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A B S T R A C T

In order to investigate potential therapeutically agents, novel products of Biginelli reaction (4a-l) were syn-
thesized and exposed to cytotoxic and caspase activities, angiogenesis, cell cycle distribution, gene and
microRNA expression levels, lipophilicity assessment and docking study. Among the twelve novel compounds
(4a-l) evaluated for the cytotoxic activity, five of them (4c, 4d, 4f, 4k and 4l) that showed excellent activity on
the tested cell lines (HeLa, LS174 and A549) were selected for further evaluation. Interestingly, compound 4f has
up to three times higher selectivity index (SI) towards cancer cells than cisplatin (on HeLa, LS174 and A549
SI= 18.2, 13.5 and 11.2, respectively). The obtained results from cell cycle distribution and caspase activity
indicate that tested compounds (4c, 4d, 4f, 4k and 4l) promoted caspase-9 activation, implicated in the intrinsic
pathway of apoptosis. Lipophilicity of 4a-l was determinate by using reversed-phase high-performance liquid
chromatography.

1. Introduction

2-oxo-1,2,3,4-tetrahydropyrimidines-THPMs (Fig. 1, former name is
3,4-dihydropyrimidin-2(1H)-ones-DHPMs) are an important class of
heterocyclic compounds known for their broad spectrum of biological
activities such as anti-HIV, antibacterial, antifungal, anti-tubercular,
antioxidant, anti-inflammatory, anticancer, and also as potential agents
in treatment of many diseases such as Alzheimer’s disease, diabetes and
other neuros diseases [1–5].

Nowadays one of the primary goals in medicine and one of the
biggest problems in our society is cancer. Platinum-based drugs were
the first agents that have been used in chemotherapy, and since then
these drugs have been in the center of researches as chemotherapeutic
agents [6,7]. Limited applicability and several side effects such as
neurotoxicity, nephrotoxicity limited the use of cisplatin in cancer
therapy [8–10], so the significant interests in medicinal chemistry are

to develop new non-platinum-based drug with improved properties
[11]. A wide variety of other metallodrugs [12–22] and non-metal
drugs [23–27] were intensively studied as potential platinum replace-
ments. The growing interest in the three-component reaction between
an aldehyde, β-keto ester and urea or thiourea, that gives THPMs
known as Biginelli reaction, is primarily due to the therapeutic and
pharmacological properties of Biginelli products, namely, THPMs. Bi-
ginelli products are promising compounds for the treatment of cancer
and the most investigated compound from this group, monastrol, was
found to interrupt mitosis by inhibiting the motor activity of the kinesin
Eg5, a protein involved in spindle bipolarity formation [28]. Since then,
monastrol and its derivatives have been used as stimulus and template
for the design of new anticancer drugs [29]. Going forwards, to better
understand the mechanism of action of novel THPMs the interactions
with DNA and BSA were further performed. The interaction between
small molecules and DNA or BSA can be useful to understand the toxic
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properties and mechanism of harmful chemicals and for creating new
anticarcinogens [30]. Drugs and small bioactive molecules bind re-
versibly to albumin that is of crucial importance in the transportation
and deposition of many bioactive compounds [31].

In addition, matrix metalloproteinase 2 (MMP2) and matrix me-
talloproteinase 9 (MMP9) have an important role in cervical cancer
invasion and metastasis [32]. Matrix metalloproteinase inhibitor 3
(TIMP3) acts as tumor suppressor and induces apoptosis in moderately
invasive HeLa cells [33]. miR-21 is a well-known oncomiRNA, over-
expressed in a wide range of malignancies [34] and cervical cancer
[35], as well. miR-21 has the potential to silence TIMP3 translation
[36], while TIMP3 has the ability to deactivate MMP2 and MMP9. In-
creased levels of MMP2, MMP9, miR-21, and decreased levels of TIMP3
mRNA might be associated with cervical cancer formation and pro-
gression, and especially invasive potential of the tumor, because of its
involvement in epithelial mesenchymal transition. In cervical cancer, it
has been found that higher miR-21 levels were associated with higher
levels of the signal transducer and activator of transcription 3 (STAT3)
signaling pathway components such as MMP2 and MMP9 [34]. miR-21
overexpression is inversely correlated with inhibitor of ma-
trixmetalloprotienases, TIMP3. miR-21, MMP2, MMP9, and TIMP3 are
essential components of STAT3 signaling pathway in the terms of
maintaining higher levels of STAT3, especially in human papilloma
virus (HPV)-associated cervical cancer formation and progression [34].
It has been shown that miRNA-21 directly targets TIMP3, and thus
releases MMP2 and MMP9 secretion in extracellular matrix, which
enables the process of angiogenesis [35], and invasion [34]. miR-21 is
one of the most prominent oncomiRNAs, in cancer in general [36], and
in cervical cancer, as well [34]. Great number of studies investigates
various therapeutic strategies that have the goal to inhibit its over-
expression, which is the reason why we wanted to see potential effects
of our compounds.

Taking into account the importance of Biginelli’s products and our
previous interest in Biginelli reaction [37–40] twelve novel compounds
were synthesized (Fig. 2), characterized and exposed to pharmacolo-
gical evaluation.

2. Results and discussion

2.1. Chemistry

In this paper, a simple and convenient method for the multi-
component one-pot Biginelli reaction for the synthesis of THPMs deri-
vatives 4a, 4d-l and 1,3,5-oxadiazocine 4b and 4c from N-methylurea
(1), 4-chloro ethylacetoacetate (2) and some aldehydes 3a-l under
different reaction conditions is presented (methods A and B, Fig. 2).

After simple work-up (see Experimental section) the newly-synthe-
sized products 4a-l were obtained. All the products were characterized
by m.p., IR, 1H-, 13C NMR and ESI-MS spectra (see Supplementary
Information-SI). The obtained yields and structures of the products 4a-l
are depicted in Fig. 2. Generally, very good to excellent yields were
achieved in all cases, but, the best yield (91%) was achieved in the
synthesis of 4c. Interestingly, for synthesis of 1,3,5-oxadiazocine 4b and
4c the use of ultrasound irradiation under solvent-free conditions
(method B) was necessary to achieve better yields. Compounds 4b and
4h were suitable for X-ray crystallographic analyses that are presented

in the next section.

