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Abstract The study was aimed at describing the mode of

action of an innovative drug-like congener of fused

azaisocytosine—EIMTC (ethyl 8-(4-methoxyphenyl)-4-

oxo-6,7-dihydroimidazo[2,1-c][1,2,4]triazine-3-carboxy-

late)—on cancer cells in early in vitro oncology-related

bioassays. Micromolar concentrations of EIMTC were

effective at inhibiting the growth of two types of malignant

multiple myeloma cells (including cells resistant to

thalidomide) while having less cytotoxic effect on normal

HSF cells. Furthermore, EIMTC was disclosed as capable

of producing the statistically significant decrease in the

number of cells in the S phase (in HeLa, TOV112D, T47D

and Vero cells) and in the G2/M phase (in TOV112D cells)

as well as evoking the distinctly higher necrosis rates in

malignant than normal cells of the same epithelial origin.

These results are promising in the sense that the bicyclic

nucleobase-like structure related to azaisocytosine may

target epithelial cancer cells and inhibit their growth while

having less effect on normal cells. This may be due to

induction of necrosis.

Keywords Anti-multiple myeloma activity � Cell cycle

arrest � Cell death mode � Cytotoxicity � EIMTC-mediated

necrosis

Introduction

Synthetic fused aza-analogues of isocytosine and isocy-

tidine (mimicking anomalous azanucleobases and azanu-

cleosides, respectively), which are related in structure to

the naturally occurring nucleobases and nucleosides, have

gained a considerable interest in the field of antitumour

search due to their anticipated capability of interacting with

the nucleic acids and hence inhibiting their various func-

tions [1]. A number of the designed ribosidated small

molecular weight derivatives bearing the imidazo[2,1-c]

[1,2,4]triazin-4(1H)-one scaffold have been suggested as

novel bicyclic nucleosides related in structure to 6-aza-

isocytosine (the tautomeric 3-amino-1,2,4-triazin-5(2H)-

one) and/or betaine-like nucleosides that presumably are

capable of participating as transient chemical species in the

glycosidation of naturally occurring nucleobases [2].

We have previously described the possible innovative

pharmaceutics related in structure to anomalous nucle-

obases based upon the privileged 7,8-dihydroimidazo[2,1-

c][1,2,4]triazin-4(6H)-one template [3–10] with optimal

pharmacokinetic profiles [10]. Numerous modified struc-

tures (being differently substituted at the C-3 and N-8

atoms of the common drug-like scaffold) were disclosed as

capable of selectively inhibiting the growth of malignant

cells [3–9]. Thus, they may be exploited in the design of

safer antitumour agents. A range of better bioavailable

analogues of this family of compounds have been ration-

ally designed and synthesized with the goal to develop the

possible new ester prodrugs of the original compounds with
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a similarity to the anticipated fraudulent building blocks

(such as the abnormal nucleic bases) that are able to effi-

ciently cross the cell biomembranes and may be involved

in faulty protein synthesis. Mostly, two small molecules

with the common privileged template (bearing the

ethoxycarbonyl function at the C-3 and a substituted phe-

nyl moiety by one or two chlorine atoms at the N-8), the

structures of which are provided in Table 1, have previ-

ously been reported as capable of revealing remarkable

cytotoxicity differences between human tumour and non-

tumour cells [3, 4]. We have found out that in the case of

these anomalous nucleobases introducing substituted phe-

nyl ring at the N-8 of the bicyclic scaffold facilitates their

antiproliferative activities in vitro [3, 4], whereas the ester

functional group at the C-3 mostly improves their perme-

ability properties through cell membranes of the gut wall.

The objective of our present investigation was to explore

and deepen the profile of biological activity (i.e. cytotoxic

effects in vitro in certain populations of tumour cells) and

to provide an insight into the mode of action of ethyl 8-(4-

methoxyphenyl)-4-oxo-6,7-dihydroimidazo[2,1-c][1,2,4]-

triazine-3-carboxylate (EIMTC), belonging to the class of

much less studied fused azaisocytosine-like congeners

which should reveal an antagonistic affinity towards the

adenosine receptors [11, 12]. For the first time, we try to

explain the significant antiproliferative activity of EIMTC

(emerged from a rational approach directed towards the

obtainment of ester prodrugs of the original compounds).

