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Abstract: Taurolidine, a derivative of endogenous sulfonic amino acid taurine with a chemical formula of
C7H16N404S2 with antineoplastic, anti-inflammatory, cytotoxic, and antimicrobial characteristics, was subjected to in
silico and in vitro studies. The fingerprint plots of the Hirshfeld surface analysis highlight that the O...H/H...O
interaction makes a significant contribution with 57.4% of the total crystal packing. The biological interaction of
taurolidine with antiapoptotic proteins Bcl-2 and Bcl-XL, characterized by binding energies of -5.54 and -6.92
kcal/mol, confirms its cytotoxic activity. The in vitro experiments were conducted against cervical carcinoma (SiHa)
cells to confirm its antiproliferative activity. The MTT assay revealed that the cytotoxicity of taurolidine was observed
in a dose-sensitive manner, with an ICsp (half maximal inhibitory concentration) at 204.1 uM, and induced cell cycle
halt at the GO/G1 phase. The apoptotic characteristics of taurolidine-treated cells were measured using dual
(AO/EtBr) and propidium iodide fluorescence staining. In addition, the mRNA expression analysis of proteins Bax
and Bcl-2 confirms that taurolidine promotes apoptosis in cervical carcinoma cells.

Keywords: Taurolidine, Hirshfeld Surface Analysis, MTT Assay, Fluorescence Staining

C7H16N4O4S2 with antineoplastic, anti-inflammatory,
cytotoxic, and antimicrobial properties [8]. Taurolidine
downregulates the expression of transmembrane
glycoprotein  E-cadherin responsible for cell-cell
adhesion in-vivo [9]. Taurolidine induces apoptosis and
inhibits angiogenesis by down-regulation of anti-
apoptotic proteins (Bcl-2 and Mcll) and VEGF proteins
[10]. In addition, taurolidine is also combined with
antibiotics to treat peritonitis and endotoxic shocks. At a
concentration of 100, 250, and 1000ug taurolidine
induces cytotoxicity (apoptosis and necrosis) against
five different neoplastic human cancer cell lines [11].

1. Introduction

Cervical cancer (gynecological cancer) is the
fourth major cause of carcinoma mortality in women
worldwide. Cervical cancer is also known as the “disease
of disparity” attribute of striking mortality within low, high,
and middle-income countries [1]. With an annual
incidence of 660,000, populations were newly
diagnosed, and 350,000 mortalities worldwide in 2022
[2]. In India, it is estimated that 97,000 people were
diagnosed with cervical cancer and 60,000 mortalities in
2018 [3]. Human papillomavirus is a significant cause of
oncogenesis in women diagnosed with cervical cancer

[4]. In addition, obesity, early menopause, smoking,
lifestyle, and contamination with the human
immunodeficiency virus also lead to an increase in the
oncogenesis of cervical cancer [5]. The handling of
patients with cervical cancer involves chemotherapy,
radiation, surgery, hormonal therapy, and a combination
of radiation and chemotherapy, depending on the patient
history and stage of disease [6]. To reduce drug toxicity,
chemoresistance, and therapeutic outcomes, the
miRNA1284 combined with cisplatin has been delivered
to cancer cells using a single nanocarrier liposome as a
vector [7]. Taurolidine is a derivative of endogenous
sulfonic amino acid taurine with a chemical formula of

Due to its unique bioactive characteristics,
taurolidine has gained significant attention in industrial
and pharmaceutical applications. An earlier study used
the DFT method to decipher its spectroscopic
characteristics [12]. The antiproliferative properties of
taurolidine against gastric cancer, glioblastoma, colon
carcinoma, mesothelioma, and squamous cell
carcinoma have been reported earlier [13-15]. However,
the cytotoxic characteristics of taurolidine against human
cervical cancer are still under scrutiny. Hence, our
present investigation is to provide a detailed in-vitro
cytotoxic activity of taurolidine against human cervical
carcinoma.
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2. Materials and Methods

2.1. Computational Details

The CIF (Crystallographic Information File) of
taurolidine was downloaded from the Cambridge
Crystallographic Data Centre (CCDC) [16]. The
Hirshfield surface prediction including dnorm, Shape
index, Curvedness and 2D fingerprint plots of taurolidine
was forecast using the Crystal Explorer 21 program [17].
In addition, the binding affinity of taurolidine against
antiapoptotic protein Bcl-2 and Bcl-XL was performed
using AutoDock software [18]. The 2D and 3D outputs
were emphasized using LigPlot and PyMol programs
[19, 20]. The topological RDG and NCI approaches were
calculated using Multiwfn software [21]. In addition, the
Ramachandran plots for target proteins were plotted
using PDBsum [22].

