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Abstract

In silico screening of virtual 4-thiazolidinones library has been carried out with
several self-developed QSAR and pharmacophore models of anticancer activity.
Such approach has allowed us to choose 14 the most probable anticancer hits
- conjugates of 4-thiazolidinone, pyrazoline and isatin, which in turn have been
synthesized. Half of these compounds were subjected to anticancer activity
evaluation and biological experiments confirmed our predictions, although in a
qualitative manner. The most sensitive to tested compounds cancer cell line is
Mino (the lowest IC,, reached 0.17 pM), which represents mantle cell lymphoma
— a rare but very aggressive tumor. That identifies the further direction of
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Introduction

The identification of novel biologically active compounds among
4-thiazolidinone derivatives is a successful trend since molecules with
this scaffold demonstrate high affinity for various biotargets. The most
popular 4-thiazolidinones activities cover anti-inflammatory [1];
antibacterial, antifungal and antitubercular [2]; antiviral (anti-HIV
predominantly [3]); antidiabetic [4] and anticancer [5,6] activity. The
last topic has been granted with strong interest over the last few years
[7-18]. Antitumor mechanisms of 4-thiazolidinones can be associated
with their affinity for tumor necrosis factor TNFa [19], anti-apoptotic
biocomplex Bcl-XL-BH3 [20], JNK-stimulating phosphatase-1 (JSP-
1) [21], integrin a (, receptor [22], non membrane protein tyrosine
phosphatase (SHP-2) [23], inhibition of necroptosis [24], etc. Several
structure-anticancer activity studies of 4-thiazolidinones were carried
out and resulted in predictive QSAR models [25]. The purpose of
these models is to perform virtual screening and thus to raise hits
ratio in the search for new anticancer agents significantly. Continuing
our efforts in the search of new 4-thiazolidinones with antitumor
properties, we are reporting the application of the mathematical
models to the virtual database of new 4-thiazolidinone derivatives
and purposeful synthesis based on virtual screening results. In order
to confirm the prognosis, the synthesized compounds were evaluated
for anticancer activity in vitro.

Materials and Methods

Virtual database

Varying the substituents in 2,4 and 5 positions of
4(2)-thiazolidinone, the library of 690 compounds has been created
(Scheme 1). The choice of substituents has been based on previously

identified priorities and structure-activity relationships [4,5,7,26-28].
Predictive models

To perform virtual screening three previously developed models
have been utilized. The in home library which has been used to
derive these models contained about 700 compounds which were
synthesized and checked for anticancer activity in vitro under the
Developmental Therapeutics Program of National Cancer Institute
(USA) [29,30]. The dependent variable in all models was presented
with the tumor cells growth percent or activity class based on this
indicator.

The first model used in screening is pharmacophore model,
which has been developed combining clustering of 4-thiazolidinone
derivatives into different activity mechanisms and making subsequent
pharmacophore search [31]. The pharmacophore (Figure 1) consists
of two aromatic or m-ring system centers, the hydrophobic group
and the two projections of the hydrogen bond donors (electron
pair acceptors). Using presented in the paper confusion matrix,
the statistical parameters of model were obtained. The error rate of
this model is 0.8% with accuracy = 87.5% and precision = 99.5%.
In order to conduct virtual screening, the conformational search of
virtual database has been carried out and then each conformer was
aligned with the pharmacophore. The conformers were obtained
using systematic bonds rotations (with 30° step) and further energy
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Figure 1: Probable pharmacophore model of 4-thiazolidinones anticancer
activity. The distances are presented in angstroms.

minimization with the aim to select only energetically favorable
geometries. Conformers which have energy more than 7kcal/
mol above the minimum for a given compound were treated as
energetically unfavorable and were removed from the database.

