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Abstract: Natural cytokinins are a promising group of cytoprotective and anti-tumor agents.The
aim of this research was to synthesize a set of novel cytokinin analogs with alkyl substituents at
various positions of the aromatic moiety, as well as with oxygen-containing groups, and teste their
antiproliferative activity in MDA-MB-231, A-375, and U-87 MG cell lines, and cytoprotective
properties in H202 and CoCl> models. Cell viability was evaluated after a 24 h and 72 h incubtion
using the resazurin and lactate dehydrogenase tests. For the most active ones, the combined activity
with doxorubicin and temozolomide was also evaluated. Two amino-linked compounds inhibited
cell proliferation by up to 25% and enhanced doxorubicin activity by 20-30%. Two carbamate-based
ones were reduced cell death from CoCl2 and H20:2 by 10-20%. In the molecular docking experiments
to the cytokinin targets A2AR, APRT, and CDK2, the compound energies were close to the ones of
the appropriate inhibitors in the inactive protein conformation.. The obtained results are promising
for the development of novel anti-cancer therapeutics.

Keywords: carbamates; oxamates; synthetic cytokinins; substituted ureas; anti-oxidative effect;
cytotoxicity; oxidative stress

1. Introduction

Plant-isolated compounds [1], such as flavonoids [2—4] and phytohormones, as well as their
synthetic analogs [5-9] are considered to be very promising as potential anti-cancer agents.

Among phytohormones, cytokinins and their derivatives are particularly noteworthy due to
their anticancer [7,10], antiproliferative activity [9,11], and immunomodulatory properties [10,12].
The first attempt to enhance the activity of cytokinins was the synthesis of their ribosides. The
ribosides of adenine cytokinins exhibit varying degrees of cytotoxic properties against a wide range
of malignant human tumor cells, including glioblastoma, rhabdomyosarcoma, melanoma, breast
cancer, leukemia, colon cancer, lung cancer, tumors of the central nervous system, prostate, ovarian,
and kidney cancers [7,13-15]. Ortho-topolin riboside has high activity (ICs = 0.5-11.6 uM) against
several human malignant cell lines [15].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Although the cytotoxic activity of the ribosides trans-Zeatin, N6-(2-Isopentenyl)adenine, and
benzyl aminopurine against tumor cells was demonstrated as early as the end of the 1960s to the
middle of the 1970s, these compounds were not introduced into medical practice due to their low
selectivity [7,14,16]. To alleviate this problem, another chemical modifications of cytokinins were
proposed. A typical example is, forchlorfenuron (CPPU) [17] (Figure 1) that inhibits proliferation,
migration, and invasion in cells of various types of oncological diseases, such as tumors of the
prostate, mesothelioma, lung, colon, breast, ovary, and cervix. Additionally, CPPU was shown to
inhibit tumor growth in mouse trials [18]. Forchlorfenuron derivatives with oxygen and sulfur-
containing groups at significantly lower doses (4-33 uM versus 100 uM for CPPU) inhibit the
proliferation of cancer cells in several endometrial and ovarian cell lines [17]. However, in
agricultural use, CPPU is known to promote cell division and growth, which could potentially lead
to undesirable proliferative effects in humans [17].

T OC O

Forchlorfenuron (CPPU) EDU I

Figure 1. Cytokinin-like compounds forchlorfenuron (CPPU) and ethylenediurea (EDU).

Given the aforementioned problems and promises with the existing cytokinin analogs, we
proposed another modification of these compounds, ethylenediurea (EDU). In crops, it mainly acts
as a protective agent against the damaging effects of ozone and increases the phytotoxicity of many
herbicides that are degraded in plants by oxygenases. A set of aryl carbamate and aryl urea EDU
analogs with chlorine substitutions were synthesized and tested on antiproliferative activity in MDA-
MB-231, A-375, and U-87 MG cell lines, and cytoprotective properties in H202 and CoCl> models
[11,19,20]. Aryl carbamates with the oxamate moiety were anti-proliferative for some cancer cell lines,
while the aryl ureas were inactive. In the cytoprotection studies, all the derivatives displayed only
little or no activity. The possible molecular targets of aryl carbamates' anti-proliferative action may
be the adenosine A2 receptor and CDK2 [11]. However, the observed anti-cancer and cytoprotective
activity was rather low (about 30% decrease in cell proliferation at the concentration of the substances
of 100 uM), and thus a search for a more active derivatives of this kind seems to be an interesting
task.

In this work, ten novel EDU derivatives with alkyl and oxygen-containing groups as
substituents at various positions in the aromatic moiety were tested for anti-proliferative and
cytotoxic activity in MDA-MB-231, U-87 MG, and A-375 cell lines, as well as for their cytoprotective
activity in the H202 and CoCl: toxicity tests on SH-SY5Y cell line. Two of the compounds displayed
a selective anti-proliferative activity towards breast cancer and melanoma cell lines. This activity was
synergetic with doxorubicin and antagonistic with temozolomide. The probable targets in this case
were the A2AR receptor and APRT. Two other compounds displayed a slight cytoprotective activity,
which relied on CDK2 inhibition.

2. Results

2.1. Compound Synthesis

New EDU derivatives (1-10) were obtained in a known way according to Scheme 1, from 2-
imidazolidinone with an aminoethyl or with a hydroxyethyl substituent by reaction with various aryl
isocyanates in the presence of triethylamine in anhydrous acetonitrile, as described in [11,20]. The
resulting substances are crystalline white powders, poorly soluble in water and alcohols, and highly
soluble in DMSO. They are stable when stored at room temperature, slightly hygroscopic. The main
physicochemical characteristics of compounds (1-10) including NMR spectra are given in the
Supplement.
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Scheme 1. Preparation of EDU derivatives (1-10).

Table 1. The structure and yields of the synthesized compounds.