2.2. Cell Culture and Taurolidine Treatment

The human cervical carcinoma SiHa cells were
acquired from NCCS (National Centre for Cell Science)
Pune. The carcinoma cells were grown in a DMEM
(Dulbecco’s Modified Eagle Medium) medium enhanced
with 10% FBS (Fetal Bovine Serum) and cultures at
37°C with 5% COa.

2.3. MTT assay

The antiproliferative effect of taurolidine was
performed using MTT assay [23]. The untreated SiHa
cell cline was planted in 96-well plates with a population
of 1x10° cells/well. The cells are induced with various
concentrations of taurolidine within 5 to 300 pM.
Following the treatment, the cells are incubated with 10pl
of MTT for 4 hours. After the incubation, the existing
medium was discarded, and 100 pL of DMSO was
supplemented to soluble the formazan crystals and read
at 570nm.

2.4. Propidium lodide Staining

The morphological changes of the nucleus after
the treatment with taurolidine were measured using
propidium iodide (P1) staining, which was made using the
methodology proposed by Chandramohan et al., [24].
SiHa cells were grown in 6-well plates at a population of
5x104 with sterile coverslips in each well. The SiHa cells
are allowed to incubate at 37°C using CO2 incubator for
24h to reach the confluence of eighty percent. After
incubation, the cells were induced with taurolidine at a
dosage of 204.1 pM for 24h. The cells treated with
taurolidine the DMEM medium was removed and
washed the cells with PBS solution. The morphological
characteristics of nucleus in taurolidine treated cells
were measured using fluorescence microscope.

2.5. Acridine Orange/EtBr Staining

The early apoptotic, apoptotic and necrotic
characteristics of taurolidine treated cells were
examined using dual staining according to the
methodology proposed by Gohel et al., [25]. The cells
cultured in DMEM medium was incubated for 24h at
37°C using CO2 incubator. After the cells treated with
taurolidine using IC50 concentration for 24h. Then the
cells were stained with AO/EtBr solution and observed
under a fluorescence microscope.

2.6. Cell Cycle Analysis

The carcinoma cells cultured in sterile plates
and then treated with ICso concentration of taurolidine for
24h. After treatment the cells were centrifuged and fixed
in ice-cold 70% ethanol solution for overnight. After
incubation the cells stained with PI solution for 30 min at
room temperature. After the distribution of cell cycle was
analyzed using flow cytometer.

2.7. Quantitative RT-PCR Analysis

To quantify the expression of anti-apoptotic
genes, the total RNA was extracted from taurolidine-
treated cells wusing methodology detailed by
Chomczynski et al., [26]. The primers used to convert
RNA to cDNA for Bax (forward 5-
TGCTTCAGGGTTTCATCCAG-3', reverse 5-
GGCGGCAATCATCCTCTG-3") and Bcl-2 (forward 5°-
AGATGTCCAGCCAGCTGCACCTGAC-3’, reverse 5'-
AGATAGGCACCCAGGGTGATGCAAGCT-3") with an
annealing temperature of 55.5°C and 57.5°C,
respectively. Glyceraldehyde-3-phosphate
dehydrogenase an enzyme used as intrinsic control to
confirm the equal loading. in addition, all the PCR
measurements were measured in triplicate in different
replicates.

