysosomal alpha-glucosidase inhibitor
weza 0.732 0.017 Tyrosyl-DNA phosphodiesterase 1 inhibitor
0.637 0.046 Pyruvate kinase PKM inhibitor

2.4. ADMET Analysis

Pharmacokinetic parameters (ADMET) play an important role in the process of design-
ing and synthesizing new drugs. High efficacy against the therapeutic target with favorable
ADME parameters characterize a good drug candidate [36,37]. The BOILED-Egg model
was used to predict gastrointestinal absorption [38], and the toxicities were predicted using
the ProTOX II service [39] for WZ1-WZ4.

All obtained compounds (WZ1-WZ4) are characterized by high absorption in the
gastrointestinal tract, which makes them possibly attractive drug candidates. Their high
potential against multidrug-resistant cancer cells also confirms that they do not act as a
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WLOGP

P-gp substrate [40]. Figure 3 shows the bioavailability radars for WZ1-WZ4. The WZ1 and
WZ2 compounds have appropriate physicochemical properties for oral bioavailability (they
are included in the colored zone on the radar). The compound WZ3 has too many rotatable
bonds and WZ4 has too low a Csp 3 fraction coefficient corresponding to unsaturation,
which means that they slightly exceed the required physicochemical properties for oral
bioavailability. Moreover, they have a good bioavailability index (0.55) [41] and meet all
drug-likeness rules such as those of Lipiniski [42], Ghose [43], Egan [44], Veber [45] and
Muegge [46]. Figure 4 shows the BOILED-Egg diagram; all of the tested compounds are
able to be absorbed gastrointestinally. Prediction of putative drug—drug interaction by
cytochrome P450 (CYP) inhibition is presented in Table 4. Thus, the presented ADME
parameters indicate the promising nature of the designed compounds.

uPo
’ uPO

g\ fL SIZE

INSATU POLAR NSATU POLAR

INSOLU

uPo

FLEX SIZE

o JEX

INSATU POLAR INSATU POLAR

C) INSOLU d) INSOLU

Figure 3. Bioavailability radar for (a) WZ1, (b) WZ2, (c) WZ3 and (d) WZ4. (LIPO—lipophilicity is
within the range —0.7 < XlogP3 < +5.0; SIZE—molecular weight is 150 g/mol < MW < 500 g/mol;
POLAR—polarity is 20 A < TPSA < 130 A; INSOLU—insolubility is 0 < logS < 6; INSATU—
insaturation is 0.25 < Fraction Csp3 < 1; FLEX—Flexibility is 0 < Num. rotatable bonds < 9). Table 4.
The putative prediction drug—-drug interactions via cytochrome P450 (CYP) for WZ1-WZ4.
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Figure 4. BOILED-Egg diagram for WZ1-WZ4.
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Table 4. Predicted drug—drug interactions via cytochrome P450 (CYP) for WZ1-WZ4.

Compound
Potential Inhibition
WZ1 WZ2 WZ3 WZ4
CYP1A2 No No No No
CYP2C19 Yes No Yes No
CYP2C9 No No Yes No
CYP2D6 No No No No
CYP3A4 No No No No

Servis ProTox II indicated the fourth toxicity class for each compound with a differ-
ent LDsg, WZ1 and WZ3 (predicted LDsy: 2000 mg/kg for both), WZ2 (predicted LDs:
1000 mg/kg) and WZ4 (predicted LDsj: 750 mg/kg). Moreover, tested compounds are not
immunotoxic, which makes them quite safe and promising for further research.

2.5. Molecular Docking Results

Docking simulation was performed for the tested WZ1-WZ4 compounds to obtain a
comprehensive understanding of the likely modes of action and quantification of anticancer
activity. Docking scores are listed in Table 5. A superimposed diagram of WZ1-WZ4
and native ligand in the binding cavity is presented in Figure 5. Binding energy analysis
revealed that WZ1 was supposed to be the most active against ALDH1A1. Docking scores
confirmed the possible anticancer activity of the synthesized ligands.

Figure 5. Superimposed image of WZ1 (green), WZ2 (blue), WZ3 (red), WZ4 (purple) and native
ligand (yellow) in the binding cavity.

All of the tested compounds created conventional hydrogen bonds with GLY458
by NH groups of the thiosemicarbazide scaffold (Figure 6). This is the main interaction
stabilizing the protein-ligand complex. Moreover, for the aromatic groups of WZ1, WZ2
and WZ4 different types of Pi interactions were observed. Analysis of the docked poses
indicated a different location of the WZ4 compound. Its phenylsulphonic group is located
in a place where the isothiocyanate chains of compounds WZ1-WZ3 are located. The
variation of the pose may be related to the size of the compound, WZ4 is the smallest
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compound from the tested series. The analysis of the binding energy values indicated
that replacing the cyclohexyl ring originating from isothiocyanate with an alkyl one and
extending the chain result in a weaker interaction with the protein binding cavity.

Table 5. Binding energy values obtained during docking analysis.

ALDH1A1 (PDB 4X4L)

Docked Ligands
Binding Energy (kcal/mol) Ki (uM)
Native ligand —8.16 1.04
WZzZ1 —7.12 6.06
WZ2 —5.77 58.46
WZ3 —6.14 31.82
WZ4 —5.47 98.49
HIS
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Figure 6. A 2D scheme of the ALDH1A1 complexes with (a) WZ1, (b) WZ2, (c) WZ3 and (d) WZ4.

2.6. The Antimicrobial Activity Assessment

The data presented in Table 6 and Figure 7 indicated that compounds WZ1-WZ4
possessed potential antimicrobial activity. Their lowest concentrations inhibiting the growth
of the reference microorganisms (MIC—minimum inhibitory concentration) ranged from
62.5 to >2000 pg/mL. In turn, the lowest kill concentrations (MBC or MFC—minimum
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bactericidal or fungicidal concentration) were within the range from 125 to >2000 pg/mL.
They indicated higher effectiveness against Gram-positive bacteria than Gram-negative and
yeasts. Among Gram-positive microorganisms, reference strains of Staphylococcus epidermidis,
Bacillus subtilis and Bacillus cereus were most sensitive to the studied compounds, especially
to WZ4 (MIC = 62.5-125 pg/mL). This confirms the good activity of WZ4 towards them.
This new compound showed also moderate activity towards Staphylococcus aureus ATCC
43300, Staphylococcus aureus ATCC 25923 and Micrococcus luteus (MIC = 250-500 pg/mL).
In turn, S. aureus ATCC 29213 and Enterococcus faecalis were slightly less sensitive and
WZ4 indicated a mild effect towards them (MIC = 1000 pg/mL). The compound WZ3
showed also a good effect towards B. subtilis (MIC—125 pg/mL) and a moderate effect to
the remaining Gram-positive microorganisms with MIC = 250-500 pg/mL. Additionally, the
MBC/MIC ratio of compounds WZ3 and WZ4 towards most Gram-positive bacteria was in
the range 14, indicating the bactericidal effect of them. Moreover, a good effect was found
for the compound WZ1 against these bacteria (MIC = 250-500 ug/mL), except for E. faecalis
(MIC = 2000 pg/mL). WZ2 showed mild activity towards most Gram-positive bacteria
(MIC = 1000 pg/mL) and no bioactivity against three strains of cocci: S. aureus ATCC 43300,
S. aureus ATCC 29213 and E. faecalis. Gram-negative rods from Enterobacterales and non-
fermenting bacteria (Pseudomonas aeruginosa) were insensitive to the studied compounds,
except for substance WZ3 (MIC = 500-1000 pg/mL). The antibacterial effect of WZ3 was
moderate against Bordetella bronchiseptica and Escherichia coli with MIC = 500 pug/mL and
mild towards the remaining Gram-negative bacteria (MIC = 1000 pg/mL).

In the case of fungi, belonging to reference Candida spp., different activity was in-
dicated. These compounds showed an antifungal effect with MIC = 125-2000 pg/mL
(WZ3 and WZ4) or no anticandidal bioactivity (WZ1 and WZ2). Among them, the
most active compound was WZ4 with a good effect against C. parapsilosis and C. glabrata
(MIC =125 pg/mL). In turn, the activity of the both compounds WZ3 and WZ4 towards
C. albicans and C. krusei (MIC = 250-500 pg/mL) was moderate. MFC values of both
compounds towards yeasts were similar (same as MIC or 2-8-fold higher) and their range
was 500-2000 pg/mL. These compounds indicated a fungicidal effect against reference
yeasts (with MFC/MIC = 1-4), except WZ4 towards C. parapsilosis (fungistatic effect with
MFC/MIC = 8).

In conclusion, the results from Figure 7 show good bioactivity of compounds WZ3
and WZ4 towards 12.5% and 37.5% of the reference strains of Gram-positive bacteria,
respectively. Moreover, the newly synthesized compounds (except WZ2) indicated a
mainly moderate activity against 87.5% (compounds WZ1 and WZ3) and 37.5% (compound
WZ4) of these microorganisms. The mild effect was also shown by WZ2 (62.5%) and WZ4
(25%). However, some Gram-positive bacteria were not susceptible to compounds WZ1
(12.5%) and WZ2 (37.5%).

2.7. The Hemolytic Activity Assay

Our results revealed that studied compounds exhibit negligible toxicity, as compared
to the positive control Triton X-100 (100% erythrocyte lysis). As presented in Figure §,
hemolytic activity of each compound was related to their concentration. The compounds
with a mild antibacterial effect (MIC = 1000 pg/mL) showed some hemolytic activity in
the range 18.42-88.42%. On the other hand, with their concentration < 500 ug/mL, the
percentage of lysed red blood cells ranged from 0 to 45.26, which was dependent on the
compound. The activity of compounds WZ1, WZ3 and WZ4 was moderate or good against
almost all Gram-positive bacteria (MIC = 62.5-500 ng/mL) and data obtained using ELA
confirmed that this antimicrobial effect was observed at their < 50% hemolytic activity. The
concentrations < 125 pg/mL of all compounds did not affect the stability of the erythrocyte
membrane (<5% erythrocyte lysis) [47].
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Table 6. The activity data of studied compounds WZ1-WZ4 expressed as MIC (MBC or MFC)
[ng/mL] and {MBC/MIC or MFC/MIC} values against the reference strains of bacteria and fungi.
The standard antimicrobial drugs used as positive controls were ciprofloxacin (CIP) for bacteria
(except enterococci), vancomycin (VA¥) for enterococci and nystatin (NY**) for fungi.

MIC (MBC or MFC) [ug/mL] and {MBC/MIC or MFC/MIC]} Values
of the Studied Compounds and Positive Controls

Species CIPIVA®
WZ1 WZ2 WZ3 WZ4 INY**
Staphylococcus 500 2000 250 500 0.24
aureus (>2000) (>2000) (500) (2000) (0.24)
ATCC 43300 {>4} {>1} {2} {4} {1}
Staphylococcus 500 1000 250 500 0.48
aureus (>2000) (>2000) (1000) (>2000) (0.48)
ATCC 25923 {>4} {>2} {4} {>4} {1}
Staphylococcus 500 2000 500 1000 0.48
< aureus (>2000) (>2000) (500) (>2000) (0.48)
b ATCC 29213 {>4} {>1} {1} {>2} {1}
é Staphylococcus 250 1000 250 125 0.12
g epidermidis (>2000) (>2000) (250) (500) (0.12)
I?) ATCC 12228 {>8} {>2} {1} {4} {1}
,& Enterococcus 2000 >2000 500 1000 0.98 *
g faecalis (>2000) (>2000) (>2000) (>2000) (1.95)
3 ATCC 29212 {>1} {>1} {>4} {>2} {2}
Micrococcus 500 1000 250 250 0.98
luteus (>2000) (2000) (500) (500) (1.95)
ATCC 10240 {>4} {2} {2} {2} {2}
Bacillus 500 1000 125 125 0.03
subtilis (>2000) (>2000) (500) (2000) (0.03)
ATCC 6633 {>4} {>2} {4} {16} {1}
Bacillus 500 1000 250 62.5 0.06
cereus (>2000) (2000) (250) (125) (0.12)
ATCC 10876 (>4} {2} {1} {2} {2}
Bordetella >2000 >2000 500 >2000 0.98
bronchiseptica (>2000) (>2000) (>2000) (>2000) (0.98)
ATCC 4617 {>1} {>1} {>4} {>1} {1}
Klebsiella >2000 >2000 1000 >2000 0.12
pneumoniae (>2000) (>2000) (>2000) (>2000) (0.24)
S ATCC 13883 {>1} {>1} {>2} {>1} {2}
-
£ Proteus >2000 >2000 1000 >2000 0.03
8 mirabilis (>2000) (>2000) (>2000) (>2000) (0.03)
= ATCC 12453 {>1) {>1} {>2} {>1} {1)
§° Salmonella >2000 >2000 1000 >2000 0.06
< Typhimurium (>2000) (>2000) (>2000) (>2000) (0.06)
§ ATCC 14028 {>1) {>1} {>2) >1) {1
© Escherichia >2000 >2000 500 >2000 0.004
coli (>2000) (>2000) (>2000) (>2000) (0.008)
ATCC 25922 {>1} {>1} {>4} {>1} {2}
Pseudomonas >2000 >2000 1000 >2000 0.48
aeruginosa (>2000) (>2000) (1000) (>2000) (0.98)

ATCC 9027 >1} {>1} {1} {>1} {2}
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Table 6. Cont.