We have focused our attention on its ability of inhibiting

different phases of the cell cycle progression and evoking

higher rates of necrotic cell death in certain malignant cells

than in normal cells of the same epithelial origin.

Materials and methods

The investigated fused azaisocytosine-like congener:

ethyl 8-(4-methoxyphenyl)-4-oxo-6,7-

dihydroimidazo[2,1-c][1,2,4]triazine-3-carboxylate

(EIMTC)

An alternative microwave-assisted route for the synthesis

and the spectroscopic characterization of EIMTC are pro-

vided as Supplementary information. HPLC analysis was

applied to confirm the purity of an analytical sample (i.e.

containing 0.01 mg mL-1 EIMTC). EIMTC has previously

been employed as an outgoing structure for the synthesis of

the possible drug (revealing an antagonistic affinity

towards adenosine A2A receptors) which strongly prevents

experimentally induced hepatic cirrhosis, e.g. 8-(4-meth-

oxyphenyl)-4-oxo-6,7-dihydroimidazo[2,1-c][1,2,4]tri-

azine-3-carbohydrazide (IMT) [11, 12].

Estimation of antiproliferative effects evoked

by EIMTC

The in vitro antiproliferative activities of the newly synthe-

sized EIMTC were assessed on the basis of commonly used

(in the preliminary stage of antitumoural search for novel

compounds [13]) 5-bromo-20-deoxyuridine (BrdUrd)-based

Table 1 The previously reported [3, 4] most promising nucleobase-like structures based on the privileged scaffold

Annellated triazinylformic ester

prodrug-like structures

A summary of the most important biological activities

N

N

N
N

O
COOC2H5

Cl

I

At concentrations of 0.031 and 0.156 mM was effective at inhibiting the growth of recruited human

tumour cells (LS180, SiHa, T47D) in a concentration-dependent manner after 72-h treatment in the

non-radioactive BrdUrd-based assay. Has been identified as capable of revealing a pronounced

selectivity for malignant over normal cells [3]. Has been proposed for further more advanced drug

development studies

LD50 (i.p.; male Albino-Swiss mice) over 1000 mg kg-1 [3]

N

N

N
N

O
COOC2H5

Cl

Cl

II

Has been identified as capable of evoking remarkable concentration-dependent antiproliferative effects

in LS180 and SiHa cell lines at concentrations of 0.028 and 0.141 mM after 72-h treatment in the

BrdUrd assay [3]. Has been identified as capable of revealing significant antiproliferative effects in

human malignant leukaemic cells (IC50 = 0.032 mM) while having lower cytotoxic effects towards

normal HSF cells after 24-h treatment in the cell proliferation assay MTT based. Described as a

small molecular weight anomalous nucleobase which was selective for malignant over normal cells

[3, 4]
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assay [14–17]. In this approach (5-bromo-20-deoxyuridine

labelling and detection kit III, Roche Diagnostics, GmbH,

Mannheim, Germany), the incorporation of BrdUrd (a

brominated nucleoside biomolecule structurally related to

thymidine) into the freshly synthesized cellular DNA during

the synthesis phase of the replication is directly proportional

to the rate of cell proliferation. The application of this non-

radioactive bioassay (in contrast to the standard radioactive

[3H]-thymidine-based assay) well agrees with the global

tendency and concept of ‘‘green chemistry’’ in the field of

anticancer studies.

Antiproliferative activities evoked by an effective con-

centration of EIMTC (0.158 mM) were assessed after three

incubation periods (24, 48 and 72 h) in four populations of

recruited human malignant cell lines (that represent human

multiple myeloma cells resistant to thalidomide—MM1R

as well as susceptible to thalidomide—MM1S, human

cervical epithelial carcinoma cells—HeLa and human

breast carcinoma cells—T47D) and in one normal cell line

of the same epithelial origin (human skin fibroblasts—

HSF, derived from the skin of a 25-year-old female, fifth

passage). The detailed procedure of antiproliferative stud-

ies has been described earlier [18].

The optical densities of malignant and normal cells trea-

ted with EIMTC were quantified spectrophotometrically

against the untreated controls at three different time points

using an ELISA reader (BIO-TEC Instruments, USA). Next,

the results of these quantitative measurements (taken from at

least three independent evaluations—each with five different

cell lines) were converted into the percentage growth inhi-

bition ratios of recruited cells and expressed as means ± SD

in order to provide an information about the antiproliferative

activity of EIMTC over time.