The second is Random Forest classification model, reported by
Zimenkovsky et al. [32]. The model incorporates the ensemble of 100
decision trees and is capable to recognize compounds into “active”
or “non-active” classes. The decision is based on a vast number
of molecular descriptors, all of which can be obtained through
E-DRAGON online service [33] (the model’s input is molecular
descriptor matrix). The error rate of Random Forest model has been
estimated at 2.08%, with sensitivity = 56% and specificity = 99.64%.
These values indicate that the model can miss up to 50% of active
compounds (making false negative error), but true positive error is
highly unlike. So a compound which is predicted to be active by this
model has strong chances to show anticancer activity in vitro. To
check whether predicted compounds fall into applicability domain of
Random Forest model, the distance to model has been evaluated for
each compound [34,35]. The threshold distance value, above which
the compound is recognized as outlier, was found using analysis of
the distribution of training compounds distances. This empirical
distribution was fitted with lognormal distribution model. The
threshold distance was presented with the 0.999 quantile of fitted
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Scheme 2: The scheme of anticancer activity predicting with the Gaussian
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Figure 2: Covariate functions of the Gaussian processes regression
submodels.

lognormal distribution.

The third model is the Gaussian processes QSAR model disclosed
in Devinyak et al. [25]. The model acts as follows (Scheme 2).

The prespecified SRW09 value of 3006 represents the structurally
similar group of compounds, the majority of which have shown
high levels of antitumor activity. In such a way submodel A
primarily indicates less active compounds among those having
SRW09=3006, while submodel B tries to define few remaining
active compounds in the dataset. Submodels A and B are based on
the eigenvalue molecular descriptors EEigl0x (Eigenvalue 10 from
edge adjacency matrix weighted by edge degrees) descriptor and
EEig02d (Eigenvalue 02 from edge adjacency matrix weighted by
dipole moments) respectively and are presented with corresponding
covariate functions (Figure 2). Though the statistical parameters of
overall model are moderate (R’=0.656, R’ =0.602), it predicts the
anticancer activity in a quantitative manner, returning cancer cells
growth percent. The verification of falling into applicability domain
has been carried out with quantile-quantile plot, using chi-squared
distribution as a theoretical and Mahalonobis distance distribution as
an observed component [36].

Biological experiments

C6 cells were kindly provided by Dr. V. Baklaushev (State
Research Center of Forensic and Social Psychiatry, Moscow,
Russian Federation), Mino cell line by Dr. V. Ribrag (Department of
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Figure 3: Alignment of compound 1 with pharmacophore model.

‘ Virtual Iibrary of 690 new 4(2)-thiazolidinone derivatives

Pharmacophore Classification Gaussian
model model processes
(Random Forest) model

101 predlded hit 32 predlcted h:t 60 prednched hit
conuouﬂ compounds compounds |
ConsepSus _—

| 29 structures are predicted to be active by the three models

| 14 compounds for purposeful synthesis |

Scheme 3: Virtual screening scheme.

Medicine, Institute Gustave Roussy, Villejuif, France). C6 and L1210
cells were grown in DMEM (Hyclone, USA), Mino and Jurkat cells
in RPMI (Gibco, USA). All culture mediums were supplemented
with FBS at 10%, penicillin at 100 units/ml, and streptomycin at 100
pg/ml final concentration. Cells were cultivated in the environment
of 95% air/5% CO,. C6 and Mino cells were seeded in triplicates
(Jurkat and L1210 - in duplicates) into 96-well plate at density 3
x 10* cells/ well. Compounds were applied at final concentration
0.01, 0.1, 1, 10, and 100 puM, which were reached by serial dilution.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium
(MTT) (Sigma), which is converted to dark blue, water insoluble
MTT formazan by mitochondrial dehydrogenases, was used to
determine viable cells according to manufacturer’s protocol (Sigma).
Dose-response curves have been fitted with 4-parameter log-logistic
function in R [37,38]. IC_ have been determined using fitted models.

bromide

Results and Discussion

The conformational search of virtual database results in a 12787
energetically favorable conformers. Each conformer has been aligned
with the pharmacophore and these way 101 compounds have passed
the screening. It is interesting, that among those structures which
have good alignment with pharmacophore model, 92 are conjugates
of 4-thiazolidinone, pyrazoline and isatin. In these structures nitrogen
and oxygen atoms of 4-thiazolidinone core provide necessary
hydrogen bond donor projections, while isatin and diarylpyrazoline
fragments act as aromatic and hydrophobic constituents (Figure 3).