MIC (MBC or MFC) [ug/mL] and {MBC/MIC or MFC/MIC} Values
of the Studied Compounds and Positive Controls

Species CIP/VA®

WZ1 WZ2 WZ3 WZ4 Ny
Candida >2000 2000 500 250 0.24 **
albicans (>2000) (>2000) (1000) (1000) (0.24)

ATCC 2091 {>1} {>1} {2} {4} {1}
Candida >2000 2000 500 500 0.48 **
albicans (>2000) (>2000) (1000) (1000) (0.48)

ATCC 10231 {>1} {>1} {2} {2} {1}
T Candida >2000 2000 2000 125 0.24 **
g parapsilosis (>2000) (>2000) (2000) (1000) (0.48)

P ATCC 22019 {>1} {>1} {1} {8} {2}
Candida >2000 >2000 2000 125 0.24 **
glabrata (>2000) (>2000) (2000) (500) (0.48)

ATCC 90030 {>1} {>1} {1} {4} {2}
Candida >2000 2000 500 500 0.24 **
krusei (>2000) (>2000) (1000) (2000) (0.24)

ATCC 14243 {>1} {>1} {2} {4} {1}

WZ1 WZ2
12.5 %
37.5 %
62.5 %
87.5 %
moderate activity = no activity mild activity = no activity
WZ3 WZ 4
12.5 %
- 25 % 37.5 %
87.5 % w7 /
good activity moderate activity

good activity = moderate activity mild activity

Figure 7. The bioactivity data expressed as antimicrobial potency of the compounds WZ1-WZ4
towards reference Gram-positive bacteria (Staphylococcus spp., Micrococcus spp., Enterococcus spp.
and Bacillus spp.) used in the study (good activity—MIC in the range 26-125 pug/mL; moderate
activity—MIC in the range 126-500 pg/mL; mild activity—MIC in the range 501-1000 pg/mL; no
activity—MIC > 1000 pg/mL).
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Hemolytic effect of the studied compounds
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Figure 8. Hemolytic effect (% of hemolysis) of the compounds WZ1-WZ4.
2.8. In Vitro Cell Assay

To measure the metabolic activity of cells, the MTT assay was used as an indicator
of cell viability and cytotoxicity. WZ1-WZ4 were shown to reduce the viability of both
prostate cancer lines (Dul45 and PC3), as well as hepatocellular carcinoma lines (HepG2),
gastric cancer (AGS) and renal adenocarcinoma (769-P). Data are presented in Figure 9.

For WZ1, after both 24 h and 48 h, a decrease in viability of the physiological line at the
level of statistical significance was observed at a concentration of 200 M (p < 0.0001). At
the same concentration, a decrease in viability of ~15% (p = 0.0042) of HepG2 was observed
after 24 h of incubation, while prolonging the incubation time decreased HepG2 viability
~7% already at a concentration of 10 uM (p = 0.0190). After 24 h of incubation with WZ1 for
prostate cancer, both Du145 and PC3 showed a significant reduction in viability already
at concentrations of 1 uM and 50 uM, respectively (p < 0.05; p = 0.0006) (~7% and ~11%,
respectively). In contrast, the longer 48 h incubation shifted the significant reduction in
viability towards higher concentrations for Du145 (200 uM; p < 0.0001) and towards lower
concentrations for PC3 (10 uM; p < 0.0004). In the case of the 769-P line, a significant
decrease in viability was already observed at a WZ1 concentration of 1 uM during both
24 h and 48 h incubations, i.e.: ~11% and ~15% (p < 0.0001). For the AGS line, a statistically
significant cytotoxic effect was observed after 24 h at ~16% (p < 0.0001) for the concentration
of 1 uM and after 48 incubation at ~6% for the concentration of 50 uM (p = 0.0302).

For WZ2, after 24 h of incubation, no reduction in viability was observed against WS1
over the concentration range tested (1-500 uM). In contrast, after 48 h, a reduction in their
viability of ~17% (p = 0.0238) was observed at a concentration of 200 uM, and of ~23% at a
concentration of 500 M (p = 0.0009). After 24 h incubation with the same compound at a
concentration of 500 uM, a reduction in HepG2 viability by ~22% (p < 0.0001) was observed.
In contrast, after just 48 h of incubation, the viability of HepG2 cells decreased to ~82% at a
concentration of 1 uM (p < 0.0001). For the Du145 line, after 24 h their viability dropped to
~80% (p = 0.0007) at a concentration of 50 uM and after 48 h to ~92% at a concentration of
1 uM (p = 0.0051). While for the PC3 line, a reduction in viability to ~82% was observed at
a concentration of 200 uM (p = 0.0001), and incubation for 48 h shifted this value towards
lower concentrations (50 uM; ~88%; p = 0.0097). In contrast, for line 769-F, a cytotoxic
effect was observed at a concentration of 1 uM at ~8% (p = 0.0450) after 24 h and ~10%
(p < 0.0001) after 48 h. The same concentration decreased the viability of the AGS line by
~8% (p = 0.0004) after 24 h and by ~6% (p = 0.0010) after 48 h of incubation with WZ2.
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Figure 9. Effect of 24 h and 48 h exposure of WZ1-WZ4 on the percentage of cell viability of WS1
(green line), 769-P (pink line), PC3 (black line), HepG2 (purple line), AGS (red line) and DU145 (blue
line) by MTT assay. TI—Therapeutic index (ratio of the ICsy of physiological cells to the ICsq of

tumor cells).
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The compound WZ3 statistically significantly decreased the viability of the physi-
ological line after 24 h incubation across the range of concentrations tested (1-500 uM)
(p < 0.0001). In contrast, increasing the incubation time contributed no significant change in
viability in the concentration range 1-200 uM (p > 0.05). For the HepG2 line, a statistically
significant cytotoxic effect of ~31% was observed after 24 h incubation (p < 0.0001) at a
concentration of 200 uM. At the same concentration, a cytotoxic effect was also observed
for the Du145 line, where viability decreased by ~19% (p < 0.0001). A 48 h incubation with
WZ3 at a concentration of 1 uM significantly decreased HepG2 viability by ~7% (p = 0.0012),
and at a concentration of 50 uM there was a significant decrease in Du145 viability by ~6%
(p = 0.0384). The same concentration of WZ3 after 24 h of incubation reduced the viability of
the second prostate cancer line PC3 to ~76% (p < 0.0001). A significant reduction in viability
of ~11% after 48 h incubation for the PC3 line was observed at a concentration of 200 uM
(p = 0.0184), and after 24 h incubation for the 769-P line the same concentration reduced
viability by ~22% (p < 0.0001). After 48 h, a decrease in viability of ~48% was observed for
the 769-P line at a concentration of 1 uM after 48 h of incubation (p < 0.0001). In contrast,
for the AGS cell line, the lowest concentration (1 uM) of WZ3 used after both 24 and 48 h
incubation significantly reduced viability by ~9% (p = 0.0002; p < 0.0001).

For compound WZ4, a significant decrease in viability was observed across the range
of concentrations tested (1-500 uM) (p = 0.0189; p < 0.0001) after 24 h incubation for the
fibroblast cell line (WS1). While, increasing the incubation time decreased the viability of
W61 statistically significantly at a concentration of 200 uM (p = 0.0027) by ~15%. The same
concentration reduced HepG2 viability by ~18% after 24 h (p = 0.0002), while a concentration
of 50 uM after 48 h incubation reduced HepG2 viability to ~69% (p < 0.0001). Relative to
the Du145 line, WZ4 significantly reduced viability over the entire range of concentrations
tested (1-500 uM), both after 24 h and 48 h incubation (p = 0.0012; p < 0.0001). In contrast,
for the second prostate cancer line PC3, a significant cytotoxic effect after 24 h incubation
was observed at a concentration of 50 uM (~27%), and after 48 h at a concentration of
200 uM (~32%) (p < 0.0001). For the 769-P line, after 48 h of incubation with WZ4, there was
also a significant decrease in viability of ~16-82% across the range of concentrations tested
(1-500 uM), and after 24 h in the concentration range of 10-500 uM (~21-56%) (p < 0.0001).
For the gastric cancer AGS cell line, significant decreases in viability were observed by
~7-84% over the entire range of concentrations tested (1-500 pM) after 24 h and by ~12-92%
after 48 h (p < 0.0001).

2.9. Determination of Concentration Aldehyde Dehydrogenase 1 Family, Member A1 (ALDH1A1)

The effect of compounds WZ1-WZ4 on ALDHALI levels was investigated (Figure 10).
The Dul45, HepG2 and 769-P cell lines were treated with the calculated ICy5 values for
each compound.

For the HepG2 cell line, no significant changes were observed, as compared to the
control after 24 h of incubation. Extending the incubation time to 48 h resulted in an
increase in ALDH1A1 concentration for the WZ2- and WZ4-treated groups compared to
controls (p < 0.0001). Also, 24 h incubation of WZ2 with the prostate cancer line (Du145)
increased ALDH1AT1 levels in cells compared to the control group (p < 0.05). In contrast,
prolonging this time resulted in a decrease in the concentration of the enzyme compared to
the control group (p < 0.0001). For 24 h and 48 h incubation of WZ4 with Dul45, a decrease
in ALDH1A1 concentration was observed compared to the control (p < 0.05; p < 0.001). For
compound WZ3, a decrease in the enzyme concentration in cells was observed only after
48 h of incubation (p < 0.05). A decrease in ALDH1A1 levels was observed, as compared
to the control, after 24 h of incubation at the level of statistical significance for the 769-P
cell line for WZ1, and an increase was observed for WZ3. On the other hand, for WZ4, a
decrease in activity was observed after both 24 h and 48 h of incubation, as compared to the
control. However, in the case of WZ2, no significant changes were observed within the 24 h
incubation of the compound with the 769-P cell line, but prolonged incubation resulted in a
significant decrease in ALDH1A1 activity.
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Figure 10. Effects of incubation with WZ1-WZ4 compounds on ALDH1A1 levels in selected cell lines
after 24 hand 48 h. p <0.05*; p < 0.01 **; p < 0.001 ***; p < 0.0001 ****. The significance level was taken
as p = 0.05. The graph present mean with the standard deviation (SD).