3. Results and Discussions

3.1. Hirshfeld Surface Analysis

The intramolecular interactions of taurolidine
with respect to crystal structure were depicted in Figure.
1 and tabulated in Table 1. The Crystallographic
Information File (CIF) of taurolidine was obtained from
the Cambridge Crystallographic Data Centre (CCDC)
and confirmed with single-crystal X-ray diffraction
analysis, with a high resolution of 0.755 A [16]. The di,
de, and dnorm Of taurolidine were calculated between
0.8175 to 2.6288, 0.8174 to 2.6207, and -0.4896 to
1.4858, respectively. The surface maps with red, white,
and blue pigments emphasize the solid intermolecular
interactions with shorter, equal, and longer to the sum of
Van der Walls radii [27, 28]. The 2D fingerprint plot on
the crystal structure of taurolidine reveals that oxygen-
hydrogen interaction plays a significant contribution with
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57.4% of the total crystal packing. A clear spike noticed  with a bond distance of 2.341 and 2.806A. The second

in the fingerprint plot for O..

.H/H...O reveals the solid contribution was simulated within H...H interaction

hydrogen bonding between the oxygen atom in sulfonyl ~ with 35.6%. In addition, N...H/H...N and N...O/O...N

groups and hydrogen atoms in

the methylene groups  shows minor contributions of 6.8 and 0.2%, respectively.
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Figure. 1 (a). The 3D dnorm Hirsh
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feld surface inter-contacts of taurolidine, (b). Two-dimensional fingerprint plots of
taurolidine, (c). Hirshfeld surfaces for taurolidine

Table 1. Relative contributions (%), intermolecular interactions of the Hirshfeld surface zone of taurolidine

Major contributions

Minor contributions

H..H O...HH...O

O...N/N...O N...H/H...N

35.6 57.4

0.2 6.8
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3.2. RDG and NCI

The weak interactions (steric repulsion, polar
bondings, and Van der Waals interactions) within the
crystal packing of taurolidine have been emphasized
using NCI and RDG topological analysis [29]. The
calculated NCI isosurface and RDG scattered polts of
taurolidine were depicted in Figure. 2. The blue, red, and
green spikes in the RDG scattered plot highlight the
polar bondings, steric repulsion, and van der Waals
interactions. From the present investigation, a solid
green and red spikes with the absence of blue spikes
were noticed in the RDG scattered plot confirming that
steric repulsion and van der Waals interactions play a
crucial role in stabilizing the crystal packing of
taurolidine. In contrast, the isosurface NCI plot highlights
the red pigment simulated within the ring structures and
methylene (CH2) groups emphasize the steric repulsions
and green pigments were observed between the sulfonyl
(SO2) and methylene (CH2) groups. These theoretical
findings from NCI and RDG suggest that Van der Waals
interactions and steric repulsions significantly influence
the molecular structure of taurolidine.

These noncovalent interactions demonstrate
that the molecular structure of taurolidine adopts a rigid
and bioactive molecular conformation. The steric
repulsion clouded around the key functional groups
prevents taurolidine’'s metabolic and enzymatic
degradation, thereby enhancing the structural
framework in the cellular environment. In addition, the
moderate Van der Waals interactions between sulfonyl
and methylene groups contribute to conformational
stability and reduce the nonspecific interactions with the
cellular components. The increased selectivity is crucial
in antibacterial, antiproliferative characteristics and its
ability to modulate inflammatory response.

3.3. Ramachandran plot

The Ramachandran plots for the target proteins
(PDB.ID 600K and 2YXJ) were emphasized using the
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PDBsum bioinformatics tool [22]. The dihedral angles,
including phi (¢) and psi (g) have been calculated
between -180 to +180° to highlight the conformational
zones within the target proteins. The graphical
representation of the Ramachandran plot for the target
proteins is depicted in Figure. 3. In the colored plot, the
yellow, orange, red, and white regions correspond to
allowed, additional allowed, most favorable, and
disallowed conformations, respectively. In this
investigation, the amino acid residues of the target
protein are simulated within the most favorable and
marginally present in the allowed regions. In addition, an
increased population of amino acids fell at the -a region
highlight left-handed alpha-helix structure, while
residues in the B region correspond to B-sheets
structures. These findings suggest that the target
proteins are structurally stable.