2.1.1. Crystallography
Compounds 4b and 4h were obtained as single crystals suitable for

X-ray diffraction studies. Both compounds crystallized in the same
centrosymmetric space group P21/c and their molecular structures are
shown in Figs. 3 and 4. The most important structural fragment which is
common for both molecules is the N1eC1eN2eC2eC3eC4 six-mem-
bered heterocyclic ring. This ring has the same composition and equal
or similar substituents in both compounds. However two atoms within
the ring, the C3 and C4, have different character; they are sp3 hy-
bridized in 4b while in 4h the same atoms are sp2 hybridized with clear
trigonal and coplanar geometry of bonds around them. As a con-
sequence compound 4b has three optically active centers mutually
bonded in the C3eC3eC4 fragment. Two fused six-membered rings
only exist in the 4b molecule and the common structural part for these
two rings is above mentioned the C3eC3eC4 fragment. Four atoms
from the N1eC1eN2eC2eC3eC4 ring are nearly coplanar in both
molecules as one can conclude from the values of the C4eN1eC1eN2
torsion angle that is 2.5(2) and 5.9(5)° in 4b and 4h respectively.

There are five NeC bonds but in both compounds the C1eN1 and
C1eN2 bonds from ureido fragment are the shortest and mutually very
similar (Table S1, SI). Trigonal and coplanar arrangement of the N1eC
bonds undoubtedly approves an sp2 character of the N1 nitrogen atom.
The N2 atom bind only one H atom as it is clearly found in the differ-
ence electron density maps of both crystal structures. Although two
molecules exhibit significant conformational differences and dissim-
ilarity in composition (Figs. 3 and 4), both of them form compact
centrosymmetric dimers with molecules interconnected via two rather
strong N2eH⋯O1 bonds. This hydrogen bond in both molecules has the
N2eH⋯O1 angle close to 180° and the N2⋯O1 interatomic distance
below 3.0 Å. Geometry of the dimers in two compounds is very similar
as it is illustrated in Fig. S25 (SI).

2.2. Biological evaluation

2.2.1. Cytotoxic activity
The newly synthesized compounds (4a-l) were evaluated for in vitro

cytotoxic activity against three human tumor cell lines, cervix adeno-
carcinoma cell line (HeLa), human colon carcinoma (LS174), non-small
cell lung carcinoma (A549) and a on normal cell line, human fetal lung
fibroblast cell line (MRC-5) by employing a MTT assay (Table 1).

Based on the obtained IC50 values in Table 1, it was observed that
compounds 4c, 4d, 4f, 4k and 4l showed strong activity against all
tested malignant cell lines, similar to the activity of cisplatin which is
used as a reference compound. Compounds 4g and 4h also showed
good activity, while 4i exhibited somewhat weaker to moderate cyto-
toxic activity against tested malignant cell lines. Compound 4b showed
the weakest activity against all tested malignant cell lines.

IC50 values for 4c-l are ranging from 6.03 ± 0.41 to
36.53 ± 0.17 μM indicate that all compounds exhibited significant in
vitro cytotoxic activity against the all tested tumor cell lines compared
with 4a and 4b, suggesting that the presence of substituents on aro-
matic ring in Ar-fragment (Fig. 2) contributes its improved cytotoxicity.
Compared with other, 4l posses the lowest IC50 values, demonstrating
that the presence of a bromine atom is probably related to its better
cytotoxic activity.

From the obtained data, we can see that the investigated compounds
exhibit significant differences in cytotoxic activity according to normal
MRC-5 cells. Namely, the compounds 4f-i exhibit low cytotoxicity ac-
cording to the MRC-5 and consequently very good selectivity. From the
above data, we can conclude that 4c-e and 4j-l posses better activity
compared with cisplatin on A549 cancer cell lines. Also, it is very im-
portant to notice that 4f-i have up to three times higher selectivity than
cisplatin. Based on previous, the compounds 4c, 4d, 4f, 4k and 4l were
selected for further evaluation.

Fig. 1. Structure of 2-oxo-1,2,3,4-tetrahydropyrimidine scaffold.
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2.2.2. Cell cycle distribution
Cell cycle and apoptosis play essential roles in the regulatory me-

chanisms of cell growth. Suppression of cancer cell growth by many
anticancer agents correlates with arrest the cell cycle at the G0/G1, S,
and G2/M phase and then induce apoptosis. Hence, the effect of se-
lected compounds 4c, 4d, 4f, 4k and 4l on the cell cycle was in-
vestigated, to elucidate the mechanisms underlying to their cytotoxic

activity. Fig. 5 shows a cell-cycle distribution of HeLa cells incubated in
the absence or presence of compounds (IC50) for 24 h, the approximate
doubling time of this cell line. Flow cytometry analysis demonstrated
that treatment of HeLa cells with 4c, 4d, 4k and 4l significantly in-
creased the proportion of cells in the sub-G1 phase. A significant

Fig. 2. General outline for the synthesis of the 2-oxo-1,2,3,4-tetrahydropyrimidines 4a, 4d-l (A=HCl, ethanol, reflux) and 1,3,5-oxadiazocine 4b and 4c (B=HCl,
80 °C).

Fig. 3. Molecular structure and numbering scheme of 4b shown with atomic
displacement parameters at the 30% probability level.

Fig. 4. Molecular structure and numbering scheme of 4h shown with atomic
displacement parameters at the 30% probability level.
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increase in the sub-G1 phase followed by a G1 phase arrest is accom-
panied by a concomitant proportional decrease in the percentage of
cells in the G2/M phase. The percentage of cells in the G2/M phase was
decreased with concentration of IC50 and the results were statistically
significant (p < 0.05) compared with control.