3. Discussion

As a result of numerous studies, a significant variety of bioactive heterocyclic molecules
have been developed. Among them, great interest due to their biological activity was de-
voted to thiosemicarbazides, compounds containing sulfur and nitrogen [48-50]. The
literature data indicate a strong structure-activity relationship, and the type of substituent
and location of the substituent are crucial for the activity of the compound. It was shown that
thiosemicarbazide derivatives with a 4-nitrophenyl group exhibited an antibacterial effect
towards staphylococci S. aureus and S. epidermidis; streptococci S. mutans and S. sanguinis;
moderate cytotoxicity and good therapeutic safety in vitro [27]. Other authors evaluated the
activity of (-)-camphene-based thiosemicarbazide (TSC) and 4-hydroxy-thiosemicarbazone
(4-OH-TSZ) against some Gram-positive bacteria: S. aureus and Enterococcus spp. [51]. Their
results showed potential bactericidal activity of the both compounds towards these bacteria,
including multidrug-resistant strains (with MIC in the range from 1.9 to 31.2 ug/mL). More-
over, other thiosemicarbazide derivatives (thiophene-1,2,4-triazole-5(3)-ones) also demon-
strated antimicrobial effects against S. aureus, Mycobacterium smegmatis and B. cereus [52].
Similarly, our research results revealed the activity of new derivatives, especially WZ4,
against B. cereus. It is worth noting that the tested compounds have a sulphonic group in
their grouping. This is one of the reasons that allows us to make conclusions about the
potential antibacterial activity of the tested compounds. Furthermore, one study showed
that the antimicrobial activity of aliphatic sulphonamides decreased with increasing carbon
chain length [53]. This compound has the shortest aliphatic chain of all the compounds
tested, i.e., the methyl group. B. cereus is mainly found in contaminated food. It is usually the
cause of diarrhoal poisoning, but also opportunistic infections [54]. The important consider-
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ation is that it is a spore-producing bacterium. The spores can survive various unfavorable
conditions, e.g., high temperatures during pasteurization or spray-drying of milk. It is
therefore important to eliminate them from the food supply. In the case of compound WZ4,
it should be investigated in the future whether it inhibits both vegetative cells and spores of
this microorganism. The antifungal activity of thiosemicarbazides has been investigated in
a number of studies [55-57]. The linking active substructure method was used to synthe-
size a series of novel benzaldehyde thiosemicarbazide derivatives containing heterocyclic
piperidine [58]. These compounds exhibited antifungal activity, especially against Valsa
mali, Rhizoctonia solani, Pythium aphanidermatum and Gaeu-mannomyces graminsis. It is worth
noting that in another study, two isoquinoline derivatives of thiosemicarbazide with an
ortho-methyl group in the phenyl ring also indicated the potential anticandidal effect [59].
These compounds were effective against C. albicans and C. parapsilosis. Therefore, it seems
that the number of methyl groups and their nature may be crucial for the antifungal activity.

Overall, the Gram-positive bacteria were more susceptible to the newly synthesized
compounds WZ1-WZ4 than the Gram-negative and yeasts belonging to Candida. The
degree of sensitivity of these microorganisms to the tested agents may be related to the
different structures of their cell wall. The cell wall of Gram-positive bacteria consists
of many layers of peptidoglycans composed of N-acetyl-muramic acid, polysaccharides
and N-acetyl-glucosamine connected by cross-bridges and peptide chains [60]. Perhaps,
the active compounds break important bonds in their cell wall more easily. In turn, the
structure of the cell wall of Gram-negative bacteria is much more extensive, which make
them more resistant to the studied compounds.

In the present studies, the toxicity of compounds WZ1-WZ4 towards erythrocytes
was assessed using the hemolytic test in vitro. The blood red cells were used to analyze the
effect of these substances on their cell membrane. It should be noted that the membranes of
erythrocytes and other body cells are similar. Hemolysis is the destruction of red blood
cells by lysis of the membrane lipid bilayer. Its results can change depending on the type
and concentration of the tested compounds [61]. These data may reveal some information
about the mechanism of cytotoxicity of the tested compounds. Moreover, the erythrocyte
model presents a direct indication of toxicity of the injectable formulations. The results of
the present study showed that the compounds WZ1 and WZ2 indicate a lower hemolytic
effect as compared to WZ3 and WZ4. On the other hand, literature data related to the
evaluation of thiosemicarbazide toxicity on the erythrocyte membrane are limited. It is
worth noting that also in relation to studies on physiological cells (WS1), similar results
were obtained. Compounds WZ3 and WZ4 showed lower TI compared to WZ1 and WZ2.

The search for new anticancer drugs is a multi-step process. One of them is in vitro
research using cell lines. Its undoubted advantage is simplicity, cost-effectiveness and
compliance with the 3Rs principle [62,63]. These studies are screening platforms for the
initial evaluation of new substances.

The following cancer cell lines were selected for the study: HepG2, Du145, PC3, AGS
and 769-P. The physiological human fibroblast line WS1 was selected to assess the selectivity
of action. Based on the MTT test, the IC5) of the test compounds was determined, and
in the next step, the TI was calculated. The calculated values show how many times the
determined ICsy on the tumor line is lower than on the physiological line. Thus, if the TI
is higher, the compound is characterized by a higher selectivity and cytotoxic activity in
cancer cells. Analyzing the calculated TI, the compound WZ2 had the highest selectivity.
In its case, no significant decrease in viability was observed for the physiological line at
the tested concentrations after 24 h of incubation. However, after increasing the incubation
time of the compound with WS1, a significant decrease in viability was observed at a
concentration of 200 uM. It is notable that increasing the incubation time of the compound
with the tumor lines also shifted the observed decrease towards lower concentrations.
For the HepG2 cell line, after 24 h a significant decrease in viability was observed at the
highest concentration tested (500 uM), while after 48 h it was already observed at the lowest
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concentration tested, 1 uM. The concentration of 1 uM decreased the viability significantly
for other lines: DU145 (48h), 769-P and AGS.

The ICsy values for almost all lines tested were <1000 times lower than those ICsg
values calculated for line WS1. Only at 48 h for the AGS line was the TI relatively low.
Therefore, WZ2 appears to be the best candidate with cytotoxic properties among the
compounds tested. The high selectivity against almost all tested tumor lines provides
grounds for extending the study to other tumor lines and for a more in-depth investigation
of its mechanism of action. Its activity may be due to the ‘optimal’ length of the carbon chain,
which favors its solubility, while being long enough to penetrate lipid membranes and
exert its effects in cells (the longer the aliphatic chain, the more it resembles cell membrane
lipids). In contrast, compounds WZ3 and WZ4 had the lowest selectivity. Comparing the
TI values, these coefficients appear quite low as compared to WZ1 and WZ2. In the case of
compound WZ1, in almost every test line, extending the incubation period to 48 h reduced
its selectivity of action (except HepG2). The compound WZ1, only at a concentration of
200 uM, significantly statistically decreased the viability of the physiological line WS1.
However, the same concentration also caused a significant decrease in viability for the
HepG2 (24 h) and DU145 (48 h) lines. At lower concentrations, it significantly decreased
viability after 24 h for both prostate lines, after both 24 h and 48 h for the gastric cancer line
(AGS) and 769-P, and after 48 h for the HepG2 line.

Interestingly, and in need of further study, prolonging the incubation time of WZ1
with cells worsened its selectivity of action. It is the only compound having an aliphatic
chain that has undergone cyclization. This may be an effect of chain cyclization, as such an
effect was not observed for compound WZ3. Almost all compounds had cytotoxic effects
with selectivity against renal adenocarcinoma lines, except WZ3 after 24 h. However, WZ3
showed selectivity against this line after 48 h with TI = 115.134. It showed negligible/no
TI < 1 selectivity against the DU145, PC3 line (after 48 h). WZ3 significantly reduced the
viability of the physiological line at the lowest tested concentration of 1 uM after 24 h of
incubation by ~12%; however, extending this time only significantly reduced the viability
of these cells at the highest tested concentration of 500 pM by ~64%. The lowest tested
concentration also significantly decreased the viability of the tumor lines, i.e., HepG2 by
~7% (48 h); 769-P by ~22% (24 h) and ~ 48% (24 h; 48 h); and AGS by ~9% (24 h, 48 h). The
relatively high toxicity may also be because WZ3 has the longest aliphatic chain, which may
make it easier to penetrate cell lipid membranes. Moreover, in future research directions, it
would be worthwhile to look into the cyclization effect of aliphatic chains.

Similarly, compound WZ4 did not show satisfactory TI < 1 selectivity against both
prostate cancer lines (24 h) and HepG2 (24 h). It is noteworthy that this selectivity improved
after prolonged incubation of these cells with the compound (10 < TI > 1). Similar to WZ3,
compound WZ4 reduced the viability of human fibroblast lines at all concentrations tested
(~10-52%). After 48 h incubation with this compound, a significant decrease in viability
of ~15% was only observed at a concentration of 200 uM. With this compound, several
tumor lines showed a significant reduction in viability across the range of concentrations
tested. The lowest concentration of 1 uM significantly reduced viability: ~10% (DU145 at
24 h; 48 h); ~16% (769-P at 48 h); ~7% (AGS at 24 h) and ~12% (AGS at 48 h). Only for
the hepatocellular carcinoma lines were no significant decreases in viability observed at
both incubation times (~4% at 24 h; ~3% at 48 h). WZ4 appears to have the least selectivity
of action and seems to have the least anticancer potential. The low selectivity may be
due to the short carbon chain, which makes the compound more soluble, more rapidly
metabolized, and therefore more toxic. The implication is that only compounds with the
correct chain length and structure will pass through the cell membrane. Thiosemicarbazides
with a sulfone group have never been tested for their anti-inflammatory effects, but they
have been shown to have significant anti-tuberculosis effects [31]. As research has shown,
these compounds have broad biological activity, but the molecule itself is also toxic [64,65].
A key feature is that the introduction of a sulfonic group into the thiosemicarbazide reduces
the toxicity of the various combinations, and can even, in some cases, eliminate the toxic
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effect of the molecule. The reason for this is probably increasing in their solubility, which
makes them more easily metabolized and excreted from the organism.

Compounds WZ3 and WZ4 have hexyl and methyl substituents in their molecule,
respectively, compound WZ1 has a cyclohexyl group in its molecule, and WZ2 has a butyl
group. These compounds also differ in the length of the carbon chain in the molecule. The
WZ4 molecule possesses a higher toxicity, which may be related to the shorter aliphatic
chain in the molecule (-CH3) than the other tested compounds. In the case of WZ1, the
combination of cyclohexyl into the molecule appears to have reduced toxicity to human
fibroblasts, as compared to the structure and mechanism of action of WZ3.

ALDH1AL1 is thought to play an important role in tumorigenesis and progression [66—68].
The cell lines proposed by CLC-Pred 2.0 (HepG2 and DU145), but also the 769-P line, against
which the compounds showed the highest activity, were selected for marking ALDH1A1
levels. High ALDH activity is one of the prognostic markers for prostate cancer. Cells with
increased ALDH1A1 expression also show high resistance to radiotherapy [69]. In prostate
cancer, the combination of ALDH1A1 inhibitors with other conventional tumor therapies
is believed to be a promising strategy in the development of anticancer therapies [70]. Our
study showed that after 48 h of incubation with compounds WZ2, WZ3 and WZ4, ALDH1A1
was significantly reduced compared to the control. In the case of the prostate cancer cell line
DU145, a decrease in ALDH1A1 levels was observed in the cells after 48 h of their incubation
with WZ2-WZ4. A similar effect was also observed for the renal adenocarcinoma line 769-P.
A 24 h incubation with WZ1, WZ3 and WZ4 decreased the levels of the enzyme. Whereas,
prolonging this time resulted in a significant decrease in ALDH1A1 levels only for WZ2 and
WZ4. This also corresponds with the fact that these compounds also had a cytotoxic effect on
DU145 cells. Considering the TI values calculated for the compounds, as well as the ALDH1A1
values, the most promising compound is with anti-tumor properties against the DU145 line is
WZ2. In the case of renal adenocarcinoma (769-P), where compounds showed the greatest
activity and selectivity, a significant reduction in ALDH1A1 was observed for almost all tested
compounds. As with the DU145 line, the most promising compound is WZ2, followed by
WZ1 and WZ4 in terms of anti-tumor effect towards 769-P. For this tumor, it has also been
shown that over-repression of this enzyme is associated with shorter recurrence-free survival
and overall survival, as well as greater invasion and proliferation of neoplastic cells [71,72].
Therefore, it is considered that ALDH1A1 may be an important target for anti-tumor therapies
for renal adenocarcinoma.