Random Forest model predicted as active 32 compounds from
virtual library. Analysis of distances to model have showed that all
compounds predicted as active fall into applicability domain, while
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Figure 4: Cytotoxicity of compounds 1 and 2 in Mino cells.
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Scheme 4: Sunthesis of 4-thiazolidinone, pyrazoline and isatin conjugates.

there are 47 out-of-domain compounds among those predicted as
inactive. Gaussian processes model predicted cytotoxic effect on
tumor cells (GP<0) for 60 structures. All compounds from virtual
library were located inside the applicability domain. The choice of
virtual screening hits has been based on the consensus between all
predictions (Scheme 3). These way 29 compounds are predicted as
active by all three used screening models. Among them, 14 structures
have been selected for synthesis (Scheme 4). The preference has been
granted to the structures with common starting compounds and
known synthetic methods. The idea was to vary halogen substituents
in isatin and in para-position of phenyl ring in the 3™ position of
pyrazoline core.

The synthesis has been conducted in two stages, with the initial
obtaining of 3,5-diaryl-1-thiocarbamoyl-2-pyrazolines through the
interaction of thiosemicarbazide with corresponding chalcones in
ethanol in the presence of potassium hydroxide. Following one-pot
methodologyresulting compounds were subjected to the condensation
with chloroacetic acid and appropriate isatins in the presence of fused
sodium acetate in refluxing acetic acid (Scheme 4) [7]. Compounds
1-6 and 12 have been already reported in [18], so only 7-11, 13 and
14 are presented in chemistry section. The characteristic patterns of
AMX system (CH,-CH protons of pyrazoline fragment) have been
found in '"H NMR spectra of 1-14. The chemical shifts of H,, H,, and
H, are in the ranges 6=3.46-3.52; 4.12-4.20 and 5.82-6.03 respectively
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with corresponding coupling constants J,, = 17.5-18.6, J,, =
10.6-11.5, and Jyx = 3.0-4.4. Besides that, the displacement of CH
proton in the 4" position of 2,3-dihydro-1H-indol-2-one fragment
into the weak field (6=8.90-9.14) indicates Z-configuration of double
bond between thiazolidine and indoline systems, which is consistent
with X-ray crystallographic analysis of similar compounds in [7].
NH group of indoline shows signal at §=10.80-11.22 and spectra of
compounds 10-14 have intense singlet in strong field (6=2.86-2.95)
due to dimethylamino group in para-position of phenyl ring.

Anticancer effect of synthesized compounds has been studied
using C6, Mino, Jurkat and L1210 cell lines. The results of anticancer
activity evaluation for compounds 1-6 and 12 on C6 and Mino
cells have been already reported by Avdieiev et al. [18]. It has been
found that compound 2 has significant cytotoxic activity in C6 cells
(IC,,=1.22 uM), which can be enhanced through immobilization on
the polymeric carrier (IC, =0.13 uM). The advantage ofimmobilization
has been also observed in Mino cells viability inhibition experiment.
While soluted in DMSO pure compounds 1 and 2 show IC, =68.2 and
80.7 uM respectively, the immobilized version of 2 yields IC, =1.58
uM (Figure 4). Another series of biological experiments on Mino
cells using weaker concentrations of treatment compounds (from
0.001 to 10 uM) has identified significant antitumor potential of
compounds 3, 6 and 12 with IC_=0.73, 0.27 and 0.16 uM respectively
[18]. Compound 5 showed weaker cytotoxicity with IC_=7.4 uM,
and IC, of 4 lays out of studied concentration range (IC,, > 10 uM).
Since ranges of concentration in Jurkat cells inhibition study were
limited, exact IC, values could not be determined. The obtained data
allows saying, that IC,, of 2, 3, 5 and 6 do not exceed 10 uM, which
is argument for their significant anticancer activity (Figure 5). IC,
of compound 1 exceeds 10 uM, while compound 4 did not show
even weak effect. These results are in good correlation with Mino
cells inhibition assay. Studying the anticancer effect of 1 and 2 on the
L1210 cells growth it has been observed that this cell line is resistant
to treatment with 1, but sensitive to compound 2 (IC, ~ 7 uM, Figure
6).