Interestingly, as shown in Fig. 5, the compound 4f caused a statis-
tically significant increase in the accumulation of cells in the G2/M
phase and significantly less changes in the sub-G1 phase than the
control (p < 0.05). The G2/M arrest is associated with reduction in G1
phase. The obtained results indicate that investigated compounds are
inducing apoptosis. Apoptosis maintains the balance between cell
proliferation and cell death, and all compounds that promote apoptosis
have anti-cancer potential [41]. Our obtained data indicate that com-
pounds-mediated accumulation of sub-G1-G1 phase would most likely
be caused by inactivation of Cdk4/cyclin D1 kinase complex. This
mechanism has already been confirmed by many data, and it is well
known that cyclin D1 and CDKs are essential for driving cells to pass the
restriction point [42,43]. Also, the results showed that 4f, leads to a
significant G2/M arrest. As we know, cyclin B-Cdc2 plays a major role
in the G2/M phase transition [44,45].

2.2.3. Caspase activities
The activities of caspase-3, -8 and -9, in 4c, 4d, 4f, 4k and 4l,

treated HeLa cells were detected by specific caspase inhibitors using

flow cytometry. As shown on Fig. 6, the exposure of HeLa cells by tested
compounds significantly increased the subdiploid DNA content of the
HeLa cells, when compared with the control. However, it is evident that
the cells were pretreated with caspase-3 and -8 inhibitors and then
treated with compounds, did not show significantly reduced levels of
subdiploid DNA content. In contrast, the obtained data show that there
is a significant reduction in the DNA content of Hela cells pre-treated
with caspase-9 inhibitors and compounds 4c and 4k, while for 4d, 4f
and 4l, this reduction is lower (Fig. 6). In accordance with these results,
we can conclude, investigated compounds promoted caspase-9 activa-
tion, implicated in the intrinsic pathway of apoptosis [46,47].

2.2.4. Inhibition of tube formation of EA.hy926 cells
Angiogenesis is the process in which new vessels emerge from ex-

isting endothelial lined vessels. Angiogenesis is a prerequisite for tumor
growth and metastasis formation. Therefore, compounds with anti-an-
giogenic potential are of importance for cancer treatment [48].

As can be seen on Fig. 7, the EA-hy926 cells after 24 h culture on
Matrigel had become organized into three-dimensional capillary-like
tubes. EA.hy926 cells treated with subtoxic IC20 concentrations of 4f
forming fewer tubes as well as lesser and weaker junctions.

Also, it is evident that 4c, 4d, 4k and 4l significantly inhibited the
angiogenesis of endothelial cells; namely, IC20 concentrations induced a
nearly complete disruption of the capillary (see Fig. 7).

2.2.5. Gene and microRNA expression levels
miR-21 is a well-known oncomiR, an indicator of invasive potential,

involved in epithelial mesenchymal transition. All of our treated sam-
ples showed slightly higher levels of miR-21 compared with non-treated
cells (Fig. 8). Compound 4k had the highest miR-21 levels of expres-
sion, while 4l had the lowest. Interestingly, samples treated with 4k
showed lowest levels of MMP2 and MMP9, and higher levels of TIMP3,
compared with control, non-treated sample, which might be the com-
pound with the ability to sequester anti-invasive ability, i.e. might in-
hibit cancer progression. Compound 4d showed the highest levels of
MMP2 and MMP9 and the lowest level of TIMP3, which shows that this
compound has the lowest ability to prevent cancer progression (Fig. 8).

The fact that all treated samples showed slightly higher miR-21
levels than the control may not describe the potential influence of the
compounds, but it describes varieties in the invasive potential and
ability of examined compounds. Those examined compounds might
have an anticancer effect in terms of lowering levels of MMP2 and
MMP9 and increasing levels of anti-invasive TIMP3 mRNA, but miR-21
was slightly upregulated in the sample treated with the 4k. MicroRNAs
might silence large number of different target genes simultaneously, so
it might also be important to silence oncomiRs, such as miR-21 at the

Table 1
Concentrations of compounds that induced a 50% decrease in HeLa, LS174, A549 and MRC5 cell survival rate [expressed as IC50 (μM)]. The compounds were
incubated with cells for 72 h.

Compounds IC50 (μM)

HeLa LS174 A549 MRC5

4a 42.30 ± 0.74 37.52 ± 1.80 32.66 ± 0.51 191.22 ± 1.72
4b 147.18 ± 2.53 128.31 ± 3.46 85.92 ± 1.28 > 200
4c 9.43 ± 0.73 6.51 ± 1.31 7.27 ± 1.52 3.80 ± 0.92
4d 7.63 ± 0.03 6.49 ± 1.04 7.49 ± 2.46 2.71 ± 0.17
4e 10.64 ± 0.52 7.49 ± 0.55 8.31 ± 0.02 4.37 ± 0.64
4f 8.12 ± 0.39 10.96 ± 1.24 13.21 ± 0.81 147.55 ± 3.42
4g 9.59 ± 0.72 11.27 ± 0.92 18.11 ± 0.66 122.53 ± 2.65
4h 11.05 ± 0.74 15.48 ± 0.72 18.59 ± 2.43 168.39 ± 4.08
4i 16.61 ± 1.88 24.53 ± 1.45 36.53 ± 0.17 131.77 ± 3.19
4j 9.60 ± 1.16 7.04 ± 0.60 8.99 ± 1.24 4.95 ± 0.60
4k 8.67 ± 0.03 6.91 ± 0.15 7.42 ± 0.56 4.68 ± 0.45
4l 6.03 ± 0.41 8.15 ± 0.56 8.94 ± 0.93 5.59 ± 1.40
Cisplatin 2.37 ± 0.28 4.83 ± 0.35 11.59 ± 1.64 14.32 ± 1.28

IC50 values are expressed as the mean ± SD determined from the results of the MTT assay in two independent experiments.