Importantly, ALDH1A1 may also act as a tumor suppressor. In our study, we found
increased levels of ALDH1A1 for hepatocellular carcinoma cell lines (HepG2) after treat-
ment with WZ2 and WZ4, after 48 h of incubation. The shorter incubation time did not
induce any significant changes in ALDH1A1 levels in the cells tested. The WZ2 compound
also appears to be of interest in the context of its anti-tumor effect towards hepatocellular
carcinoma (HepG2). It combines a high TI while affecting one of the mechanisms involved
in carcinogenesis. Slightly worse is the compound WZ4, which has a lower TI and therefore
lower selectivity, but affects significantly increased ALDH1AT1 levels in cells.

It is also important to note that ALDH1AT1 is highly expressed in liver tissue [73].
One study showed that high levels of ALDH1A1 were associated with low serum -
fetoprotein levels, small tumor diameter and very little lymphatic vessel invasion in
hepatocellular carcinoma [74]. Another study found that high levels of ALDH1A1 were
associated with longer survival in hepatocellular carcinoma [75]. It is worth emphasizing
here that our studies showed that both compounds (WZ2 and WZ4) reduced the viability
of HepG2 cells in the MTT test. Therefore, the results of our research confirm and largely
complement existing work on new derivatives and indicate the promising cytotoxic
potential of these compounds.
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4. Materials and Methods
4.1. Chemistry

All reagents used for the synthesis were purchased from AlfaAesar (Haverhill, MA,
USA), Sigma-Aldrich (Saint Louis, MO, USA) and POCH (Haverhill, MA, USA) and used
without purification.

4.1.1. General Synthesis Procedure for N-Substituted 2-(Benzenosulfonyl)-1-Carbotioamide
Derivatives WZ1-WZ4

A mixture of 0.0l moles (1.72 g) of benzenesulfonohydrazide WZ and 0.01 moles of
appropriate isothiocyanate in 10 mL of anhydrous ethanol was kept at boiling for 1-2 h.
The formed compound was filtered off, washed and crystallized from ethanol.

The obtained compounds were identified by analyzing 'H and '*C NMR, IR and MS
spectra. The melting point on the Fisher-Johns block was also determined. The Bruker
Avance 600 spectrometer (Bruker BioSpin GmbH, Rheinstetten, Germany) was used to
record 'H and ¥C NMR spectra in DMSO-dg. Chemical shifts are given on a scale of § ppm
(parts per million) relative to an inertial standard (TMS) or residual solvent peak. A Thermo
Scientific Nicolet 6700 FTIR spectrophotometer was used to record the ATR-IR spectrum,
and recorded in the range of 4000400 cm~!. HRMS measurements were performed by
direct infusion to an Orbitrap Exploris 480 (ThermoFisher, Waltham, MA, USA) mass
spectrometer equipped with a heated electrospray ion source (HESI).

2—(Benzenesulfonyl)—N—Cyclohexylhydrazine—1-Carbothioamide (WZz1)
| O

<: :>—S
| N H ~<

C13H19N30,S; (313.43); yellow solid, yield 60%; m.p. 150-151 °C. IR cm™~! 3370 (NH),
2937 (NH), 2853 (NH), 1526 (C=0), 1171 (C=S). 'H NMR (600 MHz, DMSO-d;): & 1.10-1.64
(m, 10H, 5CH,), 3.97 (s, 1H, CH), 7.43 (d, 1H, NH), 7.59 (dd, 2H, CH3?, J34 = 6.2 Hz,
J35 =54 Hz), 7.68 (td, 1H, CH?, ] = 8.4), 7.82 (dd, 2H, CH?*, ], 3 = 5.1 Hz, ], 4 = 3.9 Hz),
9.37 (s, 1H, NH), 9.87 (s, 1H, NH). 3C NMR (300 MHz, DMSO): § 25.06, 25.51, 31.88,
52.81, 128,32, 128.40, 128.89, 129.63, 129.69, 133.84, 138.22, 180.68. HRMS (m1/z): calculated
monoisotopic mass: 314.099143, measured monoisotopic mass: 314.0988.

2-(Benzenesulfonyl)-N-Butylhydrazine-1-Carbothioamide (WZ2)

C11H17N30,5; (287.40); yellow solid, yield 85%; m.p. 131-133 °C. IR cm™~! 3347 (NH),
3099 (NH), 2956 (NH), 1582 (C=0), 1155 (C=S). "TH NMR (600 MHz, DMSO-d): & 1.14—
1.16 (m, 3H CH3), 1.19-1.44 (m, 4H, 2CH,), 3.33-3.41 (m, 2H, CH,), 7.58 (dd, 2H, CH3?,
J34 =8.1Hz, J35 =3.3 Hz), 7.69 (td, 1H, CH*, ] = 2.1), 7.80 (dd, 2H, CH?%, ], 3 = 5.1 Hz,
J2,4 = 2.1 Hz), 8.04 (s, 1H, NH), 9.29 (s, 1H, NH), 9.86 (s, 1H, NH). '*C NMR (300 MHz,
DMSO): § 14.00, 14.27, 19.81, 31.10, 43.69. 128.04, 128.36, 128.95, 129.47, 129.56, 133.07,
133.75, 138.31, 138.67, 181.92. HRMS (m/z): calculated monoisotopic mass: 288.083493,
measured monoisotopic mass: 288.0832.
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2-(Benzenesulfonyl)-N-Hexylhydrazine-1-Carbothioamide (WZ3)
CH;

O

Il
S—NH NH
o\ <
o) NH
S

C13H21N30,5; (315.45); yellow solid, yield 80%; m.p. 78-80 °C. IR cm ™! 3356 (NH),
3253 (NH), 2916 (NH), 1547 (C=0), 1156 (C=S). 'H NMR (600 MHz, DMSO-d;): & 0.85-0.88
(t, 3H, CH3) 1.20-1.44 (m, 8H, 4CHy,), 3.37 (t, 2H, CH5), 7.59 (dd, 2H, CH3?, J34=3.6Hz,
J35 =1.2Hz), 7.70 (td, 1H, CH*, ] = 2.1), 7.82 (dd, 2H, CH?%, ], 3 =4.8 Hz, ], 4 = 1.2 Hz),8.04
(s, 1H, NH), 8.41 (s, 1H, NH), 9.29 (s, 1H, NH). 13C NMR (300 MHz, DMSO): § 14.27,
19.88, 31.32, 43.88, 122.93, 127.36, 138.13, 148.93, 149.85, 181.66. HRMS (m/z): calculated
monoisotopic mass: 315.107517, measured monoisotopic mass: 316.1145.

2-(Benzenesulfonyl)-N-Methylhydrazine-1-Carbothioamide (WZ4)

0 NH_cp
Q\é/\NﬁNH« 3
Il S
5

CsH11N30,5, (245.32); yellow solid, yield 92%; m.p. 145-146 °C. IR cm ™! 3331 (NH),
3067 (NH), 2996 (NH), 1570 (C=0), 1165 (C=S). 'H NMR (600 MHz, DMSO-d): & 2.86 (d,
3H CHj3), 7.56 (dd, 2H, CH3?, ]34 = 3.0 Hz, J35 = 1.2 Hz), 7.69 (td, 1H, CH?, ] = 2.4), 7.82
(dd, 2H, CH?%, J,3 = 3.0 Hz, Jo4 = 2.7 Hz),8.17 (s, 1H, NH), 9.31 (s, 1H, NH), 9.89 (s, 1H,
NH). 13C NMR (300 MHz, DMSO): § 31.42, 125.95, 128.93, 130.68, 133.73, 136.63, 142.48,
182.85. HRMS (m/z): calculated monoisotopic mass: 245.029267, measured monoisotopic
mass: 246.0365.

4.2. X-ray Structure Determination

X-ray data of WZ1 were collected on the KM4 CCD four-circle diffractometer; crystal
sizes 0.60 x 0.30 x 0.20 mm; MoKua (A = 0.71973 A) radiation, w scans, T =293 K, absorp-
tion correction: multi-scan [76], Tmin/ Tmax of 0.463/1.0000. The structures were solved
using direct methods using SHELXS2013 [77] and refined by full-matrix least-squares with
SHELXL-2014 [78]. The N-bound H atoms were located using difference Fourier synthesis
and refined freely. The remaining H atoms were positioned geometrically and treated as
riding on their parent C atoms with C-H distances of 0.93 A (aromatic), 0.97 A (CH,) and
0.940 A (CH). All H atoms were refined with isotropic displacement parameters taken
as 1.5 times those of the respective parent atoms. All calculations were performed using
WINGKX version 1.64.05 package [79]. CCDC- 2306639 for WZ1 contain the supplemen-
tary crystallographic data for this paper. These data can be obtained free of charge at
www.ccdc.cam.ac.uk/conts/retrieving.html, (accessed on 8 November 2023) (or from the
Cambridge Crystallographic Data Centre (CCDC), 12 Union Road, Cambridge CB2 1EZ,
UK; Fax: +44(0) 1223 336 033; email: deposit@ccdc.cam.ac.uk).

Crystal data of WZ1: Ci3H19N30,S;, M = 313.43, monoclinic, space group P2, /c,
a = 23.864(2), b = 12.472(1), c = 11.0857(7) A, B = 103.004(8)°, V = 3214.8(5) A3, Z = 8,
deale =1.295 Mg m~3, F(000) = 1328, u(Mo Ka) = 0.336 mm !, T = 293K, 14219 measured
reflections (0 range 1.85-28.58°), 7123 unique reflections, final R = 0.059, wR = 0.142,
S =1.008 for 4000 reflections with I > 2o(I).
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4.3. In Silico Screening and ADMET Predictions

CLC-Pred (Cell Line Cytotoxicity Predictor) 2.0 was used to predict the cytotoxicity
of the tested compound [35]. BOILED-Egg was used to predict gastrointestinal absorp-
tion [38]. SwissADME service (Swiss Institute of Bioinformatics 2021), a free web tool to
evaluate pharmacokinetics, drug-likeness and the medicinal chemistry friendliness of small
molecules, was used for an ADME analysis [80]. ProTOX II service was used to predict
toxicities for WZ1-WZ4 [39].

4.4. Molecular Docking

The tested compounds (WZ1-WZ4) and the standard human ALDH1A1 inhibitor
(PDB code 4X4L [81]) were sketched in the Avogardo 1.2.0 software [82,83] and their
geometry was initially optimized using the MMFF94 force field. Ligand, water and cofactors
were removed from the protein. Autodock Tools v.1.5.6 software [84] was used for molecular
docking. Ligand and protein were prepared according to the method [85], molecular
docking was performed using the Lamarckian genetic algorithm [86], where GA runs were
set to 50 and the population size was increased to 300; the remaining parameters were
considered as default. The tested protein was treated as rigid. A 62 x 108 x 64-point
grid box with 0.131 A spacing was defined by centering the ligand at the active site. The
docked ligand poses presented were selected based on the scoring function and visual
inspection. To validate the molecular docking parameters, the root mean square deviation
(RMSD) of atom pairs of the redocked compound with native ligand was calculated using
Maestro 13.4 [87]. Positions with an RMSD close to 2.0 A were obtained (2.13 A obtained),
which indicated that docking analysis was correct (Figure 11). The Discovery Studio
Visualizer [88] generated molecular representations of each protein-ligand complex.

Figure 11. Molecular docking validation (red—redocked ligand, green—native ligand).