3.4. Molecular Docking

Molecular docking is a theoretical tool used in
drug discovery and synthesis to emphasize the
interactions (polar and nonpolar) and binding affinities of
target proteins and ligands [30-32]. The molecular
docking was made to highlight the inhibitory
characteristic of taurolidine against proteins to suppress
apoptosis. The 3D native structure of proteins 600K and
2YXJ was confirmed with X-ray diffraction with a
resolution of 1.62 and 2.20A, respectively. The ligand
taurolidine was optimized with GaussView 6.0 and kept
in PDB format. In the present work, taurolidine forms
three hydrogen bonds with Bcl-2 protein between the
carboxyl group (COOH) of aspartic acid 31 and a
nitrogen atom in taurolidine, with bond distances of 2.85
and 4.93 A. In contrast, aspartic acid 34 is linked to a
nitrogen atom with a bond distance of 4.98 A.
Additionally, the nitrogen atom of histidine 20 is linked to
the oxygen atom in the sulfonyl (SO2) group of

taurolidine with a bond distance of 2.71 A.

Figure 2 (a). Scatter RDG graph, and (b) isosurface NCI diagram of taurolidine
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Figure 3. Ramachandran plots of target proteins 600K (b) 2YXJ
Table 2. Molecular interaction of taurolidine against 600K and 2YXJ proteins
Protein PDB | No. of herogen AMino acids Bond length I-!ydrophpblc Docking
ID bonding (A) interaction score
Bcl-2 600K 5 Tryptophan 30 2.64 Tyrosine 28 -5.54
Histidine 20 2.71 Serine 24
Aspartic acid 31 | 2.85, 4.93 Glutamic acid 29
Aspartic acid 34 | 4 og
Bel-XL | 2YXJ 6 Arginine 165 5.84 Tryptophan 24 -6.92
Serine 164 3.45 Tyrosine 22
Glutamine 160 5.48 Valine 163
Serine 23 3.12,2.84
Serine 25 3.91

Table 3. Comparative binding affinity of taurolidine and standard inhibitors with target proteins

Ligands Target protein PDB ID | Binding affinity (kcal/mol)
Taurolidine Bcl-XL 2YXJ -6.92
ABT-737 (known inhibitor) Bcl-XL 2YXJ -10.05
Taurolidine Bcl-2 600K -5.54
Obatoclax (known inhibitor) Bcl-2 600K -7.47

The third hydrogen bond was simulated
between the amino (NH2) nitrogen of tryptophan 30 and
the electronegative nitrogen of taurolidine with a bond
distance of 2.64 A. In addition, amino acids tyrosine 28,
glutamic acid 29, and aspartic acid 34 create
hydrophobic interactions with taurolidine with a binding
energy of -5.54 kcal/mol. In contrast, taurolidine exhibits
significant hydrophobic interactions with amino acids

tryptophan 24, tyrosine 22, and valine 163 of Bcl-XL. The
polar interactions were observed between oxygen and
nitrogen atoms of taurolidine with amino acids arginine
165, serine 164, glutamine 160, serine 23, and serine
25, with bond distances of 5.84, 3.45, 5.48, 3.12, 2.84
and 3.91 A, respectively, with a binding affinity of -6.92
kcal/mol.
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Figure 4(a). The native, 3D and 2D interaction view of taurolidine against 600k protein, Figure 4(b). The native,
3D and 2D interaction view of taurolidine against 2YKJ protein

These findings highlight the antagonist property
of taurolidine against target proteins to suppress the
apoptotic signals. The 3D and 2D ligand-protein
interactions and the conforming binding energies are
presented in Figure. 4 and Tables 2 and 3, respectively.
From Table 3, taurolidine demonstrates moderate
bonding affinity compared to known inhibitors, which
exhibits significant bonding affinity with -10.05 and -7.47
kcal/mol for Bcl-XL and Bcl-2, respectively. However,
due to its low cytotoxicity and favorable pharmacological
profile, taurolidine is advantageous over conventional
chemotherapeutic agents with significant side effects.

3.5. Cell morphological and proliferation assay

The cytotoxic characteristics of taurolidine
against cervical cancer cell line SiHa cells were
emphasized using MTT assay. The cells were induced
with taurolidine at concentrations (5, 25, 50, 75, 150, and
300 pM) for 24hrs. The results highlight that the growth
inhibition of taurolidine was observed in a dose-sensitive
manner compared with the control. In addition, the
percentage of cell death increased in the presence of
taurolidine with an ICso (half maximal inhibitory

concentration) at 204.1 pM. The ratio of cell death was
calculated by comparing the percentage of viable cells
in control with viable cells treated with taurolidine and the
corresponding graphical representation was shown in
Figure 5. The morphology of cells treated with taurolidine
(5, 25, 50, 75, 150, and 300 pM) concentrations and
control were depicted in Table 4 and Fig. 6 using light
microscopy.