Fig. 5. Cell cycle analysis of HeLa cells untreated (control) and treated with the
IC50 concentration of compounds 4c, 4d, 4f, 4k and 4l for 24 h. Cell-cycle
distribution was measured by flow cytometric analysis of DNA content after
treatment with these compounds. The results are presented as the mean ± SD
of three independent experiments. Statistically significant differences between
control and treated cell samples are marked with * (p < 0.05).
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same time. Our results indicate that along with our examined com-
pounds, there should be introduced one of the miRNA inhibition stra-
tegies, such as lock nucleic acid (LNA) antimiRNAs, small molecules
inhibitors of miRNAs (SMIRs), antagomiRNAs, miRNA zipper, as well
[49]. By combining two models (in our case 4k and anti-miR-21), on-
comiRNA can be silenced, as well as genes involved in cancer pro-
gression by examined compounds, similarly as in the experiment of Liu
et al. [50], which examined combination of anti-miR-122 direct-acting
antivirals (DAAs) in HCV-related HCC treatment. In fact, two strategies
can achieve a synergistic effect, which was shown by Devulapally et al.
[51]. The same authors used a combination of ASO anti-miR-21-PS and
4-OHT, which have shown a synergistic effect on inhibiting pro-
liferative abilities of estrogen receptor positive (ER+) breast cancer cell
line models [51].

Cervical cancer, as well as other cancer models is a heterogeneous
disease, and conventional therapies have numerous limitations, so it is
necessary to introduce novel strategies for its treatment, especially
combined treatments, along with conventional therapies [52].

2.3. Viscosity measurements

Viscosity measurements were performed in order to study the in-
fluence of ligands 4c and 4d on the relative specific viscosity of DNA.
The relative specific viscosity (η/ηo) of DNA is firmly dependent on the
length changes that may associate with the separation of DNA base
pairs caused by intercalative interaction between DNA’s double helix
and a small molecule. Based on this it is well-known that intercalated
ligands cause lengthening of the DNA helix and increases its relative
viscosity [53]. The groove binding or electrostatically interacting

ligands kinks or bends the DNA helix and reduces its effective length
and, consequently, it exerts substantially no effect on DNA viscosity
[54]. A classical DNA intercalator leads to a significant increase in the
viscosity of the DNA. In our case, relative viscosity increases with a
slope value of 0.58 (ligand 4d) and 0.47 (ligand 4c). Upon addition of
both ligands to DNA, the relative viscosity increases steadily, as in the
case of the classical intercalator (Fig. S26). The results suggest that the
ligands bind with DNA through the intercalative mode since the visc-
osity increase of DNA is ascribed to the intercalative binding mode,
which causes the effective lengthening of the DNA [55]. Therefore, the
viscosity increment in the DNA caused ligands 4c and 4d to offer
auxiliary support for the intercalative mode of interaction with DNA. To
compare binding affinity of investigated compounds the slope of re-
lative viscosity was discussed. The higher values are obtained for ligand
4d (0.58) indicating more dominant intercalation effect on other in-
teractions.

2.4. Molecular docking study

The molecular docking was performed to support the interactions
and to find out the preferred binding modes of ligands (4c and 4d) with
DNA, as well as reference compound, cisplatin. The best-docked poses
of the compounds with DNA dodecamer are displayed in Fig. 9, and
calculated results for binding energies and docked inhibition constant
are summarised in Table 2.

Docking analysis shows that both compounds have conformational
changes during docking and as a result, only benzene rings interact
through intercalation with DNA. As can be seen from schematic re-
presentation of an interaction, the 4d ligand interact with DNA base

Fig. 6. Effects of caspase inhibitors (caspase-3, -8 and -9 inhibitor) on the percentage of apoptotic HeLa cells after 24 h treatment with compounds. HeLa cells were
exposed to IC50 concentrations of investigated compounds for 24 h in the presence of specific caspase inhibitors (final concentration – 40 μM) as described.
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pairs through van der Waals and hydrophobic interactions, as well as
the formation of hydrogen bond between NH and DA:A6 and DT:A7. On
the other hand ligand 4c form only one hydrogen bond with DT:A7. The
existence of one more hydrogen bond between DNA molecule and 4d
lead to better binding (lower binding energy values), which is in ac-
cordance with results of viscosity measurements, due to lower values of
the slope of ligand 4d comparing to ligand 4c.

From Table 2, 4d have a more negative value of free binding energy
(ΔG), a priori highest binding affinity towards DNA comparing to 4c.
These results lead to the conclusion that additional formation of H-
bonds has less influence on the binding of ligands to DNA molecule
comparing to geometrical fitting.

By comparison of results with cisplatin, published in our previous
work [23], similar values for ΔG are obtained for ligand 4d. Molecular
docking analysis of ligands with BSA was performed to validate the
experimental results and to determine the possible binding modes and
binding sites. The results of docking studies of the compounds with BSA
receptor are summarised in Table 2, and the 3D binding environment is
presented in Fig. 10. Analysis of results shows that all ligands interact
with BSA in the same binding pocket (Fig. 10). The ligand 4d is forming
three H-bonds, with Asp 118, Lys 136 and with Glu-125. The interac-
tion between ligand 4c and BSA is stabilised due to hydrogen bond
formation with Lys 136 and Glu 140. From obtained results, it can be
noted that most responsible amino acid residue for binding of

investigated compounds with BSA is Lys 136. By analysing of results for
ΔG, between ligands 4d and 4c, ligand 4d have lower values, which
indicate a stronger binding affinity towards BSA. This observation leads
to the conclusion that the smaller size of 4d allows more comfortable
fitting in the structure of BSA, which is manifested by lower binding
energy. In comparison with results obtained for cisplatin docking, ΔG
values for cisplatin were significantly lower.

2.5. Lipophilicity assessment and structure active relationship

2.5.1. Multivariate statistical analysis
Different molecular descriptors (constitutional, geometric and to-

pological) were calculated for each compound and presented in Table
S3 (SI). Molecular descriptor values as well as experimentally obtained
lipophilicity data (Table S4, log kw) were employed in hierarchical
cluster analysis (HCA) and principal components analysis (PCA).