4.5. Antimicrobial Activity
4.5.1. Microorganisms

Reference strains of microorganisms that came from American Type Culture Collection
(ATCC) (Manassas, VA, USA) were used for this study. The representative Gram-positive
bacteria were as follows: Staphylococcus aureus ATCC 25923, Staphylococcus aureus ATCC
29213, Staphylococcus aureus ATCC 43300, Staphylococcus epidermidis ATCC 12228, Entero-
coccus faecalis ATCC 29212, Micrococcus luteus ATCC 10240, Bacillus subtilis ATCC 6633
and Bacillus cereus ATCC 10876. While, those of Gram-negative bacteria were as follows:
Bordetella bronchiseptica ATCC 4617, Escherichia coli ATCC 25922, Klebsiella pneumoniae ATCC
13883, Proteus mirabilis ATCC 12453, Salmonella Typhimurium ATCC 14028 and Pseudomonas
aeruginosa ATCC 9027. Moreover, the following fungi belonging to yeasts were used: Can-
dida albicans ATCC 10231, Candida albicans ATCC 2091, Candida parapsilosis ATCC 22019,
Candida glabrata ATCC 90030 and Candida krusei ATCC 14243.
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4.5.2. In Vitro Antimicrobial Activity Assay

The new compounds WZ1-WZ4 were assayed for both antibacterial and antifungal
activity using the broth microdilution method in accordance with the European Commit-
tee on Antimicrobial Susceptibility Testing (EUCAST) [89] and Clinical and Laboratory
Standards Institute (CLSI) guidelines [90]. The microorganisms were grown at 35 °C for
18-24 h on appropriate media (nutrient agar and Sabouraud for bacteria and fungi, re-
spectively) (BioMaxima S.A., Lublin, Poland). Next, microbial suspensions with an optical
density of 0.5 McFarland standard scale (in sterile 0.85% NaCl) were prepared. In turn,
the tested compounds were initially diluted at 50 mg/mL in dimethyl sulfoxide (DMSO)
and the broth microdilution method was used to assess their minimum inhibitory con-
centrations (MICs). For these studies, selective broth Mueller-Hinton (MH) (BioMaxima
S.A., Lublin, Poland) and RPMI (Roswell Park Memorial Institute) 1640 with MOPS (3-(N-
Morpholino)propanesulfonic acid) (Sigma-Aldrich Chemicals, St. Louis, MO, USA) were
used for bacteria and fungi, respectively. The antimicrobial effect of compounds WZ1-WZ4
was determined in the concentration range from 2000 to 0.98 pg/mL.

Then, the microbial suspensions were introduced into each well of the microplate and
incubated for 18-24 h at 35 °C. The MIC value (minimum concentration of compounds
that showed inhibition of their growth) was determined in the BioTek spectrophotometer
(Biokom, Janki, Poland) and compared with control cultures without tested compounds.
The reference drugs ciprofloxacin or vancomycin (against bacteria) and nystatin (against
fungi) (Sigma-Aldrich Chemicals, St. Louis, MO, USA) were also used. Next, the values of
the minimum bactericidal concentration (MBC) and minimum fungicidal concentration
(MFC) of WZ1-WZ4 were assessed. For this purpose, the cultures from each MIC determi-
nation well were transferred to a suitable solid medium and incubated under appropriate
conditions. The lowest concentrations of compounds without microbial growth were read
as MBC or MFC. The studies were performed in triplicate and representative data were
gathered [89-92].

The interpretation of the obtained results was carried out in accordance with the literature
data as follows: no bioactivity (MIC > 1000 pg/mL), mild bioactivity (MIC = 501-1000 pg/mL),
moderate bioactivity (MIC = 126-500 pg/mL), good bioactivity (MIC = 26-125 ug/mL), strong
bioactivity (MIC = 10-25 png/mL) and very strong bioactivity (MIC < 10 ug/mL) [91]. In turn,
the MBC/MIC or MFC/MIC ratios were used to assess bactericidal/fungicidal (MBC/MIC or
MEFC/MIC < 4) and bacteriostatic/fungistatic (MBC/MIC or MFC/MIC > 4) effect of these
compounds [93].

4.5.3. Toxicity to Erythrocyte Assay

The toxicity of WZ1-WZ4 compounds towards red blood cells was tested using the
erythrocyte lysis assay (ELA) [61,94-96]. Erythrocytes from fresh sheep blood (BioMaxima
S.A., Poland) were centrifuged and washed with 0.85% NaCl. Next, 100 uL of a 2% suspension
of red blood cells in physiological saline was added to the wells of microtiter plate. The double
dilutions of compounds WZ1-WZ4 were prepared in the range of 2000-15.62 pg/mL. Appro-
priate controls were used to assess the hemolytic potential of tested compounds, i.e., 100%
lysis of erythrocytes using 4% Triton X-100 (Pol-Aura, Réznowo, Poland) and 0% lysis in
saline solution. Next, all sample plates were incubated (1 h at 37 °C), centrifuged for 10 min
to separate unlysed red blood cells, and the supernatant was placed in a new plate. The ELA
is a biological test by which the lytic response can be measured spectrophotometrically (at a
wavelength of 450 nm) by the amount of hemoglobin released. The hemolysis percentage was
calculated according to the following equation:

A450 of test compound treated sample — A450 of buffer treated sample

100 1
A450 of 4% Triton X100 treated samples — A450 of buffer treated sample 8 @)
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4.6. Anticancer Activity
4.6.1. Cell Culture

Cancer cell lines originating from different organs, i.e., AGS (stomach—gastric
adenocarcinoma), HepG2 (hepatocellular carcinoma), Dul45, PC3 (prostate cancer),
769-P (renal cell carcinoma) and physiology cell line WS1 (fibroblasts), were purchased
from ATCC. The cell cultures were carried out in an appropriate medium (DMEM or
MEM) containing 10% heat-inactivated FBS with penicillin (100 U/mL) and streptomycin
(100 U/mL). The cells were kept in a humidified incubator at 37 °C and 5% CO; and
passaged three times before experimenting.

4.6.2. Antiproliferative Activity Assay

The antiproliferative properties test for each cancer line was performed in 96-well
plates, in which cells with a density of 2 x 10* were seeded in 100 pL of medium containing
10% FBS. After 24 h of allowing the cells to attach, the wells were washed with DPBS (Dul-
becco’s phosphate-buffered saline) solution and the cells were incubated in fresh medium
w/o FBS containing 1 uM, 10 uM, 50 uM, 200 uM or 500 uM of the tested compounds for
24 and 48 h. All substances were first dissolved in DMSO to prepare stock solutions that
were then diluted in the medium to obtain a maximum of 0.1% w/v DMSO in the final
solution. Each concentration was tested in triplicate. DMSO at a concentration of 0.1% in
the medium was also used as a negative control. The antiproliferative activity of the com-
pounds was tested using the MTT test. After each incubation time, the medium containing
the test compounds and the negative control was removed, the cells were washed with
DPBS solution, and then 100 uL of FBS-free and antibiotic-free fresh medium containing
0.5 mg/mL MTT was added to each well. The plates were incubated for 3 h in an incubator
at 37 °C and 5% CO,. After incubation, the medium was removed, the cells were washed
with 100 pL of PBS, and 100 pL of DMSO was added to each well to dissolve the purple
formazan. The plate was shaken for 3 min and the absorbance was read at 570 nm (BioTek
Synergy H1 microplate reader). Cell viability was calculated from the mean of the OD
readings. Based on the dose-response curve, IC5 values were calculated (MS Excel). From
these, therapeutic indices were then calculated for each cell line if the substance exhibited
cytostatic properties. Therapeutic index (T1I) results were calculated as the ratio of the ICsg
of physiological cells to the ICsy of tumor cells [97].

4.6.3. Determination of Concentration Aldehyde Dehydrogenase 1 Family, Member
Al (ALDHI1A1)

Selected cell lines, viz HepG2, Dul45 and 769-P, were seeded into 6-well plates and
incubated for 24 h after seeding with compounds at a concentration equal to ICys. After
a further 24 h or 48 h, cells were detached with trypsin and centrifuged. The resulting
cell pellet was resuspended in 0.5 mL PBS. The samples were then sonicated, and protein
was determined using the Bradford method (Bio-rad; Hercules, CA, USA). Samples were
equilibrated to 10 mg/mL of protein, and ALDH1A1 was determined in the samples
prepared in this way. ALDH1A1 determination was performed using an ELISA (SEE824Hu;
Cloud Clone Corp., Katy, TX, USA), according to the manufacturer’s protocol.

4.6.4. Statistical Analysis

All analyzed data in Antiproliferative activity assay met the normality of distribution.
Therefore, they were analyzed by Dunnett’s test. A Kruskal-Wallis ANOVA test was
used to analyze the data from the ALDH1A1 determination. All data were analyzed using
GraphPad Prism 8 software; p = 0.05 was taken as the level of statistical significance.

5. Conclusions

The X-ray analysis carried out for compound WZ1 shows that this compound crystal-
lizes with two molecules in the asymmetric part of unit cell with very similar geometry
and slightly different conformations. These conformations are stabilized by the N-H...N
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intramolecular hydrogen bond, while the intermolecular hydrogen bonds N-H. . .S play
a key role in crystal packing. Newly synthesized compounds WZ1-WZ4 showed some
antimicrobial activity. The activity of substances WZ1, WZ3 and WZ4 was moderate or
good against most Gram-positive bacteria (MIC = 62.5-500 pig/mL) and data obtained
using tests with erythrocytes confirmed that this antimicrobial effect was observed at their
<50% hemolytic activity. All tested compounds reduced the viability of cancer lines with
varying selectivity. The WZ2 molecule seems to be the best candidate for further research
due to its higher cytotoxic selectivity towards cancer cells. The probable mechanism of
action may be related to the effect on ALDH1A1, but further research in this area is required.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ph16121706/s1, Figure S1. NMR spectra for WZ1, Figure S2.
NMR spectra for WZ2, Figure S3. NMR spectra for WZ3, Figure S4. NMR spectra for WZ4, Figure S5.
MS spectra for compounds WZ1-WZ4.

Author Contributions: Conceptualization, M.P. and L.W.-N.; methodology, W.Z., LW.-N., PK.,, A.B.,
MK., WW. and W.Z,; validation, Z.K., D.K., W.W. and W.Z.; formal analysis, D.K.; investigation, L.W.-
N.; data curation, M.P.; writing—original draft preparation, L.W.-N., PK. and M.P,; writing—review
and editing, M.H. and M.P; visualization, Z.K. supervision, M.H. and M.P,; project administration,
A.S.-B.; funding acquisition, M.H. and A.S.-B. All authors have read and agreed to the published
version of the manuscript.

Funding: These studies were carried out as part of the Statutory Activity of the Medical University
of Lublin, DS 16.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article and supplementary material.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

Ahmadi, R.; Emami, S. Recent Applications of Vinyl Sulfone Motif in Drug Design and Discovery. Eur. ]. Med. Chem. 2022, 234,
114255. [CrossRef] [PubMed]

Zhou, X.-M.; Hu, Y.-Y,; Fang, B.; Zhou, C.-H. Benzenesulfonyl Thiazoloimines as Unique Multitargeting Antibacterial Agents
towards Enterococcus Faecalis. Eur. ]. Med. Chem. 2023, 248, 115088. [CrossRef] [PubMed]

Hearn, M.].; Pugh, C.D.; Cynamon, M.H. Synthesis of Functionalized Sulfonamides as Antitubercular Agents. Phosphorus Sulfur
Silicon Relat. Elem. 2023, 198, 733-751. [CrossRef]

Bano, S.; Javed, K.; Ahmad, S.; Rathish, I.G.; Singh, S.; Alam, M.S. Synthesis and Biological Evaluation of Some New 2-Pyrazolines
Bearing Benzene Sulfonamide Moiety as Potential Anti-Inflammatory and Anti-Cancer Agents. Eur. . Med. Chem. 2011, 46,
5763-5768. [CrossRef] [PubMed]

Kalariya, R.; Ojha, D.; Rana, S.; Rode, A.; Bhosale, R.; Yadav, ].S. Novel Fluorinated Amino Acid Derivatives as Potent Antitumor
Agents against MCF-7 and HepG2 Cells: Synthesis, Characterization, in Vitro Assays and Molecular Docking Studies. Results
Chem. 2023, 5, 100954. [CrossRef]

Ghorab, M.M.; Ragab, FA.; Heiba, H.I; Soliman, A.M. Design and Synthesis of Some Novel 4-Chloro-N-(4-(1-(2-(2-
Cyanoacetyl)Hydrazono)Ethyl)Phenyl) Benzenesulfonamide Derivatives as Anticancer and Radiosensitizing Agents. Eur. ]. Med.
Chem. 2016, 117, 8-18. [CrossRef]