Conclusion

Using previously obtained QSAR and pharmacophore models,
the virtual screening of 4(2)-thiazolidinone derivatives library has
been carried out, and 14 novel 3-[2-(3,5-diaryl-4,5-dihydropyrazol-1-
yl)-4-0x0-4,5-dihydro-1,3-thiazol-5-ylidene]-2,3-dihydro-1H-indol-
2-ones were selected and synthesized. The success of the purposeful
synthesis strategy has been confirmed by biological assays, according
to which the synthesized compounds can inhibit cancer cells growth
even being applied in micromolar concentrations. Since QSAR and
pharmacophore models have been trained using NCI-60 cell panel
results, but other cell lines have been used for activity evaluation of
synthesized compounds, we may claim just qualitative confirmation
of the prediction. The four most potent synthesized compounds 3, 5, 6
and 12 show IC_  values between 0.16-10uM under MTT assays of rat
glioma cells C6, Mino cells, Jurkat and L1210 cells viability inhibition.
Additionally, it has been discovered that the immobilization of
compounds on the oligo electrolyte polymeric carrier significantly
increases the activity. The most sensitive cancer cell line is Mino,
which represents mantle cell lymphoma - a rare but very aggressive
tumor. That identifies the further direction of biological studies of the
novel anticancer hit compounds.
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Figure 5: Inhibition of Jurkat cells viability by 4-thiazolidinone derivatives.
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Figure 6: Inhibition of L1210 cells viability by compounds 1 and 2.

Chemistry

The starting 3,5-diaryl-1-thiocarbamoyl-2-pyrazolines were
obtained according to the method described previously [27,39].
Melting points were measured in open capillary tubes on a BUCHI
B-545 melting point apparatus and are uncorrected. The elemental
analyses (C, H, N) were performed using the Perkin-Elmer 2400
CHN analyzer. Analyses indicated by the symbols of the elements or
functions were within +0.4% of the theoretical values. The 1H NMR
spectra were recorded on Varian Gemini 400 MHz in DMSO-d, using
tetramethylsilane (TMS) as an internal standard. Chemical shifts are
reported in ppm units with use of § scale.

General procedure for synthesis of 3-{2-[3,5-bis-(4-
chlorophenyl)-4,5-dihydropyrazol-1-yl]-4-oxo-4H-thiazol-
5-ylidene}-1,3-dihydroindol-2-ones [7]

A mixture of 3,5-diaryl-1-thiocarbamoyl-2-pyrazoline (10
mmol), chloroacetic acid (10 mmol), appropriate isatin (12 mmol),
and anhydrous sodium acetate (20 mmol) was refluxed for 5 h in
glacial acetic acid (10 mL). Precipitate obtained upon cooling was
filtered off, washed with water and methanol and recrystallized with
DMF/ethanol mixtures (1:2 vol). Compounds 1-6 and 12 have been
reported in [18].