In this work, HCA is used to build a hierarchical tree considering
similar attributes between compounds. Euclidean distance, group
average cluster method and sum of distances were applied in clustering
of molecules. Distance generated by variables varies between 0 and 1,
where 1 represents maximal distance. According to the dendrogram,
twelve molecules were grouped in two major clusters (Fig. 11). Only
two compounds (4f and 4l) belong to the second cluster, and they
possess higher lipophilicity values. First cluster groups more

Fig. 7. Effects of compounds 4c, 4d, 4f, 4k and 4l on angiogenesis of endothelial EA.hy926 cells. Applied concentrations of compounds are subtoxic (IC20).
Representative photomicrographs of one out of two independent experiments are shown.
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hydrophilic molecules where compounds 4c, 4d and 4k show best
biological activity. Compounds 4c, 4d, 4e and 4k contain a heteroatom
as the substituent which probably influences stronger cytotoxicity. In
the second cluster both molecules 4l and 4f show significant cytotoxic
activity and probably the presence of the benzyl group and the bromine
could explain the stronger biological activity. Only the most hydro-
phobic compounds were grouped in the second cluster due to their
bulky highly lipophilic substituents.

The purpose of PCA is not only to reduce descriptors' number but
also to correlate descriptors in order to find other variables and to
group selected descriptors in principal components. PCA was applied in
our data set in order to gain an overview of similarity or dissimilarity
among the examined molecules. Regarding our data set, first two
principal components have explained 94.18% of the total variance from
original data, thereby PC1 described 71.84%. In the Fig. 11, (table D)
are presented selected descriptors which most influenced the simila-
rities/dissimilarities between compounds. In PC1 descriptor values
(Mw, W, V, TPSA and log kw) are ranged from 0.52 to 0.2. For PC2
descriptor TPSA showed the highest loading values. Regarding the bi-
plot Fig. 11(C) it can be concluded that HCA and PCA gained similar
findings. Heatmap with IC50 activity values of all examined molecules
(n=12) is provided in Fig. 12 in order to better visualize activity data.
Compounds with the highest lipophilicity values (4c, 4d, 4f, 4k, and 4l)
exhibit stronger anticancer potential.

2.5.2. The Molecular Lipophilicity Potential (MLP) and Polar Surface Area
(PSA)

The molecular characteristics highlighted as valuable for biologic
activity in HCA and PCA analysis (Fig. 11) and information from the
compounds’ activity regarding the nature of substituents (Fig. 12) were
considered as appropriate for selection of two descriptors (TPSA and
experimentally obtained values of lipophilicity; log kw) to be further
examined. Logkw and Topological surface area (TPSA) values can be

visualized in Fig. 13 comparing the most active compounds: 4c, 4d, 4e,
4k and 4l.

Lipophilicity represents the molecular property which is widely
investigated in SAR and QSAR approaches. This characteristic can affect
biological activity of the molecule such as permeation of a molecule
through biological tissues/barriers, as well as interactions with trans-
porter proteins and enzymes [56].

MLP is particularly helpful in explanation of different ADME prop-
erties of compounds. Analysis of the 3D distribution of hydrophobicity
on the molecular surface can be useful in explanation of differences
between observed ADME characteristics with same logP. The biological
activity of the investigated compounds has not been strictly related to
lipophilicity. Compound 4l shows the highest cytotoxic activity and
higher values of log kw compared to the other most promised candi-
dates: 4c, 4d, 4f and 4k. These molecules show moderate values of
lipophilicity as well as moderate values of TPSA.

3. Conclusion

A simple and convenient method for the multicomponent one-pot
Biginelli reaction for the synthesis of THPMs derivatives 4a-l from N-
methylurea (1), of ethyl 4-chloroacetoacetate (2) and some aldehydes
3a-l under different reaction conditions is presented. Synthesized
compounds (4a-l) were evaluated for in vitro cytotoxic activity against
cervix adenocarcinoma cell line (HeLa), human colon carcinoma
(LS174), non-small cell lung carcinoma (A549) and an on the normal
cell line, human fetal lung fibroblast cell line (MRC-5) by employing a
MTT assay. Compounds 4c, 4d, 4f, 4k and 4l showed strong activity
against all tested malignant cell lines, similar to the activity of cisplatin.
Also, the compounds 4f-i exhibit low cytotoxicity according to the
MRC-5 and consequently very good selectivity. The molecular docking
was also performed to support the interactions and to find out the
preferred binding modes of ligands (4c and 4d) with DNA and BSA.

Fig. 8. Changes in expression levels of miR-21, MMP2 gene, MMP9 gene, and TIMP3 gene in HeLa cells exposed to subtoxic IC20 concentrations of the compounds 4c,
4d, 4f, 4k and 4l for 24 h.
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Obtained results show that for both compounds only benzene rings
interact through intercalation with DNA. Analysis of results for BSA
shows that all ligands interact with BSA in the same binding pocket.
Results of Multivariate Statistical Analysis indicated that compounds
4c, 4d, 4e and 4k shows moderate lipophilicity and contain a het-
eroatom as the substituent which probably influences stronger cyto-
toxicity. Compounds with heteroatom and/or alkyl group at position 4
of the benzene ring (4k, 4j, 4l, 4d, 4e and 4c) exhibit stronger antic-
ancer potential.

4. Experimental

4.1. Chemistry

All solvents and substrate were purchased from Sigma. The alkyla-
tion of aldehydes was done according to the previously described
methodology [57]. Melting-points (Mp) were determined on a Mel-
Temp apparatus and are uncorrected. Thin-layer chromatography (TLC)
was carried out on 0.25mm Sigma-Aldrich coated silica gel plates (60F-
254) using eluent DCM:EtOAc (9:1) mixture as a mobile phase and UV
light for visualization. The IR spectra were recorded by a Perkin–Elmer
Spectrum One FT-IR spectrometer on KBr pellet. The NMR spectra of
compounds Ethyl 6-chloromethyl-1-methyl-2-oxo-4-phenyl-1,2,3,4-tet-
rahydropyrimidine-5-carboxylate (4a), 2,6-Methano-2H-1,3,5-benzox-
adiazocine-11-carboxylic acid, 4,5,6-trihydro-2-chloromethyl-3-me-
thyl-4-oxo-, ethyl ester (4b), 1,5-Methano-1H-naphth[1,2–g][1,3,5]
oxadiazocine-13-carboxylic acid, 2,3,4,5-tetrahydro-5-chloromethyl-4-
methyl-3-oxo-, ethyl ester (4c), Ethyl 6-chloromethyl-1-methyl-2-oxo-4-
(4′-chlorophenyl)-1,2,3,4-tetrahydropyrimidine-5-carboxylate (4d),
Ethyl 6-chloromethyl-1-methyl-2-oxo-4-(4′-methylthiophenyl)-1,2,3,4-
tetrahydropyrimidine-5-carboxylate (4e), Ethyl 6- (chloromethyl)-1-
methyl-2-oxo-4-(4′-benzyloxyphenyl)-1,2,3,4-tetrahydropyrimidine-5-
carboxylate (4f), Ethyl 6-chloromethyl-1-methyl-2-oxo-4-(4′-hydroxy-
3′-methoxyphenyl)-1,2,3,4-tetrahydropyrimidine-5-carboxylate (4g),
Ethyl 6-chloromethyl-1-methyl-2-oxo-4-(4′-hydroxy-5′-iodo-3′-methox-
yphenyl)-1,2,3,4-tetrahydropyrimidine-5-carboxylate (4h), Ethyl 6-