3.6. Taurolidine promotes cell cycle arrest in
SiHa cells

The SiHa cells were exposed to taurolidine at a
concentration of 204.1 uM for 24hrs, the treated cells
were subjected to flow cytometric analysis to measure
the population of cells in each phase of the cell cycle. In
the present investigation, after 24hrs of taurolidine
administration, the concentration of cells increased in
the GO/G1 phase with 74.96% compared to control with
59.08% and concomitant reduction in the concentration
of cells at S and G2/M phases of the cell cycle. The
percentage of cell cycle arrest in taurolidine-treated and
control cells were depicted in Figure. 7 and Table 5.
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Figure 5. Morphology of control (untreated) and taurolidine-treated cells with different concentrations (5, 25, 50, 75,
150, and 300 pM) was observed using inverted light microscope.
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Figure 6. Cytotoxic errect ot taurolidine In cultured SiHa cells. | he cells were treated with taurolidine at various
concentrations (5, 10, 25, 50, 100, 200, and 300 uM) for 24 h, and the cytotoxicity was assessed using the MTT
assay a) sigmoidal curve and b) bar diagram. Outputs are presented as (mean + SD) n=3. The statistical
significance was made with control and significance were presented as * p<0.05 and ** p<0.01.
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Table 4. Quantitative cytotoxicity measurement of taurolidine in hepatocellular carcinoma (Mean +SD, n=3)

Concentration (uM) Absorbance (Mean + SD) T/C Ratio | % of viability % of inhibition
Control 1.370 £ 0.096 1.000 100.00 0.00

5 1.223+0.179 0.893 89.27 10.73

25 1.217 +0.109 0.888 88.83 10.73

50 0.958 + 0.047 0.699 69.93 30.07

75 0.818 £ 0.021 0.597 59.68 40.32

150 0.750 + 0.037 0.547 54.72 45.28

300 0.537 £ 0.053 0.392 39.17 60.83

Table 5. Comparative quantitative cell cycle distribution of SiHa cells in control and taurolidine treatment

Cell Cycle Phase Gating region Control (%) Taurolidine treatment (%)
G0/G1 P2 59.08 74.96
S P4 4.36 13.88
G2/M P3 0.00 7.16
° i
<] (b) .
=]
] ]
o P2(74.96%) P2(59.08%)
‘9 -
g E ]
[=] o —
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21 — ] —
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Figure 7. Effect of taurolidine on distribution of cervical cell carcinoma (SiHa) cells in diverse phases of cell cycle
progression. The SiHa cells were induced with taurolidine at a 204.1 uM concentration for 24h followed by PI
staining before flow cytometric examination. The concentration of DNA was quantified using Pl fluorescence to
measure the cell cycle phase distribution. Results are presented as monoparametric histograms: control (untreated
cells) and SiHa cells treated with taurolidine for 24h.
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These findings emphasize that taurolidine
induces cell cycle halt in SiHa cells at GO/G1 phase,
confirming its significant cell proliferation inhibitory
characteristics against cervical cancer. Whereas the
antiproliferative characteristics of taurolidine in cervical
cancer cells by ha+lting the cell cycle in the GO/G1
phase leads to an increased percentage of cells in the
sub-G1 phase, which enhances programmed cell death.

3.7. Acridine orange and ethidium bromide
staining

The apoptotic characteristic of taurolidine
against SiHa cells was measured using AO/EtBr dual

(a) Acridine orange

Control

Treated

FEthidium bromide

staining. The cells with diffused and condensed
chromatins were stained with green and orange hues,
highlighting the viable and apoptotic cells [33-35]. The
acridine orange (AO), ethidium bromide (EtBr), and
combined AO/EtBr staining of control and taurolidine-
treated cells are shown in Figure. 8. AO, a membrane-
permeable fluorescent dye, binds to the nuclear DNA of
active cells and emits green fluorescence. EtBr, an
intercalating agent and impermeable fluorescent dye,
binds to the DNA of apoptotic or necrotic cells, emitting
red fluorescence. The cells treated with taurolidine (ICso
= 204.1 pM) showed a solid increase in the
concentration of orange-green (apoptotic), bright red
(necrotic), and dark orange (late apoptotic) cells in
contrast to control cells.