Analysis of the cells in different phases of the cell

cycle

The flow cytometric analysis was employed in order to

distinguish and analyse the individual cells in different

phases of the cell cycle after 72-h treatment with

0.032 mM EIMTC. The recruited populations of reference

malignant (A549, HeLa, TOV112D and T47D) as well as

normal (Vero) cells of the same epithelial origin were

intentionally used.

The first in preparing cells for an analysis of the cell

cycle was the trypsinization of cells from the flask and

treating them in phosphate-buffered saline (PBS, Sigma,

USA) containing the non-ionic detergent—Triton X-100

(Sigma, USA)—in order to achieve an appropriate level of

permeabilization of the cells’ plasma membranes. Next,

following staining with a metachromatic fluorochrome, i.e.

acridine orange (AO, Sigma, USA) (which differentially

stains the cellular double-stranded DNA and a single-

stranded RNA), the fluorescence intensity of the stained

cells was quantified using a BD FACSCalibur flow

cytometer (Becton–Dickinson, CA) with standard settings

for green and red detection of fluorescence pulses. The

resulting data were presented as the mean percentage

content of individual cells in the respective cell cycle

phases ± SD. These data were derived from at least three

independent evaluations. The detailed experimental pro-

cedure has been reported previously by Po _zarowski et al.

[19].

Quantitative evaluation of apoptosis and necrosis

rates

Necrosis and apoptosis rates were established in two dif-

ferent experiments.

The effect of 0.032 mM EIMTC on the apoptosis rates

was quantitatively assessed by flow cytometry. Following

staining with a fluorescent dye such as AO, the apoptosis

rates in all the recruited cell lines treated with EIMTC and

in the untreated controls were quantitatively analysed after

72-h incubation period using a BD FACSCalibur flow

cytometer (Becton–Dickinson, USA).

In turn, the influence of EIMTC (0.032 mM) on the

necrosis rates was quantitatively established employing a

confocal microscopy examination. Following staining with

propidium iodide (PI, Sigma, USA) and 20-(4-ethox-

yphenyl)-5-(4-methyl-1-piperazinyl)-2,50-bi-1H-benzimi-

dazole trihydrochloride (e.g. Hoechst 33342, Sigma, USA)

[20], all the stained necrotic cell populations in two

epithelial cell lines (HeLa, Vero) treated with EIMTC as

well as untreated were subjected to a quantitative evalua-

tion after 72 h of incubation, using a FluoView FV 1000

confocal microscope (Olympus, USA). The total number of

the analysed cells in each cell line was 1000 cells. The

stock concentration of each fluorochrome was prepared as

described earlier [18].

Statistical analysis

The results of biological experiments were expressed as

mean ± standard deviation. Statistical analyses were per-

formed using Statistica 10.0 software (StatSoft, Poland).

The statistical significance level was defined as p\ 0.05.

Results

Inhibition of MM1S and MM1R cells’ proliferation

by EIMTC

In the sensitive and reliable cell proliferation BrdUrd-

based assay, we have found out that the newly
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synthesized ethyl 8-(4-methoxyphenyl)-4-oxo-6,7-dihy-

droimidazo[2,1-c][1,2,4]triazine-3-carboxylate (EIMTC)

at a concentration of 0.158 mM is not only evidently

effective against human multiple myeloma cells suscep-

tible to thalidomide (MM1S), but also towards human

multiple myeloma cells resistant to thalidomide (MM1R)

after 24-, 48- and 72-h incubation (Table 2).

The remarkable anti-multiple myeloma effects of EIMTC

were found to be dependent on the period of exposure.

Noteworthy is that the investigated small molecular

weight congener of fused azaisocytosine at an effective

concentration revealed the lower cytotoxic effects (over a

threefold to twofold decrease in the percentage growth

inhibition after 24 and 48 h of incubation, respectively)

towards normal human skin fibroblast (HSF) cells than

against malignant MM1R and MM1S cells. This could

provide an adequate safety window between normal and

malignant cells, justifying further in vivo investigation of

EIMTC. This difference was much smaller after a 72-h

incubation period (only a 1.4-fold decrease in the per cent

of growth inhibition towards HSF cells when compared to

the percentage growth inhibition in two types of human

multiple myeloma cells).