Fig. 9. Visual representation of binding environment for ligands 4c and 4d with DNA along with a schematic representation of interactions.

Table 2
Results of docking score, free energy of binding and docked inhibition constant
for investigated ligands.

Ligand Docking score Free energy of binding
(ΔG)/kJ mol−1

Docked inhibition
constant (Ki)/μM

DNA

4c −4.252 −32.82 1.775
4d −4.884 −38.78 0.160
Cisplatin −6.345 −37.06 0.304

BSA

4c −5.002 −43.55 0.024
4d −4.169 −44.76 0.014
Cisplatin −5.321 −20.18 291.35
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chloromethyl-1-methyl-2-oxo-4-(3′,4′-dimethoxyphenyl)-1,2,3,4-tetra-
hydropyrimidine-5-carboxylate (4i), Ethyl 6-chloromethyl-1-methyl-2-
oxo-4-(4′-ethoxy-3′-methoxyphenyl)-1,2,3,4-tetrahydropyrimidine-5-
carboxylate (4j), Ethyl 6-chloromethyl-1-methyl-2-oxo-4-(3′-methoxy-
4′-propoxyphenyl)-1,2,3,4-tetrahydropyrimidine-5-carboxylate (4k),
and Ethyl 6-chloromethyl-1-methyl-2-oxo-4-(4′-bromo-n-pentyloxy-3′-
methoxyphenyl)-1,2,3,4-tetrahydropyrimidine-5-carboxylate (4l) were
performed in CDCl3 or DMSO-d6, with TMS as internal standard on a
Varian Gemini 200MHz NMR spectrometer (1H at 200 and 13C at
50MHz). Abbreviations for the NMR signal that were used are:
s= singlet, d= doublet, t= triplet, m=multiplet, and dd= doublet
of doublet. All NMR (1H and 13C) spectral data given in SI (see Figs.
S1–S24). Mass spectrometry was performed by Waters Micromass
Quattro II triple quadrupole mass spectrometer and MassLynx software
for control and data processing. Electrospray ionization in the positive
mode was used. The electro spray capillary was set at 3.0 kV and the
cone at 20 V. The ion source temperature was set at 120 °C and the flow
rates for nitrogen bath and spray were 500 l/h and 50 l/h, respectively.
The collision energy was 20 eV.

4.1.1. General experimental procedures
4.1.1.1. Synthesis of 4a, 4d-l (method A). To 6.5 mmol of N-methylurea
ethanol solution in a 50-mL round-bottom flask, mixture of ethyl 4-
chloroacetoacetate (5mmol) and aldehyde (5mmol) dissolved in 15mL
of bubbled ethanol was add and after that 0.1mL HCl (36.5%) was
added dropwise. The reaction was followed by TLC (eluent EtOAc : n-
hexane). After cooling, the formed yellow powder was filtered, washed
with DCM, cold ethanol and water and recrystallized from boiling
methanol to achieve the desired product with a good purity grade.

4.1.1.2. Synthesis of 4b and 4c (method B). N-methylurea (3mmol),
ethyl 4-chloroacetoacetate (3mmol), aldehyde 1b or 1c with five drop
of HCl (36.5%) were heated at 80 °C in round bottom flask (50mL)
through 2 h. Upon completion of the reaction in formed solid mixture,
20mL of hot ethanol was added. After cooling in refrigerator, white
crystals of targeted products very fast fallout from solution. Crystals
were isolated via filtration, washed with small portions of cold ethanol
and dried at room temperature to afford the desired products.

4.2. X-ray data collection and structure refinement for compounds 4b and
4h

Single-crystal X-ray diffraction data for both compounds were col-
lected on an Oxford Gemini S diffractometer equipped with a CCD
detector, using monochromated Mo Kα radiation. Data reduction and
empirical absorption correction were performed with CrysAlisPRO
[58]. Crystal structures were solved by direct methods using SHELXS
and refined on F2 by full-matrix least-squares using SHELXL [59]. All
non-H atoms were refined anisotropically. Positions of H atoms bonded
to the N2 nitrogen atoms as well as H atom bonded to the O4 were
taken from difference electron density maps. All remaining H atoms
were placed in geometrically calculated positions and refined using the
riding model with Uiso values constrained to 1.2Ueq or 1.5Ueq of the
parent C atoms. Crystallographic details for structure analysis of the
compounds 4b and 4h are summarized in Table S2. Figures were pro-
duced using MERCURY [60]. The software used for the preparation of
the materials for publication: WINGX [61], PLATON [62], and PARST
[63].

Fig. 10. Representation of binding environment for ligands 4c and 4d with BSA along with a schematic representation of interactions.
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4.3. Biological activity

4.3.1. Cell culture
Cervix adenocarcinoma cell line (HeLa), human colon carcinoma

(LS174), non-small cell lung carcinoma (A549) and a normal cell line,
human fetal lung fibroblast cell line (MRC-5) were grown in RPMI-1640
medium (Sigma) at 37 °C. Media were supplemented with 10% fetal
bovine serum, L-glutamine, and penicillin-streptomycin (Sigma).

4.3.2. Treatment of cells
Stock solutions (10mM) of the compounds, made in DMSO, were

dissolved in a corresponding medium to the required working con-
centrations. Target cells HeLa (2000 cells per well), LS174 (7000 cells
per well), A549 (5000 cells per well) and MRC-5 (5000 cells per well)
were seeded into wells of a 96-well flat-bottomed microtitre plate.