Propidium iodide

Merge AO/EtBr

(b)

1

Percentage of cells

[=1
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i
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Figure 8. (a) The morphological characteristics of nuclei in SiHa cells, untreated and taurolidine-treated cells, are
stained with propidium iodide (PI), exhibiting nuclear condensation and fragmentation in taurolidine-treated cells.
Dual (Acridine orange/Ethidium bromide) staining ameliorates nuclear fragmentation, and morphological apoptotic
features are observed in taurolidine-treated cells. (b) Quantitative apoptotic and necrotic percentage of cells in
control and taurolidine-treated cells.
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Figure 9. Quantitative RT-PCR measurement of (a) Bcl-2 and (b) Bax, (c) in control (untreated) and taurolidine-
treated cells, the concentrations are shown as fold change as associated to control cells.

According to the findings, taurolidine induces
morphological changes and triggers apoptosis and
necrosis in cervical cancer cells.

3.8. Propidium iodide (PI) staining

Propidium iodide, a membrane-impermeable
intercalating red fluorescent dye, binds to the nuclear
DNA of apoptotic cells and emits red fluorescence. The
characteristics of apoptosis, such as fragmentation and
chromatin condensation, in taurolidine-induced SiHa
cells were measured using Pl staining. The propidium
iodide staining of control and taurolidine-treated cells are
shown in Figure. 6. The carcinoma cells treated with
taurolidine at a concentration of 204.1 uM exhibit a solid
increase in red fluorescence compared to control cells
with uniform nuclear morphology. These findings
demonstrate that taurolidine induces apoptosis by
nuclear condensation and fragmentation in cervical cell
carcinoma, confirming the antiproliferative activity of
taurolidine.

3.9. Gene expression analysis

The m-RNA concentration of pro-apoptotic and
anti-apoptotic proteins such as Bax and Bcl-2 in control
and taurolidine-induced carcinoma cells were quantified
using RT-PCR analysis. The Bcl-2 family of proteins
regulates the homeostasis between cell survival and
mortality attributed to pro and anti-apoptotic proteins.
During apoptotic signaling, Bax integrated into the
membrane of mitochondria, and released cytochrome-c
into the cytosol, formed a complex with Apaf-1 and
activates caspases [36, 37]. In this investigation, the
expression stages of proteins Bcl-2 and Bax were
measured in control and experimental groups shown in
Figure. 9. The concentration of Bcl-2 was significantly
reduced compared to control one, confirming the
antagonist property of taurolidine against anti-apoptotic
protein. In contrast, the concentration of Bax was notably
increased compared to control, confirming the agonist

characteristics of taurolidine against pro-apoptotic
protein.

4. Conclusion

The structural, antiproliferative, and cytotoxic
activity of taurolidine against cultured SiHa cells was
analyzed using in silico and in vitro studies. In the
Hirshfeld surface analysis, the fingerprint plot for
O...H/H...O reveals the hydrogen bonding between the
oxygen atom in sulfonyl groups and hydrogen atoms in
the methylene groups, with bond distances of 2.341 and
2.806 A. In molecular docking prediction, taurolidine
forms three polar and nonpolar interactions with Bcl-2,
exhibiting a binding affinity of -5.54 kcal/mol. In contrast,
taurolidine forms three hydrophobic interactions with
Bcl-XL, exhibiting a binding interaction of -6.92 kcal/mol.
The percentage of cell death increased in the presence
of taurolidine against SiHa cells with an ICso (half
maximal inhibitory concentration) at 204.1 puM, which
was confirmed with MTT assay. In flow cytometric
analysis, after 24hrs of taurolidine administration, the
population of cells increased in the GO/G1 phase with
74.96% compared to control with 59.08%, confirming
that taurolidine induces cell cycle halt in GO/G1 phase.
The fluorescence AO/EtBr and PI confirm the
taurolidine-induced cell death in SiHa cells. The
antagonist and agonist characteristics of taurolidine
were confirmed by gene expression analysis of pro and
anti-apoptotic proteins.
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