Compound R: R: Rs X Yield, %
1 CHs - CHs NH 59
2 CHs - CHs (©) 30
3 - CHs - NH 31
4 - CHs - 0O 36
5 CoHs - - NH 62
6 C2Hs - - O 50
7 CHs CHs - NH 58
8 - OCHs - NH 35
9 - OCHs - (©) 18

10 - COOCHs - 0O 30

2.2. Anti-Proliferative Activity of the Synthesized Compounds

First, we tested the synthesized compounds for their ability to induce cell death or decrease
proliferation in a set of cancer cell lines. We used human cell lines of three major cancer types
(glioblastoma U-87 MG, melanoma A-375, metastatic breast cancer MDA-MB-231), and a
neuroblastoma SH-SY5Y, which was later intended to be a model in a cytoprotection setting. The cells
were incubated with the test compounds overnight, and their proliferation was evaluated using the
resazurin assay. The incubation time was chosen to model an acute toxic effect of a substance, for
which a short incubation is just enough to elicit necrosis or apoptosis induction. In the case of
substantial activity, additional experiments were carried out to evaluate the activity of the
compounds after 72 h of incubation to detect the effects on cell proliferation. The compounds were
assayed in the concentration range of 1-100 uM to account for the lowest potential load for the
patient’s organism.

Most of the compounds displayed no cytotoxicity for all cell lines tested. Compound 6 had an
anti-proliferative effect on the cell lines MDA-MB-231 and A-375, decreasing the cell viability by
about 20% at the concentration of 100 pM. Compound 8 had an anti-proliferative effect on MDA-MB-
231, decreasing the cell viability by about 20% at the concentration of 100 uM (Figures 2-5; Tables 2
and 3).

Thus, the compound 6 was chosen for further evaluation.
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Figure 2. The effect of the synthesized compounds on the MDA-MB-231 cells viability. The
compounds are partitioned into two panes for convenience. (A,B) Incubation time 24 h; (C) incubation

time 72 h. Resazurin test data, combined data of N=3, mean+standard error.
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Figure 3. The effect of the synthesized compounds on the U-87MG cells viability. The compounds are

partitioned into two panes for convenience. (A,B) Incubation time 24 h; (C,D) incubation time 72 h.

Resazurin test data, combined data of N=3 experiments, mean+standard error. *, a statistically

significant difference from control without substance, p<0.05 in ANOVA with the Tukey post-test.
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Figure 4. The effect of the synthesized compounds on the A-375 cells viability. The compounds are
partitioned into two panes for convenience. (A,B) Incubation time 24 h; (C,D) incubation time 72 h.

Resazurin test data, combined data of N=3 experiments, meantstandard error. *, a statistically

significant difference from control without substance, p<0.05 in ANOVA with the Tukey post-test.
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Figure 5. The effect of the synthesized compounds on the SH-SY5Y cells viability. The compounds are
partitioned into two panes for convenience. (A,B) Incubation time 24 h; (C,D) incubation time 72 h.
Resazurin test data, combined data of N=3 experiments, mean+standard error.

Table 2. Cell viability at the concentration of 100 uM of the active compounds; 24 h incubation time,
resazurin test data, combined data of N=3 experiments, mean (95% C.L.).

Bj-5ta MDA-MB-231 U-87 MG A-375 SH-SY5Y

Cell viability, % (95% C.I.)

6 96.8

(91.39-102.2)

86.26
(62.59-109.94)

102.83
(83.22-122.43)

78.46
(46.77-110.16)

92.2
(39.62-144.79)

8 100.85 87.15 92.77 97.07 90.27
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(55.45-146.25)  (65.36-108.94)  (-23.93-209.49) (7448-119.67)  (35.67-144.87)

Table 3. Cell viability at the concentration of 100 pM of the active compounds; 72 h incubation time,
resazurin test data, combined data of N=3 experiments, mean (95% C.IL.).

MDA-MB-231 U-87 MG SH-SY5Y
Cell viability, % (95% C.L)

6 83.25 (78.1-96.6) 85.87 (80.19-99.93) 77.44 (55.52-99.36)

8  94.71(56.93-132.48) 107.81 (91.59-124.04) 85.13 (74.19-96.06)

2.3. Selectivity of the Active Compounds

To investigate substance selectivity, we used normal immortalized human fibroblast cell line Bj-
5ta in the same experimental setting as in the cytotoxicity studies.

The chosen compounds 6 and 8 displayed no effect on the cell proliferation up to the
concentration of 100 pM (Figure 6). The selectivity indices were not calculated, as neither of the
compounds affected Bj-5ta cell line viability in the designated concentration range.
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Figure 6. The effect of the most active compounds on the viability of the human immortalized
fibroblast Bj-5ta cell line. Negative control cells (100% viability) were treated with 0.5% DMSO.
Positive control cells (100% cell death) were treated with 3.6 uL of 50% Triton X-100 in ethanol per

200 pL of the cell culture medium. 24 h incubation. Resazurin test data. Mean + standard error (N=3
experiments).

2.4. Mechanism of Action of Compound 6

An investigation of the mechanism of cell viability effects was performed for compound 6 on the
MDA-MB-231 cell line as the most promising model. Several sets of experiments were performed: (1)
lactate dehydrogenase (LDH) test for cell death; (2) measurement of the chronic incubation effects on
the cell viability.

As far as the resazurin test cannot differentiate between proliferation inhibition and cell death
(except for the extreme cases of 100% cell death), LDH test was performed. LDH is an intracellular
enzyme that is released upon membrane destruction during necrosis or secondary apoptosis. Thus,
if a compound treatment leads to an increase of the LDH activity in the cell culture medium, this is
an indication of cell death induction.

Compound 6 treatment did not produce any LDH activity in the cell medium up to the
concentration of 100 uM, indicating that this substance only inhibited cell proliferation (Figure 7).

In the long-term experiments, after the forst 48 h of treatment, the compound reduced the cell
viability by about 20%. However, these differences in cell viabilities between the treated and non-
treated cells disappeared already after 96 h of the incubation time (Figure 8). Given that the fresh
portion of the substance was added every 48 hours, these data indicate the ability of the cells to
develop resistance to the compound action.
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Figure 7. Cell death induction by the 23.1 compound for the MDA-MB-231 cell line. LDH test data, 48
h incubation time. Combined data of N = 3 experiments. * Statistically significant difference in the
ANOVA with the Dunnett post-test, p <0.05.
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Figure 8. The effect of the long-term incubation of compound 6 with the MDA-MB-231 cell line.
Resazurin fluorescence data (background subtracted), N = 3 combined experiments. * Statistically
significant difference from the control without substance, ANOVA with the Tukey post-test, p < 0.05.