Mokoena, T.P.; Maluleka, M.M.; Mampa, R.M.; Mphahlele, M.].; Monchusi, B.A. Synthesis, Crystal Structures, Spectroscopic
Characterization and in Vitro Evaluation of the 4-Sulfono-3-Methoxycinnamaldehydes as Potential «-Glucosidase and/or
a-Amylase Inhibitors. J. Mol. Struct. 2023, 1271, 134119. [CrossRef]

Taha, M.; Salahuddin, M.; Almandil, N.B.; Farooq, R.K.; Rahim, E; Uddin, N.; Nawaz, M.; Alhibshi, A.H.; Anouar, E.H.; Khan,
K.M. In Vitro and in Vivo Antidiabetics Study of New Oxadiazole Derivatives Along with Molecular Docking Study. Polycycl.
Aromat. Compd. 2023, 43, 6911-6926. [CrossRef]

Roy, S.; Sen, S.; Saha, S.; Deb, S.K.; Singh, B.; Biswas, G. Design, Synthesis and Molecular Docking Studies of 5-Fluoro 1-Aryl/Alkyl
Sulfonyl Benzimidazole Derivatives for Treatment of Parkinson’s Disease. Phosphorus Sulfur Silicon Relat. Elem. 2023, 198, 336-344.
[CrossRef]

Scholar, E. Sulfonamides. In xPharm: The Comprehensive Pharmacology Reference; Enna, S.J., Bylund, D.B., Eds.; Elsevier: New York,
NY, USA, 2007; pp. 1-4, ISBN 978-0-08-055232-3.


https://www.mdpi.com/article/10.3390/ph16121706/s1
https://www.mdpi.com/article/10.3390/ph16121706/s1
https://doi.org/10.1016/j.ejmech.2022.114255
https://www.ncbi.nlm.nih.gov/pubmed/35305462
https://doi.org/10.1016/j.ejmech.2023.115088
https://www.ncbi.nlm.nih.gov/pubmed/36623329
https://doi.org/10.1080/10426507.2023.2196079
https://doi.org/10.1016/j.ejmech.2011.08.015
https://www.ncbi.nlm.nih.gov/pubmed/22019186
https://doi.org/10.1016/j.rechem.2023.100954
https://doi.org/10.1016/j.ejmech.2016.04.009
https://doi.org/10.1016/j.molstruc.2022.134119
https://doi.org/10.1080/10406638.2022.2127799
https://doi.org/10.1080/10426507.2022.2150852

Pharmaceuticals 2023, 16, 1706 25 of 28

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

van Bambeke, F.; Mingeot-Leclercq, M.-P.; Glupczynski, Y.; Tulkens, PM. 137—Mechanisms of Action. In Infectious Diseases,
4th ed.; Cohen, J., Powderly, W.G., Opal, S.M., Eds.; Elsevier: Amsterdam, The Netherlands, 2017; pp. 1162-1180.el. ISBN
978-0-7020-6285-8.

Ovung, A.; Bhattacharyya, J. Sulfonamide Drugs: Structure, Antibacterial Property, Toxicity, and Biophysical Interactions. Biophys.
Rev. 2021, 13, 259-272. [CrossRef]

Nevagi, R.J.; Dhake, A.S.; Narkhede, H.I.; Kaur, P. Design, Synthesis and Biological Evaluation of Novel Thiosemicarbazide
Analogues as Potent Anticonvulsant Agents. Bioorganic Chem. 2014, 54, 68-72. [CrossRef]

Rane, R.A.; Naphade, S.S.; Bangalore, PK.; Palkar, M.B.; Shaikh, M.S.; Karpoormath, R. Synthesis of Novel 4-Nitropyrrole-Based
Semicarbazide and Thiosemicarbazide Hybrids with Antimicrobial and Anti-Tubercular Activity. Bioorg. Med. Chem. Lett. 2014,
24,3079-3083. [CrossRef]

Cihan—Ustl’indag, G.; Glrsoy, E.; Naesens, L.; Ulusoy-Gtizeldemirci, N.; Capan, G. Synthesis and Antiviral Properties of Novel
Indole-Based Thiosemicarbazides and 4-Thiazolidinones. Bioorg Med. Chem 2016, 24, 240-246. [CrossRef]

Antibiotic Resistance. Available online: https://www.who.int/news-room/fact-sheets/detail /antibiotic-resistance (accessed on
27 October 2023).

CDC What Exactly is Antibiotic Resistance? Available online: https://www.cdc.gov/drugresistance/about.html (accessed on 27
October 2023).

Habboush, Y.; Guzman, N. Antibiotic Resistance. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2023.

Wild, C.P; Weiderpass, E.; Stewart, B.W. World Cancer Report: Cancer Research for Cancer Prevention; International Agency for
Research on Cancer: Lyon, France, 2020; ISBN 978-92-832-0447-3.

Amjad, M.T.; Chidharla, A ; Kasi, A. Cancer Chemotherapy. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2023.
Debela, D.T.; Muzazu, S.G.; Heraro, K.D.; Ndalama, M.T.; Mesele, B.W.; Haile, D.C ; Kitui, S.K.; Manyazewal, T. New Approaches
and Procedures for Cancer Treatment: Current Perspectives. SAGE Open Med 2021, 9, 20503121211034366. [CrossRef]

Chacko, S.; Samanta, S. Novel Thiosemicarbazide Hybrids with Amino Acids and Peptides Against Hepatocellular Carcinoma: A
Molecular Designing Approach Towards Multikinase Inhibitor. Curr. Comput. Aided Drug Des. 2015, 11, 279-290. [CrossRef]
[PubMed]

Kozyra, P; Korga-Plewko, A.; Karczmarzyk, Z.; Hawryt, A.; Wysocki, W.; Czlapski, M.; Iwan, M.; Ostrowska-Lesko, M.; Fornal,
E.; Pitucha, M. Potential Anticancer Agents against Melanoma Cells Based on an As-Synthesized Thiosemicarbazide Derivative.
Biomolecules 2022, 12, 151. [CrossRef] [PubMed]

Icharam Narkhede, H.; Shridhar Dhake, A.; Rikhabchand Surana, A. Synthesis and Screening of Thiosemicarbazide-
Dithiocarbamate Conjugates for Antioxidant and Anticancer Activities. Bioorganic Chem. 2022, 124, 105832. [CrossRef]
[PubMed]

Pitucha, M.; Korga-Plewko, A.; Kozyra, P.; Iwan, M.; Kaczor, A.A. 2,4-Dichlorophenoxyacetic Thiosemicarbazides as a New Class
of Compounds against Stomach Cancer Potentially Intercalating with DNA. Biomolecules 2020, 10, 296. [CrossRef] [PubMed]
Pitucha, M.; Wo$, M.; Miazga-Karska, M.; Klimek, K.; Mirostaw, B.; Pachuta-Stec, A.; Gladysz, A.; Ginalska, G. Synthesis,
Antibacterial and Antiproliferative Potential of Some New 1-Pyridinecarbonyl-4-Substituted Thiosemicarbazide Derivatives.
Med. Chem. Res. 2016, 25, 1666-1677. [CrossRef] [PubMed]

Wos, M.; Miazga-Karska, M.; Kaczor, A.A.; Klimek, K.; Karczmarzyk, Z.; Kowalczuk, D.; Wysocki, W.; Ginalska, G.; Urbanczyk-
Lipkowska, Z.; Morawiak, M.; et al. Novel Thiosemicarbazide Derivatives with 4-Nitrophenyl Group as Multi-Target Drugs:
a-Glucosidase Inhibitors with Antibacterial and Antiproliferative Activity. Biomed. Pharmacother. 2017, 93, 1269-1276. [CrossRef]
Geng, P-F; Liu, X.-Q.; Zhao, T.-Q.; Wang, C.-C.; Li, Z.-H.; Zhang, ].; Wei, H.-M.; Hu, B.; Ma, L.-Y,; Liu, H.-M. Design, Synthesis
and in Vitro Biological Evaluation of Novel [1,2,3]Triazolo[4,5-d]Pyrimidine Derivatives Containing a Thiosemicarbazide Moiety.
Eur. J. Med. Chem. 2018, 146, 147-156. [CrossRef] [PubMed]

Hu, H.; Huang, J.; Cao, Y,; Zhang, Z.; He, F; Lin, X;; Wu, Q.; Zhao, S. Synthesis and Biological Evaluation of 1-(2-(6-
Methoxynaphthalen-2-Y1)-6-Methylnicotinoyl)-4-Substituted Semicarbazides/Thiosemicarbazides as Anti-Tumor Nur77 Modula-
tors. Molecules 2022, 27, 1698. [CrossRef] [PubMed]

Szopa, A.; Herbet, M.; Pachuta-Stec, A.; Lachowicz, J.; Pawlowski, K.; Iwan, M.; Jarecka-Florek, D.; Krasiriska, O.; Serefko, A.;
Poleszak, E.; et al. Evaluation of Developmental Toxicity in Zebrafish Embryos and Antiproliferative Potential against Human
Tumor Cell Lines of New Derivatives Containing 4-Nitrophenyl Group. Toxicol. Appl. Pharmacol. 2023, 458, 116325. [CrossRef]
Popovici, C.; Pavel, C.-M.; Sunel, V.; Cheptea, C.; Dimitriu, D.G.; Dorohoi, D.O.; David, D.; Closca, V.; Popa, M. Optimized
Synthesis of New Thiosemicarbazide Derivatives with Tuberculostatic Activity. Int. . Mol. Sci. 2021, 22, 12139. [CrossRef]
Sudha Rani, M.; Krishnadevi, K.; Rajeswari, M.; Somaiah, N. Design, Synthesis and Anticancer Activity of Sulfonamide
Derivatives of 1,2,3-Triazole-Indoles. Chem. Data Collect. 2023, 43, 100975. [CrossRef]

Allen, EH.; Kennard, O.; Watson, D.G.; Brammer, L.; Orpen, A.G.; Taylor, R. Tables of Bond Lengths Determined by X-Ray and
Neutron Diffraction. Part 1. Bond Lengths in Organic Compounds. J. Chem. Soc. Perkin Trans. 1987, 2, S1-519. [CrossRef]
Cremer, D.; Pople, ].A. General Definition of Ring Puckering Coordinates. . Am. Chem. Soc. 1975, 97, 1354-1358. [CrossRef]
Lagunin, A.A.; Rudik, A.V,; Pogodin, P.V,; Savosina, PI; Tarasova, O.A.; Dmitriev, A.V,; Ivanov, S.M.; Biziukova, N.Y,;
Druzhilovskiy, D.S.; Filimonov, D.A.; et al. CLC-Pred 2.0: A Freely Available Web Application for In Silico Prediction of
Human Cell Line Cytotoxicity and Molecular Mechanisms of Action for Druglike Compounds. Int. J. Mol. Sci. 2023, 24, 1689.
[CrossRef]


https://doi.org/10.1007/s12551-021-00795-9
https://doi.org/10.1016/j.bioorg.2014.04.002
https://doi.org/10.1016/j.bmcl.2014.05.018
https://doi.org/10.1016/j.bmc.2015.12.008
https://www.who.int/news-room/fact-sheets/detail/antibiotic-resistance
https://www.cdc.gov/drugresistance/about.html
https://doi.org/10.1177/20503121211034366
https://doi.org/10.2174/1573409911666151103114300
https://www.ncbi.nlm.nih.gov/pubmed/26526710
https://doi.org/10.3390/biom12020151
https://www.ncbi.nlm.nih.gov/pubmed/35204651
https://doi.org/10.1016/j.bioorg.2022.105832
https://www.ncbi.nlm.nih.gov/pubmed/35500502
https://doi.org/10.3390/biom10020296
https://www.ncbi.nlm.nih.gov/pubmed/32069994
https://doi.org/10.1007/s00044-016-1599-6
https://www.ncbi.nlm.nih.gov/pubmed/27499604
https://doi.org/10.1016/j.biopha.2017.07.049
https://doi.org/10.1016/j.ejmech.2018.01.031
https://www.ncbi.nlm.nih.gov/pubmed/29407946
https://doi.org/10.3390/molecules27051698
https://www.ncbi.nlm.nih.gov/pubmed/35268797
https://doi.org/10.1016/j.taap.2022.116325
https://doi.org/10.3390/ijms222212139
https://doi.org/10.1016/j.cdc.2022.100975
https://doi.org/10.1039/p298700000s1
https://doi.org/10.1021/ja00839a011
https://doi.org/10.3390/ijms24021689