3-{2-[3-(4-Fluorophenyl)-5-(4-chlorophenyl)-4,5-
dihydropyrazol-1-yl]-4-oxo0-4H-thiazol-5-ylidene}-1,3-
dihydroindol-2-one (7). Yield 77%, mp 292-293 °C. '"H NMR (400
MHz, DMSO-d +CCL,): 11.14 (s, 1H), 8.90 (d, ] = 7.7 Hz, 1H), 7.87-
7.89 (m, 2H), 7.45 (d, ] = 8.1 Hz, 2H), 7.29-7.34 (m, 4H), 7.28 (t, ] =
7.6 Hz, 1H), 6.95 (t, ] = 7.5 Hz, 1H), 6.87 (d,] = 7.5 Hz, 1H), 5.95 (dd, ]
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= 11.0,3.6 Hz, 1H), 4.09 (dd, ] = 18.0, 11.0 Hz, 1H), 3.51 (dd, J = 18.0,
3.6 Hz, 1H). Calcd for CZGHISCIFN4OZS: C, 62.09; H, 3.21; N, 11.14;
Found: C, 61.38; H, 3.25; N, 11.29.

5-Chloro-3-{2-[3-(4-fluorophenyl)-5-(4-chlorophenyl)-
4,5-dihydropyrazol-1-yl]-4-oxo-4H-thiazol-5-ylidene}-1,3-
dihydroindol-2-one (8). Yield 73%, mp 294-295 °C. 'H NMR (400
MHz, DMSO-d_+CCl): 11.22 (s, 1H), 8.92 (br s, 1H), 7.87-7.89 (m,
2H), 7.45 (d, J = 8.2 Hz, 2H), 7.31-7.38 (m, 4H), 7.01 (d, ] = 8.3 Hz,
1H), 6.91 (d, J = 8.2 Hz, 1H), 5.95 (dd, J = 11.1, 3.6 Hz, 1H), 4.12
(dd, J = 18.0, 11.1 Hz, 1H), 3.52 (dd, J = 18.0, 3.6 Hz, 1H). Calcd
for CZGHISCIZFN4OZS: C,58.11; H, 2.81; N, 10.43; Found: C, 57.97; H,
2.84; N, 10.37.

5-Bromo-3-{2-[3-(4-fluorophenyl)-5-(4-chlorophenyl)-
4,5-dihydropyrazol-1-yl]-4-oxo0-4H-thiazol-5-ylidene}-1,3-
dihydroindol-2-one (9). Yield 68%, mp >300°C. '"H NMR (400 MHz,
DMSO-d +CCL): 11.18 (s, 1H), 9.04 (br s, 1H), 7.81-7.84 (m, 2H),
7.28-7.51(m, 6H), 6.96 (d, ] = 7.7 Hz, 1H), 6.85 (d, ] = 8.2 Hz, 1H),
5.92-5.95 (m, 1H), 4.08-4.12 (m, 1H), 3.51 (dd, ] = 17.9, 3.5 Hz, 1H).
Calcd for C, H .BrCIFN,O,S: C, 53.67; H, 2.60; N, 9.63; Found: C,
53.91; H, 2.66; N, 9.44.

3-{2-[3-(4-Chlorophenyl)-5-(4-dimethylaminophenyl)-
4,5-dihydropyrazol-1-yl]-4-oxo0-4H-thiazol-5-ylidene}-1,3-
dihydroindol-2-one (10). Yield 77%, mp 290-291 °C. 1H NMR (400
MHz, DMSO-d_+CCL): 11.17 (s, 1H), 8.90 (d, ] = 7.9 Hz, 1H), 7.76-
7.78 (m, 2H), 7.61 (d, ] = 8.5 Hz, 2H), 7.34 (d, ] = 7.6 Hz, 2H), 7.25 (d,
J =8.2 Hz, 2H), 7.00-7.04 (m, 2H), 6.92 (d, ] = 7.8 Hz, 1H), 5.90 (dd, ]
=10.9,3.5Hz, 1H), 4.13 (dd, J = 18.3, 10.9 Hz, 1H), 3.50 (dd, ] = 18.3,
3.5 Hz, 1H), 2.95 (s, 6H). Calcd for C,;H, CIN.O,S: C, 63.69; H, 4.20;

287722

N, 13.26; Found: C, 63.80; H, 4.25; N, 13.34.