The IC50 values of EIMTC in MM1R and MM1S cells,

obtained from the concentration-dependent inhibition

curves, are listed in Table 2.

Influence of EIMTC on additional populations

of tumour cells

The obtained results revealed that 0.158 mM EIMTC was

also effective at evoking incubation time-dependent

antiproliferative effects in human breast carcinoma (T47D)

cells and cytotoxic effects in human cervical epithelial car-

cinoma (HeLa) cells after 24, 48 and 72 h of incubation.

Regrettably, at the same concentration and especially after

increasing incubation periods, these cancer cell populations

of the epithelial origin (HeLa and T47D cells) were as sen-

sitive as normal human skin fibroblast cells to EIMTC

exposure. Therefore, the investigated fused azaisocytosine-

like congener was identified as revealing a similar cytotox-

icity towards these cells, as shown in Table 2. In this case,

there is not a safety window (with respect to normal HSF

cells) wide enough to encourage further in vivo investigation

of EIMTC in human breast and cervical cancer.

Table 2 lists the IC50 values of EIMTC in T47D and

HeLa cells that were obtained from the concentration-de-

pendent inhibition curves.

Influence of EIMTC on the cell cycle arrest

in human tumour and normal cells of the same

epithelial origin

Further efforts were made to check whether the 72-h

treatment with 0.032 mM EIMTC influences the cell cycle

Table 2 The growth inhibition ratios in normal and tumour cells caused by 0.158 mM EIMTC and the obtained IC50 values

N

N

N
N

COOCH2CH3

O

OCH3

Cell lines Growth inhibition (%) in cell lines after an indicated incubation period

with 0.158 mM EIMTC

The IC50 values (mM) after three exposure times with

EIMTC

24 h 48 h 72 h 24 h 48 h 72 h

HSF 20 ± 1.75 40 ± 5.65 60 ± 7.55 [0.16 [0.16 0.13 ± 0.02

MM1R 75 ± 14.20 80 ± 9.15 85 ± 10.22 0.11 ± 0.02 0.10 ± 0.01 0.09 ± 0.01

MM1S 65 ± 8.15 80 ± 10.40 85 ± 12.45 0.12 ± 0.02 0.10 ± 0.01 0.09 ± 0.01

HeLa 10 ± 1.26 50 ± 8.25 50 ± 9.36 [0.16 0.16 ± 0.03 [0.16

T47D 20 ± 1.85 25 ± 1.95 60 ± 9.56 [0.16 [0.16 0.13 ± 0.02

Normal cell line: HSF—human skin fibroblast cells

Tumour cell lines: MM1R—human myeloma cells resistant to thalidomide; MM1S—human myeloma cells susceptible to thalidomide; HeLa

(ECACC 93021013)—human Negroid cervix epithelial carcinoma cells; T47D (ECACC 85102201)—human breast cancer cells
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progression. We have confirmed a remarkable decrease in

the number of cells in the S phase of the cell cycle in both

the majority of tumour (HeLa, TOV112D, T47D) and

normal (Vero) cells of the same epithelial origin. In turn,

we have observed a significant decrease in the number of

cells in the G2/M phase of the cell cycle in TOV112D cells.

The obtained results are shown in Table 3.

Detection of the type of cell death induced

by EIMTC

Additional investigations were performed to explore the

mode of cell death induced by EIMTC which may be

although partially contributed to its remarkable antiprolif-

erative activities in vitro. We have studied, in two different

experiments, on cultured epithelial cells whether

0.032 mM EIMTC induces apoptosis and/or necrosis cell

death.

The quantitative results of the flow cytometry analysis

(Table 3) have clearly indicated that EIMTC treatment did

not induce apoptosis in human cancer and normal cells.