2.5. Combined Activity of Compound 6 with Doxorubicin and Temozolomide

Given that compound 6 action was anti-proliferative, we hypothesized that it could enhance the
cytotoxic effects of the standard cytotoxic drugs, temozolomide, and doxorubicin. To test this
hypothesis, we performed a 72-hour-long incubation of various concentrations of doxorubicin and
temozolomide with 90 and 100 uM of 6 and evaluated the cell response using the resazurin and LDH
test. As far as the action of temozolomide was mostly anti-proliferative, we didn’t run an LDH test
for its combinations with compound 6. The concentrations of 6 were chosen around its maximum
established active concentration. Two cell lines were used in this set of experiments: breast cancer
MDA-MB-231, for which the activity of 6 was the most pronounced, and glioblastoma U-87 MG, for
which temozolomide is a standard drug. To evaluate the mode of compound interaction, the
coefficient of interaction (CI) was calculated according to the Chou-Talalay methodology [21]; the
compounds with CI > 1 were considered synergetic, and with CI <1 antagonistic.
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Combined with doxorubicin, compound 6 enhanced its activity by 20-30% in the U-87 MG cell
line; the interaction mode was additivity at low concentrations and synergism at high concentrations.
In the MDA-MB-231 cell line, the effect was similar, but the mode of interaction changed to
antagonism (Figure 9, Table 4). In combination with temozolomide on the U-87 MG cell line,

compound 6 also enhanced the net cell viability decrease, but the interaction mode again was
antagonism (Figure 10, Table 5).
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Figure 9. The effect of compound 6 on doxorubicin activity for the MDA-MB-231 (C, D) and U-87 MG
(A, B) cell line. 24 h Incubation time, resazurin (B, D) and LDH (A, C) test data, meanststandard error

(N=3 combined experiments). *, **, ** Statistically significant difference from the indicated control,
ANOVA with the Tukey post-test, p <0.05.
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Figure 10. The effect of compound 6 on temozolomide activity for the U-87 MG cell line. 24 h
Incubation time, resazurin test data, mean+standard error (N=3 combined experiments). * Statistically
significant difference from the indicated control, ANOVA with the Tukey post-test, p <0.05.
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Table 4. The effect of the combination of 6 with doxorubicin on the MDA-MB-231 and U-87 MG cell
lines, 24 h incubation time, averaged resazurin (viability), or LDH (cell death) test data. Averaged
data from N=3 combined experiments.

Doxorubicin, (6), M CI
pm

MDA-MB-231, MDA-MB-231, U-87 MG,
Viability Cell death Viability

10.0 90.0 1.50 1.81 1.09285

10.0 100.0 1.17 1.68 1.09440

75.0 90.0 1.35 1.40 0.32642

75.0 100.0 1.22 1.90 0.53187

100.0 90.0 1.65 0.79 0.57710

100.0 100.0 0.17 0.88 0.60758

Table 5. The effect of the combination of 6 with temozolomide on U-87 MG cell line, 24 h incubation
time, averaged resazurin test data. Averaged data from N=3 combined experiments.

Temozolomide, (6), M 1
pm
500.0 80.0 1.51722
700.0 90.0 1.68461
900.0 100.0 1.82996

2.5. Cytoprotection

Based on the data on the cytoprotective activity of the structurally similar compounds
[5,19,22,23], we tested the synthesized compounds in two antioxidant models (protection against the
H:0: and CoCl: cytotoxicity) in a 24-hour incubation.

In the cytoprotection experiments, the substances were mainly inactive (Figures 11 and 12).
However, compounds 2 and 10 were able to increase the viability of the cell culture by 10-20% in the
CoCl: toxicity test, and compound 7 had a similar activity in the H20: toxicity test.
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Figure 11. The effect of the synthesized compounds on the cytotoxicity of CoClz for the SH-SY5Y cell
line; 24 h incubation time, resazurin test data, combined data of N=4 experiments, mean+tstandard

error. * Statistically significant difference from the control without substance, ANOVA with the Tukey
post-test, p < 0.05.
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Figure 12. The effect of the synthesized compounds on the cytotoxicity of H202 for the SH-SY5Y cell
line; 24 h incubation time, resazurin test data, combined data of N=4 experiments, mean+standard
error.

As far as a possible mechanism of the cytoprotection activity of a compound could be a
stimulation of proliferation, we evaluated the ability of the most active compound 2 using the BrdU
test with an increased incubation time to make the possible changes in proliferation more prominent.

The compounds slightly increased the proliferation of the cells by about 20% at the concentration
of 50 uM (Figure 13).
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Figure 13. The effect of compound 2 on the SH-SY5Y cells proliferation, 72 h incubation time, BrDU
test data, meantstandard error (N=3 experiments). * Statistically significant difference from the
control without substance, ANOVA with the Tukey post-test, p <0.05.

2.6. Molecular Docking

To evaluate the possible mechanism of the anti-proliferative and cytoprotective action of the
synthesized compounds, we performed a series of molecular docking experiments. We hypothesized
that the active compounds and their molecular prototypes cytokinins could share at least some of the
receptors and used these proteins as the targets.

Cytokinins, the molecular prototypes of the synthesized compounds, have several core
molecular targets in mammalian cells: adenosine A2 receptor (A2AR), adenine phosphoribosyl
transferase (APRT), and cyclin-dependent kinase 2 (CDK2). To explore these proteins as potential
targets for the synthesized compounds, we performed a set of molecular docking experiments using
the AutoDock Vina tool. For each protein, several conformation variants were analyzed (A2AR, 5mz;j
[22], 2ydo [23], and 5mzp [22]; APRT, 6hgs, 6hgr, and 6hgp [24]; CDK2, 5fp5 [25] and 2jgz [26]).

The hypothesis behind the docking experiments was as follows: to compare the computed
binding energies for active and inactive conformations with the known protein inhibitors and
activators. If a synthesized substance would have a binding energy close to the one of the inhibitor

or activator for the appropriate protein conformation, that would indicate a possibility of a similar
activity of the substance.
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For A2AR and APRT, the active compounds shared the most populated docking area with the
ones of the activator (Figures 14 and 15), and their docking energy was close to the one of inhibitors
in the inactivated protein conformation, but not to the activator in the active protein conformation
(Tables 6 and 7). From these data it could be assumed, that the active substances inhibit these proteins.

adenosine
receptor

Figure 14. Preferred docking sites’ location for the A2AR variant 5mzj. Violet: centroids of the receptor

residues.