5-Chloro-3-{2-[3-(4-chlorophenyl)-5-(4-
dimethylaminophenyl)-4,5-dihydropyrazol-1-yl]-4-oxo-4H-
thiazol-5-ylidene}-1,3-dihydroindol-2-one (11). Yield 74%, mp
>300°C. 'H NMR (400 MHz, DMSO-d_+CCL): 11.17 (s, 1H), 8.94
(br's, 1H), 7.91 (d, J=7.9 Hz, 2H), 7.58 (d, ] = 8.5 Hz, 2H), 7.35 (d, ]
=8.4Hz, 1H), 7.12 (d, ] = 8.7 Hz, 2H), 6.90 (d, ] = 8.3 Hz, 1H), 6.68
(d, J = 8.7 Hz, 2H), 5.83 (dd, ] = 10.8, 3.3 Hz, 1H), 4.10 (dd, ] = 18.5,
10.8 Hz, 1H), 3.50 (dd, J = 18.5, 3.3 Hz, 1H), 2.86 (s, 6H). Calcd for
C,H, CLN.OS: C, 59.79; H, 3.76; N, 12.45; Found: C, 60.05; H, 3.78;
N, 12.13.

3-{2-[3-(4-Bromophenyl)-5-(4-dimethylaminophenyl)-
4,5-dihydropyrazol-1-yl]-4-oxo0-4H-thiazol-5-ylidene}-1,3-
dihydroindol-2-one (13). Yield 71%, mp 298-299°C. 'H NMR (400
MHz, DMSO-d +CCl,): 11.15 (s, 1H), 8.90 (d, ]=8.0 Hz, 1H), 7.86 (d,
J=8.6 Hz, 2H), 7.75 (d, ] = 8.6 Hz, 2H), 7.34 (t, ] = 7.7 Hz, 1H), 7.11
(d,] = 8.7 Hz, 2H), 7.04 (t, ] = 8.4 Hz, 1H), 6.91 (d, ] = 7.9 Hz, 1H),
6.69 (d, ] = 8.8 Hz, 2H), 5.83 (dd, ] = 10.7, 3.6 Hz, 1H), 4.10 (dd, ] =
18.5, 10.7 Hz, 1H), 3.48 (dd, ] = 18.5, 3.6 Hz, 1H), 2.86 (s, 6H). Calcd
for C,H,BrN.OS: C, 58.75; H, 3.87; N, 12.23; Found: C, 60.01; H,
391;N, 12.12.

5-Chloro-3-{2-[3-(4-Bromophenyl)-5-(4-
dimethylaminophenyl)-4,5-dihydropyrazol-1-yl]-4-oxo0-4H-
thiazol-5-ylidene}-1,3-dihydroindol-2-one (14). Yield 69%, mp
299-300 °C. 1H NMR (400 MHz, DMSO-d +CCl,): 11.20 (s, 1H), 8.93
(d, J=8.0 Hz, 1H), 7.82 (d, J=8.2 Hz, 2H), 7.70 (d, ] = 8.4 Hz, 2H), 7.35

(d,] = 8.1 Hz, 1H), 7.12 (d, J = 8.5 Hz, 2H), 6.90 (d, ] = 8.4 Hz, 1H),
6.69 (d, ] = 8.6 Hz, 2H), 5.82 (dd, J = 11.0, 3.5 Hz, 1H), 4.10 (dd, J =
18.2,11.0 Hz, 1H), 3.50 (dd, ] = 18.2, 3.5 Hz, 1H), 2.87 (s, 6H). Calcd
for CZSHZIBrClNSOZS: C, 55.41; H, 3.49; N, 11.54; Found: C, 55.80; H,
3.52; N, 11.38.
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