Pharmaceuticals 2023, 16, 1706 26 of 28

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Kozyra, P.; Adamczuk, G.; Karczmarzyk, Z.; Matysiak, J.; PodkoScielna, B.; Humeniuk, E.; Wysocki, W.; Korga-Plewko, A.;
Senczyna, B.; Pitucha, M. Novel Phenoxyacetylthiosemicarbazide Derivatives as Novel Ligands in Cancer Diseases. Toxicol. Appl.
Pharmacol. 2023, 475, 116634. [CrossRef]

Guan, L; Yang, H.; Cai, Y,; Sun, L.; Dj, P; Li, W,; Liu, G.; Tang, Y. ADMET-Score—A Comprehensive Scoring Function for
Evaluation of Chemical Drug-Likeness. Medchemcomm 2018, 10, 148-157. [CrossRef]

Daina, A.; Zoete, V. A BOILED-Egg To Predict Gastrointestinal Absorption and Brain Penetration of Small Molecules. ChemMed-
Chem 2016, 11, 1117-1121. [CrossRef] [PubMed]

Banerjee, P; Eckert, A.O.; Schrey, A.K.; Preissner, R. ProTox-II: A Webserver for the Prediction of Toxicity of Chemicals. Nucleic
Acids Res. 2018, 46, W257-W263. [CrossRef]

Czylkowska, A.; Lanka, S.; Szczesio, M.; Czarnecka, K.; Szymanski, P.; Pitucha, M.; Drabirniska, A.; Camargo, B.C.; Szczytko,
J. New Derivatives of 5-((1-Methyl-Pyrrol-2-Y1) Methyl)-4-(Naphthalen-1-Y1)-1,2,4-Triazoline-3-Thione and Its Coordination
Compounds with Anticancer Activity. Int. ]. Mol. Sci. 2022, 23, 9162. [CrossRef] [PubMed]

Martin, Y.C. A Bioavailability Score. J. Med. Chem. 2005, 48, 3164-3170. [CrossRef] [PubMed]

Lipinski, C.A.; Lombardo, F.; Dominy, B.W.; Feeney, P]. Experimental and Computational Approaches to Estimate Solubility and
Permeability in Drug Discovery and Development Settings. Adv. Drug Deliv. Rev. 2001, 46, 3-26. [CrossRef] [PubMed]

Ghose, A K,; Viswanadhan, V.N.; Wendoloski, J.J. A Knowledge-Based Approach in Designing Combinatorial or Medicinal
Chemistry Libraries for Drug Discovery. 1. A Qualitative and Quantitative Characterization of Known Drug Databases. ]. Comb.
Chem. 1999, 1, 55-68. [CrossRef] [PubMed]

Egan, W.J.; Merz, KM.; Baldwin, J.J. Prediction of Drug Absorption Using Multivariate Statistics. |. Med. Chem. 2000, 43,
3867-3877. [CrossRef]

Veber, D.E; Johnson, S.R.; Cheng, H.-Y.; Smith, B.R.; Ward, KW.; Kopple, K.D. Molecular Properties That Influence the Oral
Bioavailability of Drug Candidates. J. Med. Chem. 2002, 45, 2615-2623. [CrossRef]

Muegge, 1.; Heald, S.L.; Brittelli, D. Simple Selection Criteria for Drug-like Chemical Matter. J. Med. Chem. 2001, 44, 1841-1846.
[CrossRef]

Luna-Vazquez-Goémez, R.; Arellano-Garcia, M.E.; Garcia-Ramos, J.C.; Radilla-Chéavez, P.; Salas-Vargas, D.S.; Casillas-Figueroa, F,;
Ruiz-Ruiz, B.; Bogdanchikova, N.; Pestryakov, A. Hemolysis of Human Erythrocytes by Argovit™ AgNPs from Healthy and
Diabetic Donors: An In Vitro Study. Materials 2021, 14, 2792. [CrossRef]

Ameryckx, A.; Pochet, L.; Wang, G.; Yildiz, E.; Saadi, B.E.; Wouters, ].; Van Bambeke, F,; Frédérick, R. Pharmacomodulations of
the Benzoyl-Thiosemicarbazide Scaffold Reveal Antimicrobial Agents Targeting d-Alanyl-d-Alanine Ligase in Bacterio. Eur. J.
Med. Chem. 2020, 200, 112444. [CrossRef] [PubMed]

Aly, A.A.; Abdallah, EM.; Ahmed, S.A.; Rabee, M.M.; Brése, S. Transition Metal Complexes of Thiosemicarbazides, Thiocarbohy-
drazides, and Their Corresponding Carbazones with Cu(I), Cu(II), Co(II), Ni(II), Pd(II), and Ag(I)—A Review. Molecules 2023, 28,
1808. [CrossRef] [PubMed]

Namieciniska, E.; Sobiesiak, M.; Matecka, M.; Guga, P; Rozalska, B.; Budzisz, E. Antimicrobial and Structural Properties of Metal
Ions Complexes with Thiosemicarbazide Motif and Related Heterocyclic Compounds. Curr. Med. Chem. 2019, 26, 664—693.
[CrossRef] [PubMed]

de Freitas, B.C.; Queiroz, P.A.; Baldin, V.P; do Amaral, PH.; Rodrigues, L.L.; Vandresen, E.; R Caleffi-Ferracioli, K.; de L Scodro,
R.B.; Cardoso, R.F; Siqueira, V.L. (-)-Camphene-Based Derivatives as Potential Antibacterial Agents against Staphylococcus aureus
and Enterococcus spp. Future Microbiol. 2020, 15, 1527-1534. [CrossRef]

Unver, Y,; Sancak, K.; Celik, E; Birinci, E.; Kiiglik, M.; Soylu, S.; Burnaz, N.A. New Thiophene-1,2,4-Triazole-5(3)-Ones: Highly
Bioactive Thiosemicarbazides, Structures of Schiff Bases and Triazole-Thiols. Eur. J. Med. Chem. 2014, 84, 639-650. [CrossRef]
Ozbek, N; Katircioglu, H.; Karacan, N.; Baykal, T. Synthesis, Characterization and Antimicrobial Activity of New Aliphatic
Sulfonamide. Bioorganic Med. Chem. 2007, 15, 5105-5109. [CrossRef]

Jessberger, N.; Dietrich, R.; Granum, P.E.; Mértlbauer, E. The Bacillus Cereus Food Infection as Multifactorial Process. Toxins 2020,
12, 701. [CrossRef] [PubMed]

de Aratjo Neto, L.N.; do Carmo Alves de Lima, M.; de Oliveira, ].F,; de Souza, E.R; Buonafina, M.D.S.; Vitor Anjos, M.N.; Brayner,
F.A.; Alves, L.C.; Neves, R.P.; Mendonga-Junior, E].B. Synthesis, Cytotoxicity and Antifungal Activity of 5-Nitro-Thiophene-
Thiosemicarbazones Derivatives. Chem. Biol. Interact. 2017, 272, 172-181. [CrossRef]

Pishawikar, S.A.; More, H.N. Synthesis, Docking and in-Vitro Screening of Mannich Bases of Thiosemicarbazide for Anti-Fungal
Activity. Arab. ]. Chem. 2017, 10, S2714-52722. [CrossRef]

Yamaguchi, M.U.; Barbosa da Silva, A.P.; Ueda-Nakamura, T.; Dias Filho, B.P.; Concei¢ao da Silva, C.; Nakamura, C.V. Effects of a
Thiosemicarbazide Camphene Derivative on Trichophyton Mentagrophytes. Molecules 2009, 14, 1796-1807. [CrossRef]

Zhang, X.; Lei, P; Sun, T; Jin, X.; Yang, X.; Ling, Y. Design, Synthesis, and Fungicidal Activity of Novel Thiosemicarbazide
Derivatives Containing Piperidine Fragments. Molecules 2017, 22, 2085. [CrossRef]

Siwek, A.; Stefaniska, J.; Dzitko, K.; Ruszczak, A. Antifungal Effect of 4-Arylthiosemicarbazides against Candida Species. Search
for Molecular Basis of Antifungal Activity of Thiosemicarbazide Derivatives. . Mol. Model. 2012, 18, 4159-4170. [CrossRef]
[PubMed]

Henley-Smith, C.J.; Steffens, EE.; Botha, F.S; Lall, N. Predicting the Influence of Multiple Components on Microbial Inhibition
Using a Logistic Response Model—A Novel Approach. BMC Complement. Altern. Med. 2014, 14, 190. [CrossRef] [PubMed]


https://doi.org/10.1016/j.taap.2023.116634
https://doi.org/10.1039/C8MD00472B
https://doi.org/10.1002/cmdc.201600182
https://www.ncbi.nlm.nih.gov/pubmed/27218427
https://doi.org/10.1093/nar/gky318
https://doi.org/10.3390/ijms23169162
https://www.ncbi.nlm.nih.gov/pubmed/36012425
https://doi.org/10.1021/jm0492002
https://www.ncbi.nlm.nih.gov/pubmed/15857122
https://doi.org/10.1016/S0169-409X(00)00129-0
https://www.ncbi.nlm.nih.gov/pubmed/11259830
https://doi.org/10.1021/cc9800071
https://www.ncbi.nlm.nih.gov/pubmed/10746014
https://doi.org/10.1021/jm000292e
https://doi.org/10.1021/jm020017n
https://doi.org/10.1021/jm015507e
https://doi.org/10.3390/ma14112792
https://doi.org/10.1016/j.ejmech.2020.112444
https://www.ncbi.nlm.nih.gov/pubmed/32497961
https://doi.org/10.3390/molecules28041808
https://www.ncbi.nlm.nih.gov/pubmed/36838796
https://doi.org/10.2174/0929867325666180228164656
https://www.ncbi.nlm.nih.gov/pubmed/29493443
https://doi.org/10.2217/fmb-2020-0131
https://doi.org/10.1016/j.ejmech.2014.01.014
https://doi.org/10.1016/j.bmc.2007.05.037
https://doi.org/10.3390/toxins12110701
https://www.ncbi.nlm.nih.gov/pubmed/33167492
https://doi.org/10.1016/j.cbi.2017.05.005
https://doi.org/10.1016/j.arabjc.2013.10.016
https://doi.org/10.3390/molecules14051796
https://doi.org/10.3390/molecules22122085
https://doi.org/10.1007/s00894-012-1420-5
https://www.ncbi.nlm.nih.gov/pubmed/22535361
https://doi.org/10.1186/1472-6882-14-190
https://www.ncbi.nlm.nih.gov/pubmed/24928297

Pharmaceuticals 2023, 16, 1706 27 of 28

61.
62.

63.
64.
65.
66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.
77.
78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.

91.

92.