Twenty-four hours later, after the cell adherence, different concentra-
tions of investigated compounds were added to the wells, except for the
control cells to which only nutrient medium was added. Final con-
centrations reached in treated wells were in the range of 12.5 µM to
200 µM. The final concentration of DMSO solvent never exceeded 0.5%,
which was non-toxic to the cells. The positive control was che-
motherapy drug cisplatin. All investigated concentrations were set up in
triplicate. Nutrient medium with corresponding concentrations of in-
vestigated compounds, but without cells, was used as a blank, also in
triplicate. The cultures were incubated for 72 h.

4.3.3. Determination of IC50 value
The effect of the investigated compounds on survival of the specified

cell lines was determined by the microculture tetrazolium test (MTT)
according to Mosmann [64] with modification by Ohno and Abe [65]

Fig. 11. HCA analysis: (A) Dendrogram of investigated compounds with two main clusters: red marked (more hydrophilic compounds with less bulky substituents)
and green marked (lipophilic compounds with bulky substituents). PCA analysis: (B) Eigenvalues of the correlation matrix: the two first factors PC1 and PC2
explained 94.27% of total variance from the original data; (C) Biplot for the two first factors PC1 versus PC2 and molecular descriptors; (D) Extracted eigenvectors of
PC1 and PC2: coefficients of PC1 and PC2 are presented in columns.
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72 h after addition of the compounds, as described earlier. Briefly,
20mL of MTT solution (5mg/mL phosphate-buffered saline) was added
to each well. Samples were incubated for a further 4h at 37 °C in a
humidified atmosphere of 95% air/5% CO2 (v/v). Then 100 µL of
100 g/L sodium dodecyl sulfate was added to dissolve the insoluble
product formazan resulting from conversion of the MTT dye by viable
cells. The absorbance (A) at 570 nm was measured 24 h later. The
number of viable cells in each well was proportional to the intensity of
the absorbance of light, which was read in an enzyme-linked im-
munosorbent assay (ELISA) plate reader. To determine cell survival
(%), the A of a sample with cells were grown in the presence of various
concentrations of the investigated compounds was divided by the
control optical density (the A of control cells grown only in nutrient
medium) and multiplied by 100. In each experiment, the A of the blank
was always subtracted from the A of the corresponding sample with
target cells. IC50 is defined as the concentration of an agent inhibiting
cell survival by 50% compared with a vehicle-treated control. All ex-
periments were done in triplicate.

4.3.4. Cell cycle analysis
Cervix adenocarcinoma (HeLa) cells, were seeded in six-well plates

(3× 105 cells/well), and after 24 h treated with investigated com-
pounds, except control cells, and incubated at 37 °C for the next 24 h.
Concentrations used corresponded to IC50 values. After the incubation,
the cells were collected by trypsinization, and fixed in ice-cold 70%
ethanol for 1 h on ice, then at −20 °C for at least a week. After fixation,
the cells were washed in PBS and pellets obtained by centrifugation
were treated with RNase (100 μg/mL) at 37 °C temperature for 30min
and then incubated with propidium iodide (PI) (40 μg/mL) for at least
30min. DNA content and cell-cycle distribution were analyzed using a
Becton Dickinson FACSCalibur flow cytometer. Flow cytometry analysis
was performed using a CellQuestR (Becton Dickinson, San Jose, CA,
USA) software on a minimum of 10 000 cells per sample [66].

4.3.5. Determination of target caspases
In order to examine the role of caspases involved in the apoptotic

cell death induced by the investigated compounds, the percentages of
HeLa cells in the subG1 phase pretreated with a caspase-3 inhibitor
were determined. HeLa cells were preincubated for 2 h with a Z-DEVD-
FMK caspase-3 inhibitor at a final concentration of 40 μM. Caspase in-
hibitor was purchased from R&D Systems (Minneapolis, USA). The in-
vestigated compounds (4c, 4d, 4f, 4k and 4l) were applied to target

HeLa cells at concentrations which corresponded to IC50 values ob-
tained for 72 h treatment. For each compound, one sample of HeLa cells
were not treated with inhibitor and served as a referent sample. After
24 h of incubation, cells were harvested and fixed in 70% ethanol on
ice. Samples were stored at −20 °C for one week before PI staining.
Changes in the percentages of cells in the subG1 phase were determined
by flow cytometry analysis.

Fig. 12. Cytotoxic activity of 4a-l examined on HeLa, A549, MRC-5 and LS cell
lines. Ranges of IC50 values are indicated by the colors: violet-dark blue,
2–41.60 µM; light blue-green, 41.61–81.20 µM; yellow-orange,
81.21–120.8 µM; red, 120.9–160.4 µM; dark red 160.5–200 µM.

Fig. 13. Presentation of the calculated hydrophobic (miLogP) and topological
descriptors (TPSA) of the most promising candidates (4c, 4d, 4f, 4k and 4l): (A)
map of lipophilic potential (MLP), calculated using the Molinspiration software.
MLP is calculated from atomic hydrophobicity contributions, the same method
is used in calculation of miLogP values. Galaxy Visualizer provides possibility to
visualize molecular lipophilicity potential on the molecular surface to ac-
knowledge hydrophobic (encoded by violet and blue colors) and hydrophilic
parts (orange and red) of the molecule. The molecules are shown in the stick
model (A and B), where carbon atoms are in gray, oxygen in red, nitrogen in
blue, sulphur in yellow, and hydrogen in white. (B) Polar surface area (PSA)
was calculate using Molinspiration software. The surfaces are presented by
dotted lines. Gray parts correspond to hydrophobic and red to hydrophilic
atoms.
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4.3.6. Tube formation assay
24-Well plates were coated with 200 μL of Corning® Matrigel®

basement membrane matrix (Corning: cat. number 356234). Plates
were incubated for 2 h. After that, suspensions of EA.hy926 cells were
added into plates. In control cell sample complete nutrient medium was
added, while solutions of sub-toxic concentrations (IC20) of compounds
with nutrient medium were added to other samples. Those concentra-
tions were obtained by MTT test after 24 h treatment of EA.hy926 cells
with investigated extracts. The 24 h incubation in the assay was at 37 °C
in an atmosphere of 5% CO2 and humidified air. After incubation,
photomicrographs of target cells were captured under the inverted
phase-contrast microscope [67].