Table 6. Affinity of the synthesized compounds for the adenosine A2 receptor crystal variants.

AutoDock Vina data. Lower energy means higher affinity.

A2AR A2AR (active) + Adenosine  A2AR (inactivated) +

(activator) Caffeine (blocker)

MeantSEM p MeantSEM p MeantSEM p

Adenosine  5.32+0.05 - 3.06+0.15 - 5.17+0.06 -
9 5.11£0.04 0.340 3.87+0.11* 0.000 5.09+0.04 1.000

5.53+0.04 0.310 4.67+0.09* 0.000 5.26+0.04 1.000
5.79+0.03* 0.000 4.66+0.19* 0.000 5.75+0.04* 0.000
5.8+0.04* 0.000 4.96+0.09* 0.000 5.71+0.04* 0.000
5.67+0.03* 0.000 4.8+0.14* 0.000 5.61+0.03* 0.000
5.42+0.03 0.999 3.54+0.2 0.072 5.38+0.04 0.166
5.56+0.04 0.078 3.66+0.18* 0.002 5.59+0.03* 0.000

10 5.28+0.04 1.000 4.37+0.11* 0.000 5.2+0.03 1.000
*, a statistically significant difference from the adenosine binding, ANOVA with the Tukey post-test.
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Figure 15. Preferred docking sites” location for the APRT variant 6hgs. Rose: centroids of the receptor
residues.

Table 7. Affinity of the synthesized compounds for the APRT crystal variants. AutoDock Vina data.
Lower energy means higher affinity.

APRT+GMP A.PRTTIMP
. . (inactivated
(active conformation) .
conformation)
Mean+SEM P Mean+SEM P
IMP
(blocker) 7.32+0.08 - 7.69+0.07 -
GMP ¢ 234006 - 6.24+0.07 ;
(activator)
9 5.33+0.06* 0.000 5.55+0.06* 0.000
8 5.63+£0.05%* 0.000 5.7+0.04* 0.000
7 6.22+0.06 1.000 6.27+0.06 1.000
1 6.1+0.07 0918 6.4+0.06 0.720
5 5.95+0.05%* 0.044 6.0+0.05 0.088
6 5.93+0.05* 0.020 5.65+0.07* 0.000
2 6.29+0.06 0.999 6.21+0.06 1.000

10 5.4+0.05* 0.000 5.57+0.05* 0.000
*, a statistically significant difference from the GMP binding, ANOVA with the Tukey post-test.

For CDK2, the docking affinity for the cytoprotective compound 10 was close to the one of the
inhibitor SCE (Figure 16, Table 8), again leading to the assumption that this substance inhibits CDK2.
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Figure 16. Preferred docking sites’ location for the CDK2 variant 5fp5. Brown: centroids of the
receptor residues. Blue: centroids of the docked molecules.

Table 8. Affinity of the synthesized compounds for the CDK2 crystal variants. AutoDock Vina data.
Lower energy means higher affinity.

CDK2+Cyclin D (active

CDK2 .

conformation)

Mean+SEM P Mean+SEM p
(bl?) Slljer) 5.03+0.05 - 5.44+0.04 0.963
9 5.18+0.06 0.849 5.3+0.04* 0.004
8 5.71£0.06* 0.000 5.9+0.03* 0.000
7 6.12+0.09* 0.000 6.32+0.05* 0.000
1 5.91+0.07* 0.000 6.1+0.05* 0.000
5 6.36=0.09* 0.000 6.22+0.04* 0.000
6 5.36+0.07* 0.025 5.78+0.05 0.133
2 5.99+0.08* 0.000 5.95+0.04* 0.000

10 5.24+0.07 0.495 5.56+0.04 1.000
*, a statistically significant difference from the GMP binding, ANOVA with the Tukey post-test.

3. Discussion

In this paper, we report the synthesis of some novel EDU derivatives and their evaluation for
biological activity. The compounds were designed to fill the gap in the known spectrum of activities
of synthetic analogs of the substituted cytokinin-like derivatives. This research continues our earlier
study [11,19,20], extending it with novel compounds and data on the activity mechanisms.

To synthesize the designated derivatives, we used known methods with a yield in the range of
15 to 55%, which is typical for this type of compound.

The synthesized compounds were evaluated for their ability to induce cell death in a set of
human cancer cell lines (glioblastoma U-87 MG, melanoma A-375, and metastatic breast cancer MDA-
MB-231) chosen based on the clinical significance of the corresponding tumors and on the
neuroblastoma SH-SY5Y cell line, which was later intended to be used in the cytoprotection tests.
Most of the compounds displayed no activity, but the amino-linked compounds with C2Hs and OCH
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substituents were able to inhibit proliferation by 20%. Given that the percent was calculated after a
72-hour-long incubation against a proliferating control, which has duplicated twice during this time,
the real decrease in the cell proliferation was about 26%. This was in line with the activity of other
similar molecules, studied by us previously [11,19,20]. On the other hand, the observed proliferation
decrease was pretty low, especially compared to other cytokinin analogs [17]. Such a low activity
could potentially arise from the inability of the synthesized molecules to interact with other targets
beyond the classical cytokinin ones. However, compound 6 was active in several cell lines, and thus
we decided to obtain more details on its mechanism of action.

In contrast to the general cell viability test, in the test for cell death induction, the compound 6
displayed no activity, thus indicating a purely anti-proliferative action. It also did not affect normal
immortalized fibroblasts proliferation. Given these properties, we hypothesized that such activity
could be complementary to the standard anti-cancer drugs and tested the combined activity of 6 with
standard chemotherapeutic drugs doxorubicin and temozolomide. As it was expected, these
combinations reduced the viability of the cell cultures to a greater extent (by 20-30% more compared
to the doxorubicin or temozolomide alone). However, the mode of interaction was substantially
between these two drugs: it was synergetic for doxorubicin at high drug concentrations, but
antagonistic for temozolomide. The action mechanisms of temozolomide and doxorubicin also differ:
the first one is an alkylating agent [27], which prevents cell division, and the second one is not only a
DNA damaging agent but also induces reactive oxygen species formation and apoptosis induction
[28]. These properties make the observed interaction logical: when a drug stops cell division at the
DNA level, inhibition of pro-proliferative signaling from the compounds 6 should be either of no
effect or even reduce the damage-induced apoptosis due to fewer DNA replication events. On the
other hand, oxidative stress-related cell death and inhibition of proliferation should complement each
other.