Zohra, M.; Fawzia, A. Hemolytic Activity of Different Herbal Extracts Used in Algeria. Int. ]. Pharm. Sci. Res. 2014, 5, 495-500.
Wei, E; Wang, S.; Gou, X. A Review for Cell-Based Screening Methods in Drug Discovery. Biophys. Rep. 2021, 7, 504-516.
[CrossRef] [PubMed]

Mirabelli, P.; Coppola, L.; Salvatore, M. Cancer Cell Lines Are Useful Model Systems for Medical Research. Cancers 2019, 11, 1098.
[CrossRef] [PubMed]

Parks, R.E.; Kidder, G.W.; Dewey, V.C. Thiosemicarbazide Toxicity in Mice. Proc. Soc. Exp. Biol. Med. 1952, 79, 287-289. [CrossRef]
Tennekoon, G.E. Pulmonary Oedema Due to Thiosemicarbazide. J. Pathol. Bacteriol. 1954, 67, 341-347. [CrossRef]

Li, X.; Xu, Q.; Fu, X.; Luo, W. ALDH1A1 Overexpression Is Associated with the Progression and Prognosis in Gastric Cancer.
BMC Cancer 2014, 14, 705. [CrossRef]

Muralikrishnan, V.; Fang, F.; Given, T.C.; Podicheti, R.; Chtcherbinine, M.; Metcalfe, T.X.; Sriramkumar, S.; O’'Hagan, H.M.; Hurley,
T.D.; Nephew, K.P. A Novel ALDH1A1 Inhibitor Blocks Platinum-Induced Senescence and Stemness in Ovarian Cancer. Cancers
2022, 14, 3437. [CrossRef]

Yue, H.; Hu, Z.; Hu, R.; Guo, Z.; Zheng, Y.; Wang, Y.; Zhou, Y. ALDH1A1 in Cancers: Bidirectional Function, Drug Resistance, and
Regulatory Mechanism. Front. Oncol. 2022, 12, 918778. [CrossRef]

Piischel, ].; Dubrovska, A.; Gorodetska, I. The Multifaceted Role of Aldehyde Dehydrogenases in Prostate Cancer Stem Cells.
Cancers 2021, 13, 4703. [CrossRef]

Januchowski, R.; Wojtowicz, K.; Sterzyfska, K.; Sosifska, P.; Andrzejewska, M.; Zawierucha, P.; Nowicki, M.; Zabel, M. Inhibition
of ALDH1A1 Activity Decreases Expression of Drug Transporters and Reduces Chemotherapy Resistance in Ovarian Cancer Cell
Lines. Int. J. Biochem. Cell Biol. 2016, 78, 248-259. [CrossRef] [PubMed]

Wang, K.; Chen, X.; Zhan, Y,; Jiang, W.; Liu, X.; Wang, X.; Wu, B. Increased Expression of ALDH1A1 Protein Is Associated with
Poor Prognosis in Clear Cell Renal Cell Carcinoma. Med. Oncol. 2013, 30, 574. [CrossRef] [PubMed]

Abourbih, S.; Sircar, K.; Tanguay, S.; Kassouf, W.; Aprikian, A.; Mansure, J.; Brimo, F. Aldehyde Dehydrogenase 1 Expression in
Primary and Metastatic Renal Cell Carcinoma: An Immunohistochemistry Study. World J. Surg. Oncol. 2013, 11, 298. [CrossRef]
Morrison, H. Aldehyde Dehydrogenase. In Enzyme Active Sites and Their Reaction Mechanisms; Elsevier: Amsterdam, The
Netherlands, 2021; pp. 21-26. ISBN 978-0-12-821067-3.

Tanaka, K.; Tomita, H.; Hisamatsu, K.; Nakashima, T.; Hatano, Y.; Sasaki, Y.; Osada, S.; Tanaka, T.; Miyazaki, T.; Yoshida, K,; et al.
ALDHI1A1-Overexpressing Cells Are Differentiated Cells but Not Cancer Stem or Progenitor Cells in Human Hepatocellular
Carcinoma. Oncotarget 2015, 6, 24722-24732. [CrossRef] [PubMed]

Yang, C.; Wang, X.; Liao, X,; Han, C.; Yu, T,; Qin, W.; Zhu, G.; Su, H.; Yu, L,; Liu, X,; et al. Aldehyde Dehydrogenase 1 (ALDH1)
Isoform Expression and Potential Clinical Implications in Hepatocellular Carcinoma. PLoS ONE 2017, 12, e0182208. [CrossRef]
CrysAlisPro 1.171.39.16b; Rigaku Oxford Diffraction: Oxford, UK, 2015.

Sheldrick, G.M. A Short History of SHELX. Acta Crystallogr. A 2008, 64, 112-122. [CrossRef]

Sheldrick, G.M. Crystal Structure Refinement with SHELXL. Acta Crystallogr. C 2015, 71, 3-8. [CrossRef]

Farrugia, L.J. WinGX and ORTEP for Windows: An Update. J. Appl. Crystallogr. 2012, 45, 849-854. [CrossRef]

Daina, A.; Michielin, O.; Zoete, V. SwissADME: A Free Web Tool to Evaluate Pharmacokinetics, Drug-Likeness and Medicinal
Chemistry Friendliness of Small Molecules. Sci. Rep. 2017, 7, 42717. [CrossRef]

Morgan, C.A.; Hurley, T.D. Characterization of Two Distinct Structural Classes of Selective Aldehyde Dehydrogenase 1Al
Inhibitors. J. Med. Chem. 2015, 58, 1964-1975. [CrossRef] [PubMed]

Avogadro: An Open-Source Molecular Builder and Visualization Tool. Version 1.2.0. Available online: http://avogadro.cc/
(accessed on 6 October 2023).

Hanwell, M.D.; Curtis, D.E.; Lonie, D.C.; Vandermeersch, T.; Zurek, E.; Hutchison, G.R. Avogadro: An Advanced Semantic
Chemical Editor, Visualization, and Analysis Platform. . Cheminform. 2012, 4, 17. [CrossRef]

Morris, G.M.; Huey, R.; Lindstrom, W.; Sanner, M.F; Belew, R.K.; Goodsell, D.S.; Olson, A.]. AutoDock4 and AutoDockTools4:
Automated Docking with Selective Receptor Flexibility. J. Comput. Chem. 2009, 30, 2785-2791. [CrossRef] [PubMed]

Rizvi, S.M.D.; Shakil, S.; Haneef, M. A Simple Click by Click Protocol to Perform Docking: AutoDock 4.2 Made Easy for
Non-Bioinformaticians. EXCLI J. 2013, 12, 831-857.

Morris, G.M.; Goodsell, D.S.; Halliday, R.S.; Huey, R.; Hart, W.E.; Belew, RK.; Olson, A.]. Automated Docking Using a Lamarckian
Genetic Algorithm and an Empirical Binding Free Energy Function. J. Comput. Chem. 1998, 19, 1639-1662. [CrossRef]
Schrodinger Release 2022-4: Maestro; Schrodinger, LLC: New York, NY, USA, 2022.

BIOVIA, Dassault Systémes, Discovery Studio Visualizer, V21. 1.0.20298; Dassault Systémes: San Diego, CA, USA, 2021.

European Committee for Antimicrobial Susceptibility Testing (EUCAST) of the European Society of Clinical Microbiology and
Infectious Diseases (ESCMID) Determination of Minimum Inhibitory Concentrations (MICs) of Antibacterial Agents by Broth
Dilution. Clin. Microbiol. Infect. 2003, 9, ix—xv. [CrossRef]

Wayne, P.A. Reference Method for Broth Dilution Antifungal Susceptibility Testing of Yeasts; M27-54; Clinical and Laboratory Standards
Institute: Malvern, PA, USA, 2012.

O’Donrell, F; Smyth, T.J.P.; Ramachandran, V.N.; Smyth, W.F. A Study of the Antimicrobial Activity of Selected Synthetic and
Naturally Occurring Quinolines. Int. J. Antimicrob. Agents 2010, 35, 30-38. [CrossRef]

Wiegand, I.; Hilpert, K.; Hancock, R.E.W. Agar and Broth Dilution Methods to Determine the Minimal Inhibitory Concentration
(MIC) of Antimicrobial Substances. Nat. Protoc. 2008, 3, 163-175. [CrossRef]


https://doi.org/10.52601/bpr.2021.210042
https://www.ncbi.nlm.nih.gov/pubmed/37288368
https://doi.org/10.3390/cancers11081098
https://www.ncbi.nlm.nih.gov/pubmed/31374935
https://doi.org/10.3181/00379727-79-19354
https://doi.org/10.1002/path.1700670207
https://doi.org/10.1186/1471-2407-14-705
https://doi.org/10.3390/cancers14143437
https://doi.org/10.3389/fonc.2022.918778
https://doi.org/10.3390/cancers13184703
https://doi.org/10.1016/j.biocel.2016.07.017
https://www.ncbi.nlm.nih.gov/pubmed/27443528
https://doi.org/10.1007/s12032-013-0574-z
https://www.ncbi.nlm.nih.gov/pubmed/23585015
https://doi.org/10.1186/1477-7819-11-298
https://doi.org/10.18632/oncotarget.4406
https://www.ncbi.nlm.nih.gov/pubmed/26160842
https://doi.org/10.1371/journal.pone.0182208
https://doi.org/10.1107/S0108767307043930
https://doi.org/10.1107/S2053229614024218
https://doi.org/10.1107/S0021889812029111
https://doi.org/10.1038/srep42717
https://doi.org/10.1021/jm501900s
https://www.ncbi.nlm.nih.gov/pubmed/25634381
http://avogadro.cc/
https://doi.org/10.1186/1758-2946-4-17
https://doi.org/10.1002/jcc.21256
https://www.ncbi.nlm.nih.gov/pubmed/19399780
https://doi.org/10.1002/(SICI)1096-987X(19981115)19:14%3C1639::AID-JCC10%3E3.0.CO;2-B
https://doi.org/10.1046/j.1469-0691.2003.00790.x
https://doi.org/10.1016/j.ijantimicag.2009.06.031
https://doi.org/10.1038/nprot.2007.521

Pharmaceuticals 2023, 16, 1706 28 of 28

93.

94.

95.

96.

97.

Wald-Dickler, N.; Holtom, P.; Spellberg, B. Busting the Myth of “Static vs Cidal”: A Systemic Literature Review. Clin. Infect. Dis.
2018, 66, 1470-1474. [CrossRef]

Biernasiuk, A.; Berecka-Rycerz, A.; Gumieniczek, A.; Malm, M.; Laczkowski, K.Z.; Szymariska, J.; Malm, A. The Newly
Synthesized Thiazole Derivatives as Potential Antifungal Compounds against Candida Albicans. Appl. Microbiol. Biotechnol. 2021,
105, 6355-6367. [CrossRef]

Turecka, K.; Chylewska, A.; Kawiak, A.; Waleron, K.F. Antifungal Activity and Mechanism of Action of the Co(IlI) Coordination
Complexes With Diamine Chelate Ligands Against Reference and Clinical Strains of Candida Spp. Front. Microbiol. 2018, 9, 1594.
[CrossRef] [PubMed]

Silva, S.; Rodrigues, C.F; Aratjo, D.; Rodrigues, M.E.; Henriques, M. Candida Species Biofilms” Antifungal Resistance. |. Fungi
2017, 3, 8. [CrossRef] [PubMed]

Deepa, P.R.; Vandhana, S.; Jayanthi, U.; Krishnakumar, S. Therapeutic and Toxicologic Evaluation of Anti-Lipogenic Agents in
Cancer Cells Compared with Non-Neoplastic Cells. Basic Clin. Pharmacol. Toxicol. 2012, 110, 494-503. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1093/cid/cix1127
https://doi.org/10.1007/s00253-021-11477-7
https://doi.org/10.3389/fmicb.2018.01594
https://www.ncbi.nlm.nih.gov/pubmed/30072969
https://doi.org/10.3390/jof3010008
https://www.ncbi.nlm.nih.gov/pubmed/29371527
https://doi.org/10.1111/j.1742-7843.2011.00844.x
https://www.ncbi.nlm.nih.gov/pubmed/22151915

	Introduction 
	Results 
	Chemistry 
	X-ray Investigation 
	In Silico Prediction of Cytotoxicity for Cancer 
	ADMET Analysis 
	Molecular Docking Results 
	The Antimicrobial Activity Assessment 
	The Hemolytic Activity Assay 
	In Vitro Cell Assay 
	Determination of Concentration Aldehyde Dehydrogenase 1 Family, Member A1 (ALDH1A1) 

	Discussion 
	Materials and Methods 
	Chemistry 
	General Synthesis Procedure for N-Substituted 2-(Benzenosulfonyl)-1-Carbotioamide Derivatives WZ1–WZ4 

	X-ray Structure Determination 
	In Silico Screening and ADMET Predictions 
	Molecular Docking 
	Antimicrobial Activity 
	Microorganisms 
	In Vitro Antimicrobial Activity Assay 
	Toxicity to Erythrocyte Assay 

	Anticancer Activity 
	Cell Culture 
	Antiproliferative Activity Assay 
	Determination of Concentration Aldehyde Dehydrogenase 1 Family, Member A1 (ALDH1A1) 
	Statistical Analysis 


	Conclusions 
	References