4.3.7. Gene and microRNA expression analyses
In this study, we measured changes in the expression levels of

MMP2, MMP9, TIMP3, and the levels of miR-21 in human cervical
cancer HeLa cells treated with sub-toxic concentrations of five ex-
amined compounds. For the extraction of total RNA we used TriReagent
(Sigma), isopropanol and 75% diethylpyrocarbonate (DEPC)-ethanol
according to manufacturer’s protocol. Reverse transcription reaction
was performed with High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems by Thermo Fisher Scientific, Vilnius, Lithuania)
while for real-time quantitative PCR (RT-qPCR) we used No UNG 2x
TaqMan Universal Master Mix. Reaction of cDNA amplification was
performed with MMP2 (Hs01548727_m1), MMP9 (Hs00957562_m1),
and TIMP3 (Hs00165949_m1), and miR-21 (ID 000397) assays. Gene
expression, shown in relative quantity (RQ) values, was normalized to
GAPDH (Hs02758991_g1), while miR-21 levels were normalized to
RNU6B (ID001093) small nuclear RNA. Relative quantity values were
obtained by comparative ΔΔCt method, analyzed with 7500 System SDS
software (Applied Biosystems, Foster City, California, USA).

4.4. Viscosity measurements

The viscosity of a DNA solution was measured in the presence of
increasing amounts of ligands using Ubbelohde viscosimeter (SI
Analytics GmbH, Mainz, Germany, type no. 525 03) by measuring the
flow rate of the liquid. Viscosimeter was filled with experimental liquid
and placed vertically in a glass-sided thermostat maintained constant
to± 0.01 K, with a standard uncertainty of controlled temperature
of± 0.02 K. After thermal equilibrium is attained, the flow time of li-
quids was recorded with a digital stopwatch with an accuracy of±
0.001 s. All measurements were performed at 310.15 K. Results were
obtained as the mean value of at least ten viscosity measurements, and

data were presented as ( )1/3

o
against R, where η is the viscosity of DNA

in the presence of ligand, ηo is the viscosity of DNA alone in the buffer
solution, and R is mole ratio of ligands/DNA. The DNA concentration
was fixed at 1·10−5 mol dm−3. The viscosity values were calculated
from the observed flow time of the DNA-containing solutions (t) cor-
rected for the flow time of the buffer alone (to),

t t
t

o
o

= . The relative
standard uncertainty of determining the viscosity with Ubbelohde vis-
cosimeter was found to be less than 1%.

4.5. Lipophilicity estimation

Isocratic HPLC measurements were performed using Agilent 1100
Series system with diode array detector. HPLC system possesses binary
pump, degasser and automatic injector connected to a computer for
information processing with Agilent Chem Station program. As the
stationary phase for RP HPLC analysis ZORBAX Eclipse Plus C18
(250mm×3mm, 5 µm) column was used. The organic phase was
HPLC grade acetonitrile (Sigma-Aldrich). Flow rate of the mobile phase
was 1.00mL/min. All HPLC measurements were performed following
previously published procedure [68]. Retention times for all com-
pounds were determined in duplicate, and the average values were used

for determination of log k values (Table S5). The slope (S) and the in-
tercept (log kw) were calculated by using the Origin Pro 2016 software.
The Φ0 index represents the volume percent of organic phase con-
centration in the mobile phase by which log k value is 0. The Φ0 values
are calculated from the intercept (log kw) and the slope (S)

klog /Sw0 =

4.6. Molecular modeling and calculation of the descriptor set

For molecular modeling ChemBioDraw Ultra 14.0 and ChemBio3D
Ultra 14.0 suit were used in order to create the correct molecular
structure (2D and 3D). Adequate 3D chemical structures were under-
going to energy minimization using MM2 force field with a set gradient
of 0.1 kcal/Å mol. Geometry optimization was performed using Austin
Model 1 and root mean square values for all compounds were lower
than 1×10-4 kcal/Å mol. Molecular descriptors were calculated using
open-source python package ChemoPy [69] and Molinspiration soft-
ware (http://www.molinspiration.com). Criteria for molecular de-
scriptors selection were: Pearson's linear correlation coefficient be-
tween descriptors and IC50 values and distribution of data on the scatter
plots.

4.7. Computational methods for molecular docking

The structure of the B-DNA dodecamer d(CGCGAATTCGCG)2 (PDB
code 1BNA) and bovine serum albumin (BSA) crystal structure (PDB code
3V03) were used as a model to study the interaction between the in-
vestigated ligands and DNA. The structures were processed with the
Protein Preparation Wizard in the Schrödinger 2015-02 suite package
[70]. The structures integrity was checked and adjusted, and missing re-
sidues and loop were added using Prime. Crystallographic water molecules
were removed from the DNA fragment. Hydrogen atoms were added after
deleting any original ones, followed by adjustment of bond orders for
residues and the ligands. The protonation and tautomeric states of residues
were adjusted to match a pH of 7. Active site water molecules beyond
5.0 Å from the ligand were deleted. Hydrogen bond sampling with ad-
justment of active site water molecule orientations was performed using
PROPKA at pH 7 [71]. Then, the enzyme was subjected to geometry re-
finement using an OPLS-2005 force field restrained minimisation with the
convergence of heavy atoms to an RMSD of 0.3 Å [72].

The receptor grid for each target was prepared using the OPLS-2005
force field, and docking was performed using Glide with standard
precision [73]. Flexible ligand sampling was considered in the docking
procedure. All poses were subjected to post-docking minimisation. The
lowest binding energy conformer was searched out of 10 different
conformers for each docking simulation, and the resultant one was used
for further analysis. The best-docked structures for each ligand were
determined, based on the model energy score which combines the en-
ergy grid score, the binding affinity, the internal strain energy and the
Coulomb-van der Waals interaction energy scores.
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