Another line of the research was to test the ability of the synthesized compounds to protect cells
against oxidative stress, as this activity is typical for the cytokinins. Thus, we tested whether the
synthesized compounds increase cell proliferation after the CoCl2 and H20: treatment. In these
experiments, the compounds’ activity was also low and manifested only for compounds 2, 7, and 10.
Given the data of the BrdU test, the mechanism of the observed effect was stimulation of proliferation,
which is quite typical for cytokinin analogs [14,29].

To obtain more insights into the molecular mechanism of action of the active compounds, we
performed molecular docking studies with the most known cytokinin analog targets: adenosine A2
receptor, ARPT, and CDK2 [30,31]. By their receptor interaction characteristics (binding site, protein
conformation preference, and binding energy), the anti-proliferative compounds were similar to
A2AR and APRT inhibitors, and thus porbably are themselves inhibitors of these proteins. It is in line
with the APRT requirement for cell proliferation [32] and pro-proliferative or pro-survival signaling
of the adenosine receptors and anti-proliferative effects of their blockers [33,34]. Previously, we have
already observed similar effects for other cytokinin analogs [11].

On the other hand, the cytoprotective compounds, especially compound 10, had a different
pattern of interaction with the mentioned proteins. By their binding energy, they were very similar
to the CDK?2 inhibitor SCE. This behavior is in line with the existing knowledge: CDK2 inhibition
puts cells in a quiescent state [35], and quiescent cells adapt to oxidative stress much better [36].

Overall, the observed activity of the synthesized cytokinin analogs points to some potential in
the further optimization of their structures either to produce better cytoprotective agents by
enhancing their affinity towards CDK2 or to produce better anti-proliferation agents by manipulating
the A2AR and APRT interaction. Such compounds would be of use, as they probably would possess
low non-specific toxicity and are easy to synthesize [7-9].
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4. Materials and Methods

4.1. Materials

L-glutamine, fetal bovine serum, penicillin, streptomycin, amphotericin B, Hanks’ salts, Earle’s
salts, trypsin, DMEM, and MEM were from PanEco, Moscow, Russia. Isopropanol, HCl, EDTA,
HEPES, DMSO, resazurin, toluene, acetonitrile, carbon tetrachloride, diethylenetriamine, urea,
triethylamine, 4-methylphenyl isocyanate, 2,4-dimethylphenyl isocyanate, 2,5-dimethylphenyl
isocyanate, 2-ethylphenyl isocyanate, 4-methoxyphenyl, 4-methoxycarbonylphenyl isocyanate,
CoCl2*6H:20, lactate dehydrogenase, NAD*, INT, sodium lactate, Triton X-100, diaphorase, H20», and
D-glucose were from Sigma-Aldrich, St. Louis, MO, USA. BrdU assay kit was from Abcam,
Cambridge, MA, USA.

Cell lines were purchased from ATCC, Manassas, VA, USA.

4.2. Synthesized Compounds Characterization

Structures of all synthesized compounds were confirmed by 'H NMR spectroscopy and mass
spectrometry. The purity of the compounds was confirmed by HPLC-MS and was in the range of 95—
99%. 'H-spectra were recorded with a «Bruker DRX-400» spectrometer operating at 400.13 MHz
frequency, using DMSO-d6 as a solvent and TMS as an internal standard. Chemical shifts were
measured with 0.01 ppm accuracy, and coupling constants are reported in Hertz. HPLC-MS was
recorded on an inductively coupled plasma mass spectrometer XSeries Il ICP-MS (Thermo Scientific
Inc., Waltham, MA, USA). Melting points are determined using the melting point (temperature)
apparatus Stuart SMP20 (Cole-Palmer, Stone, Staffordshire, UK).

The structures of all synthesized compounds were confirmed by 'H NMR and mass-
spectrometry analysis data. 'H NMR-spectra were recorded with a «Bruker DRX-400» spectrometer
operating at 400.13 MHz frequency, using DMSO-d6 as solvent and TMS as an internal standard.
Chemical shifts were measured with 0.01 ppm accuracy, and coupling constants are reported in
Hertz. HPLC-MS was recorded on an inductively coupled plasma mass spectrometer XSeries II ICP-
MS (Thermo Scientific Inc., USA). The melting points are determined by using the melting point
(temperature) apparatus Stuart SMP20 (UK).

For a qualitative analysis of reaction mixture compositions, aluminum TLC plates with silica gel
(0.015-0.040 mm) with a fluorescent indicator F254 (20 x 20 cm?) (Merck Millipore, Darmstadt,
Germany) were used. For preparative chromatographic separation of the substances mixtures,
«Kieselgel 60» silica gel (0.015-0.040 mm, Merck Millipore, Darmstadt, Germany) was used.

4.3. Chemical Synthesis

The general procedure for the synthesis of aryl ureas is described in the literature [11,20].

In a three-neck flask with a thermometer, a dropping funnel, and a magnetic stirrer, 31 mmol of
1-(2-aminoethyl)-2-imidazolidinone, which was obtained by the condensation of diethylene triamine
with urea in 65% yield according to the procedure presented in the work [20], in 50 ml of dry toluene
was placed. The mixture was cooled in an ice bath to a temperature no higher than 5 °C. Then solution
of 31 mmol of the relevant phenyl isocyanate in 50 ml of dry toluene was added dropwise with
stirring, keeping a temperature not higher than 5 °C. The reaction mixture was stirred overnight. The
precipitate was filtered off and recrystallized from acetone.

The general procedure of aryl carbamates (2,4,6,9,10) synthesis according to ref. [11,20] was as
follows. In a round bottom flask equipped with a calcium chloride tube and magnetic stirrer 6.55
mmol of 1-(2-hydroxyethyl)-2-imidazolidinon in a small volume of dry acetonitrile, solution of 6.58
mmol of the relevant phenyl isocyanate in dry acetonitrile (total volume 50 ml) and 2-3 drops of
triethylamine were stirred overnight. The reaction mixture was evaporated to dryness, the residue
was recrystallized from methanol and isopropanol. The precipitate was filtered off and washed with
a small amount of cold isopropanol.

d0i:10.20944/preprints202405.1732.v1
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2-(2-oxoimidazolidin-1-yl)ethyl-N-(2,5-dimethylphenyl) urea (1) 59% yield. M.p. = 212-214°C.
1 HNMR (DMSO-ds, d, ppm, ], Hz): 2.12 (s, 6H, -CHs); 3.07-3.09 (m, 2H); 3.12-3.23 (m, 4H); 3.32-3.37
(m, 2H, -CH>-); 6.01 (t, 1H, -CH>-NH-C(O)-NH-, | =5.4); 6.26 (s, 1H, -NH-C(O)-N-); 6.97-7.04 (m, 3H,
CHar); 7.50 (s, 1H, -C(O)-NH-Ar). HPLC-MS: [M + 1]+277.41; calculated value is 277.34. 13C NMR
(100.70 MHz, DMSO-Ds, , d, ppm): 17.56, 21.25, 37.34, 38.12, 43.84, 44.13, 117.97, 120.03, 122.28, 127.51,
132.65, 135.37, 151.80, 160.39.

2-(2-oxoimidazolidin-1-yl)ethyl-N-(p-tolil) urea (3) 31% yield. M.p. = 189-190°C. 1 H NMR
(DMSO-ds, o, ppm, J, Hz): 2.19 (s, 3H, -CHz); 3.07-3.13 (m, 2H); 3.15-3.20 (m, 2H); 3.20-3.25 (m, 2H);
3.31-3.39 (m, 2H) (-CH>-); 5.98 (t, 1H, -CH2-NH-C(O)-NH-, | = 5.4); 6.16 (s, 1H, -NH-C(O)-N-); 6.99 (d,
2H, ]=8.2);7.23 (d, 2H, ] =8.4, CHar); 8.29 (s, 1H, -C(O)-NH-Ar). HPLC-MS: [M + 1]+263.30; calculated
value is 263.31. 13C NMR (100.70 MHz, DMSO-Ds, d, ppm): 20.85, 37.28, 38.12, 43.92, 44.33, 121.24,
129.15, 132.78, 136.95, 150.12, 160.41.

2-(2-oxoimidazolidin-1-yl)ethyl-N-(2-ethylphenyl) urea (5) 62% yield. M.p. =148-149°C. 1 H
NMR (DMSO-ds, d, ppm, J, Hz): 1.10 (t, 3H, -CHs, ] =7.5); 2.51 (q, 2H, -CH>-, ] =7.9); 3.07-3.12 (m, 2H);
3.16-3.23 (m, 4H); 3.32-3.38 (m, 2H, -CH>-); 3.67 (s, 3H, -OCHs); 6.30 (s, 1H, -NH-C(O)-N-); 6.51 (t, 1H,
-CH>-NH-C(O)-NH-, | = 5.4); 6.88-6.93 (m, 1H); 7.04-7.12 (m, 2H, CHar); 7.66 (s, 1H, -C(O)-NH-Ar);
7.68-7.73 (m, 1H, CHar). HPLC-MS: [M + 1]+277.41; calculated value is 277.34. 13C NMR (100.70 MHz,
DMSO-Ds, b, ppm): 13.84, 22.98, 37.25, 37.30, 43.92, 44.03, 122.37, 124.12, 127.64, 129.44, 130.19, 13746,
151.80, 160.29.

2-(2-oxoimidazolidin-1-yl)ethyl-N-(2,4-dimethylphenyl) urea (7) 58% yield. M.p. = 178-181 °C.
1 HNMR (DMSO-ds, d, ppm, ], Hz): 2.11 (s, 3H, -CHs); 2.18 (s, 3H, -CHz); 3.09-3.12 (m, 2H); 3.16-3.24
(m, 4H); 3.34-3.38 (m, 2H, -CH:-); 6.30 (t, 1H, -CH>-NH-C(O)-NH-, | = 5.5); 6.16 (s, 1H, -NH-C(O)-N-
); 6.84-6.87 (m, 1H); 6.89-6.90 (m, 1H, CHar); 7.51 (s, 1H, -C(O)-NH-Ar); 7.51-7.53 (m, 1H, CHar).
HPLC-MS: [M + 1]+277.40; calculated value is 277.34. 13C NMR (100.70 MHz, DMSO-Ds, 8, ppm):
18.29, 20.73, 37.43, 37.19, 43.87, 44.13, 120.02, 125.03, 127.24, 129.50, 134.48, 135.33, 151.85, 160.44.

2-(2-oxoimidazolidin-1-yl)ethyl-N-(4-methoxyphenyl) urea (8) 35% yield. M.p. = 155-157 °C. 1
H NMR (DMSO-ds, o, ppm, ], Hz): 3.11-3.17 (m, 2H); 3.17-3.31 (m, 4H); 3.35-3.42 (m, 2H, -CH>-); 3.67
(s, 3H, -OCHs); 5.93 (t, 1H, -CH2-NH-C(O)-NH-, ] =5.4); 6.16 (s, 1H, -NH-C(O)-N-); 6.76-6.87 (m, 2H);
7.24-7.32 (m, 2H, CHar); 8.20 (s, 1H, -C(O)-NH-Ar). HPLC-MS: [M + 1]*279.38; calculated value is
279.31. 13C NMR (100.70 MHz, DMSO-Ds, d, ppm): 37.31, 37.45, 43.84, 44.21, 55.60, 114.53, 124.14,
130.98, 150.31, 156.04, 160.21.

2-(2-oxoimidazolidin-1-yl)ethyl-N-(2,5-dimethylphenyl) carbamate (2) 30% yield. M.p. = 147-
148°C. 1 H NMR (DMSO-ds, d, ppm, J, Hz): 3.18-3.24 (m, 2H); 3.26-3.31 (m, 2H); 3.39-3.45 (m, 2H, -
CH>-); 4.12 (t, 2H, -CH2-O-, | = 5.5); 6.36 (s, 1H, -NH-C(O)-N-); 7.04 (m, 1H, CHar); 8.73 (s, 1H, -C(O)-
NH-Ar). HPLC-MS: [M + 1]+278.37; calculated value is 278.32. 13C NMR (100.70 MHz, DMSO-Ds, d,
ppm): 17.44, 21.25, 37.68, 44.02, 45.32, 62.86, 118.46, 119.57, 123.08, 126.12, 133.15, 135.70, 151.52,
163.82.

2-(2-oxoimidazolidin-1-yl)ethyl-N-(p-tolil) carbamate (4) 36% yield. M.p. = 158-160°C. 1 H
NMR (DMSO-de, d, ppm, J, Hz): 2.22 (s, 3H, -CHs); 3.14-3.25 (m, 2H); 3.33 (t, 2H, ] = 5.6); 3.36-3.45 (m,
2H); 4.14 (t, 2H, -CH>-, | =5.6); 6.21 (s, 1H, -NH-C(O)-N-); 6.96-7.17 (m, 2H); 7.25-7.35 (m, 2H, CHar);
9.38 (s, 1H, -C(O)-NH-Ar). HPLC-MS: [M + 1]*264.25; calculated value is 264.30. 13C NMR (100.70
MHz, DMSO-Ds, d, ppm): 20.70, 37.71, 44.02, 45.36, 62.77, 119.54, 129.09, 130.21, 137.84, 150.02, 163.84.

2-(2-oxoimidazolidin-1-yl)ethyl-N-(2-ethylphenyl) carbamate (6) 50% yield. M.p. = 115-117°C.
1 H NMR (DMSO-ds, d, ppm, J, Hz): 1.09 (td, 3H, -CHs, ] = 7.4, 1.9); 2.57 (q, 2H, -CH>-, | = 7.5, 1.9);
3.16-3.22 (m, 2H); 3.26-3.29 (m, 2H); 3.31-3.41 (m, 2H, -CH>-); 4.09-4.14 (m, 2H, -CH>-O-); 6.35 (s, 1H, -
NH-C(O)-N-); 7.08-7.15 (m, 2H); 7.16-7.21 (m, 1H); 7.23-7.28 (m, 1H, CHar); 8.85 (s, 1H, -C(O)-NH-
Ar). HPLC-MS: [M + 1]+278.37; calculated value is 278.32. 13C NMR (100.70 MHz, DMSO-Ds, d, ppm):
13.64, 24.02, 37.85, 44.02, 45.31, 62.85, 119.82, 123.01, 127.09, 130.27, 130.79, 137.76, 151.53, 164.03.

2-(2-oxoimidazolidin-1-yl)ethyl-N-(4-methoxyphenyl) carbamate (9) 18% yield. M.p.=127-
133°C. 1 H NMR (DMSO-ds, d, ppm, J, Hz): 3.19-3.22 (m, 2H); 3.28 (t, 2H, | = 5.5); 3.37-3.43 (m, 2H, -
CHz-); 3.68 (s, 3H, -OCHs); 4.12 (t, 2H, -CH2-O-, ] =5.5); 6.35 (s, 1H, -NH-C(O)-N-); 6.84 (d, 2H, | =8.9);
7.34 (d, 2H, CHar, | = 8.0); 9.44 (s, 1H, -C(O)-NH-Ar). HPLC-MS: [M + 1]+280.38; calculated value is
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280.30. 13C NMR (100.70 MHz, DMSO-Ds, d, ppm): 37.71, 44.12, 45.30, 55.63, 62.81, 117.86, 121.35,
135.99, 150.02, 154.56, 164.25.

2-(2-oxoimidazolidin-1-yl)ethyl-N-(4-methoxycarbonylphenyl) carbamate (10) 30% yield.
M.p. =198-201°C. 1 H NMR (DMSO-ds, d, ppm, ], Hz): 3.18-3.23 (m, 2H); 3.33 (t, 2H, ] = 5.5); 3.39-3.44
(m, 2H, -CH>-); 3.80 (s, 3H, -CHs); 4.19 (t, 2H, -CH2-O-, | = 5.5); 6.21 (s, 1H, -NH-C(O)-N-); 7.53-7.61
(m, 2H); 7.81-7.92 (m, 1H, CHar); 9.94 (s, 1H, -C(O)-NH-Ar). HPLC-MS: [M + 1]+ 308.28; calculated
value is 308.31. 13C NMR (100.70 MHz, DMSO-Ds, d, ppm): 37.78, 44.01, 45.36, 51.78, 62.78, 117.56,
129.59, 132.31, 141.86, 150.02, 163.82, 165.79.

4.4. Cell Culture

All cell lines were maintained in a CO2 incubator at 37 °C, 95% humidity, and 5% CO:. The
composition of the culture medium for the cells was as follows: human metastatic breast cancer
MDA-MB-231 (ATCC HTB-26), human immortalized fibroblasts Bj-5ta (ATCC CRL-4001), and
human melanoma A-375 (ATCC CRL-1619): DMEM, 4 mM L-GIn, 10% fetal bovine serum (FBS),
human glioblastoma U-87 MG (ATCC HTB-14): MEM, 2 mM L-GlIn, 1% non-essential amino acids, 1
mM pyruvate, and 10% FBS; human neuroblastoma SH-SY5Y (ATCC CRL-2266): 1:1 MEM: F12, 10%
FBS, 2 mM L-GlIn, 0.5 mM sodium pyruvate, 0.5% non-essential amino acids. The cells were routinely
checked for mycoplasma contamination using RT-PCR. All cell media contained 100 U/mL penicillin,
100 pg/mL streptomycin, and 2.5 ug/mL amphotericin B. The cells were passaged using Trypsin-
EDTA solution (PanEco, Moscow, Russia), the continuous passaging time did not exceed 40 passages.

Mycoplasma contamination was controlled using the Mycoplasma Detection Kit (Jena
Bioscience, Jena, Germany).

4.5. Oxidative Stress Induction

For cell viability experiments, the cells were seeded at a density of 30,000 per well of a 96-well
plate in 100 pL of the test medium (culture medium with 50 mM HEPES, pH 7.4, and without serum
and pyruvate) and incubated for 12 h. After that, a substance solution with or without the cytotoxic
agent in 100 pL fresh test medium was added to the medium present in the wells and incubated for
24 h, after which cell viability was measured using the MTT assay. Cytotoxicity was induced by either
100 uM of H20: or 700 uM of CoClz (from the freshly prepared stock in EtOH).

4.6. Cytotoxicity and Proliferation Stimulation

For analysis of cell death induction, the cells were plated in 96-well plates at a density of 1.5 x
10* cells for the cytotoxicity assay and 8000 for the proliferation study per well and grown overnight.
The dilutions of the test compounds prepared in DMSO and dissolved in the culture medium
(without serum starvation) were added to the cells in triplicate for each concentration (100 uL of the
fresh medium with the substance to 100 uL of the old medium in the well) and incubated for 18 h in
the case of cytotoxicity and 72 h in the case of the proliferation stimulation. The incubation time was
chosen based on the most pronounced differences between the compounds tested. The final DMSO
concentration was 0.5%. Negative control cells (100% viability) were treated with 0.5% DMSO.
Positive control cells (100% cell death) were treated with 3.6 pL of 50% Triton X-100 in ethanol per
200 uL of the cell culture medium. Separate controls were without DMSO (no difference with the
control 0.5% DMSO was found). The effects of the test substances on the cell viability were evaluated
using the resazurin assay.

4.7. Cell Viability Assay

To evaluate cell viability, the culture medium in the wells was replaced with a 0.2 mM resazurin
solution in Earle's solution with the addition of 1 g/l D-glucose and incubated for 1.5 hours at 37°C
under cell culture conditions [37]. After that, the fluorescence of the solution was determined at the
excitation wavelength of 550 nm and the emission wavelength of 590 nm using the Hidex Sense Beta
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Plus microplate reader (Hidex, Turku, Finland). The positive control was the cell culture treated with
the solvent alone, and the negative control was treated with 0.9% Triton X-100.

4.8. BrDU Cell Proliferation Assay

The stimulation of the cell proliferation by the chosen compounds was validated using the BrdU
cell proliferation kit (Abcam, Cambridge, MA, USA). The cells were seeded in 96-well plates at a
density of 4000 per well and grown overnight. After that, peptide solution in the fresh culture
medium was added to the cells with full medium replacement; the peptide addition was performed
on days 1 and 4 after the seeding. On day 6, BrdU reagent was added to the cells for 24 h and assayed
according to the manufacturer’s protocol.

4.9. Compound Interaction Analysis

The interaction of the compounds with doxorubicin and temozolomide was analyzed using the
Chou-Talalay methodology [21]. CompuSyn (https://www.combosyn.com/, accessed on 01.09.2023)
software was used for the CI calculation.

4.10. Molecular Docking

Ligand structures were obtained from the PubChem database
(https://pubchem.ncbi.nlm.nih.gov/, access date 01.05.2022) or prepared manually using Avogadro
1.93.0 software and optimized using the OpenBabel 3.0.0 software (http://openbabel.org/, access date
01.05.2022) [37] using the FFE force field with Fastest descent and dE < 5e-6 threshold. Protein
structures were obtained from the PDB database (https://www.rcsb.org/, access date 01.05.2022) and
optimized using the Chiron service (https://dokhlab.med.psu.edu/chiron/processManager.php,
access date 01.05.2022) [38]. Molecular docking was performed using the AutoDock Vina 1.1.2
(http://vina.scripps.edu/, access date 01.05.2022) [39]. To detect possible alternative binding sites and
compare the affinities of the ligands for them, the procedure described in the literature [40] was used.
As such, molecular docking was performed in two steps: first, we docked each molecule to the whole
receptor as one large binding area to locate potential alternative binding sites, then the coordinates
of the docking results were clustered and averaged to give the centers of the binding sites. The grid
center coordinates are represented in Table 9. For large proteins, several grid centers were used to
cover the whole protein. In all cases, the grid size was 126 x 126 x 126 A, chosen to cover the whole
protein, and exhaustiveness was set to 16. For each ligand, the docking was performed 10 times with
different random seeds generating 10 conformations each time. The resulting coordinates were
clustered using the OPTICS algorithm [41] from the package scikit-learn [42].

Table 9. Grid centers of the docking experiments.

. Configuration
Protein Va{iiant X y z
A2AR 5mzj 1 -17.629 -30.760 18.168
2 -4.629 -50.760 18.168
3 -17.629 6.760 18.168
A2AR 2ydo 1 -23.602 10.545 -25.256
2 -23.602 20.545 -25.256
3 -4.629 -50.760 18.168
A2AR 5mzp 1 -16.417 -40.474 18.316
2 -16.417 5.474 18.316
3 -1.417 -50.474 18.316
APRT 6hgs 1 22.572 -3.082 4.313
APRT 6hgr 1 23.667 -7.067 5.057
APRT 6hgp 1 —24.642 0.247 1.919
CDK?2 5fp5 1 29.547 4.964 49.678
CDK?2 2jgz 1 55.623 20.504 -10.503
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2 38.623 20.504 5.503
3 38.623 20.504 -30.503

4.11. Statistics

All experiments were performed at least in triplicate. Statistical analysis was performed with the
GraphPad Prism 9.0 software using ANOVA with the Holm-Sidak or Tukey post-tests; p < 0.05 was
considered a statistically significant difference.

5. Conclusions

In this paper, we report the synthesis of some aryl carbamate, pyridyl urea, and aryl urea
derivatives with alkyl and chlorine substitutions and tests of their cytotoxic and cytoprotective
activity. Amino-linked derivatives with ethyl and methoxy substituents were anti-proliferative for
the breast cancer and melanoma cell lines tested and enhanced doxorubicin and temozolomide
activity in a synergetic and antagonistic manner, accordingly. In the cytoprotection studies, aryl
carbamates were able to counteract the CoClz cytotoxicity by 3-8%. The possible molecular targets of
the aryl carbamates with oxamate moiety during the anti-proliferative action were the adenosine A2
receptor and APRT, while for the cytoprotection activity, the interaction with CDK2 was important.

The novelty of the research was the screening of the chemically synthesized cytokinin analogs,
which have never been characterized for such biological activity before. Although most of the
compounds displayed little activity in most tests, some of the compounds displayed an interesting
highly selective antiproliferative capacity. This activity was observed, among others, for the
glioblastoma cell line and was able to enhance the action of standard drugs doxorubicin and
temozolomide. Given the lack of efficient treatments for this cancer type, such activity could be used
in the combined or supporting therapy after additional research.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/sl. Figure S1. NMR
spectroscopy data for the synthesized compounds.
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