Notwithstanding, the experimental results revealed that

the remarkable cytotoxicity of EIMTC against cancer cells

is strictly related to a pronounced induction of necrosis

(Fig. 1a, c vs. Fig. 1b, d, respectively, showing EIMTC-

mediated morphological features of necrosis [21]). It

should be noted that the 72-h treatment with 0.032 mM

EIMTC induced the significantly higher necrosis rate in

epithelial HeLa cancer cells (100 % ± 15.0; 2 % ± 0.38 in

the untreated control—Fig. 1a vs. Fig. 1b, respectively)

than in normal Vero cells of the same origin (75 % ± 6.8;

6 % ± 0.72 in the untreated control—Fig. 1c vs. Fig. 1d,

respectively). Furthermore, it has been established that

indices of necrosis in HeLa cells were strictly dependent on

EIMTC concentration that was used. In a tenfold lower

concentration (e.g. 0.0032 mM), EIMTC was not capable

of inducing the necrotic cell death, whereas in a twofold

lower concentration (0.0158 mM), the percentage content

of cells undergoing necrosis was found to be only 10 % ±

1.8 (Fig. S3A and B and Fig. S4 in Supplementary mate-

rial). Simultaneously, the investigated fused azaisocy-

tosine-like congener at two above-mentioned lower

concentrations did not induce necrosis in normal Vero cells

Table 3 A percentage content of epithelial cells in individual phases of the cell cycle and the apoptosis rates after 72-h treatment with

0.032 mM EIMTC

Cell line A percentage content of cells in respective cell cycle phases A per cent of apoptotic cellsa

G0 phase G1 phase S phase G2/M phase

Vero

Control 38.4 ± 1.2 24.6 ± 0.9 5.1 ± 0.7 6.7 ± 0.4 1.8 ± 0.5

EIMTC 51.5 ± 1.5 14.8 ± 0.8 3.5 ± 0.9* 4.5 ± 0.3 1.7 ± 0.5

A549

Control 47.9 ± 1.3 15.8 ± 0.6 5.4 ± 0.5 6.7 ± 0.7 2.4 ± 0.2

EIMTC 49.2 ± 0.9 14.2 ± 0.7 5.0 ± 0.4 6.9 ± 0.7 1.4 ± 0.5*

HeLa

Control 27.5 ± 0.9 30.0 ± 0.9 9.4 ± 0.7 15.7 ± 0.9 1.3 ± 0.2

EIMTC 35.1 ± 1.1 25.4 ± 0.9 6.6 ± 0.6* 15.0 ± 1.1 1.6 ± 0.3

TOV112D

Control 35.2 ± 0.8 10.4 ± 0.5 5.8 ± 0.3 9.6 ± 0.7 3.8 ± 0.4

EIMTC 46.4 ± 1.7 4.5 ± 0.2 2.8 ± 0.5* 4.3 ± 0.4* 4.0 ± 0.4

T47D

Control 12.2 ± 1.9 32.1 ± 1.2 16.3 ± 0.8 15.7 ± 1.1 4.3 ± 0.3

EIMTC 23.1 ± 1.1 23.5 ± 0.9 11.5 ± 0.9* 15.9 ± 0.9 3.2 ± 0.3

Each datum represents mean ± SD from three independent experiments; a Student’s t test

Normal cell line of the epithelial origin: Vero—(ECACC 88020401)—African green monkey kidney cells

Tumour cell lines of the epithelial origin: A549 (ECACC 86012804)—human Caucasian lung carcinoma cells; HeLa (ECACC 93021013)—

human Negroid cervical epithelial carcinoma cells; TOV112D (ATCC CRL-11731)—human ovarian primary malignant adenocarcinoma cells;

T47D (ECACC 85102201)—human breast carcinoma cells

* Results that are statistically significant (p\ 0.05) versus respective control (cells incubated without EIMTC)
a The percent of apoptotic cells was assessed by DNA flow cytometric analysis after 72-h treatment with 0.032 mM EIMTC
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(see Fig. S5A and B and Fig. S6 in Supplementary

material).

Predicted bioavailability, permeability properties

and toxicity risks

The molecular structure of EIMTC is shown in Fig. 2.

We have decided to calculate a set of important

molecular descriptors of the investigated small molecular

weight fused azaisocytosine-like congener employing the

Advanced Chemistry Development (ACD/Labs) software

version 11.02 as well as the accessible Molinspiration

Property Calculator (http://molinspiration.com). This

enables to predict a drug-like behaviour in order to assess

the chance for an optimal absorption of EIMTC after oral

administration and at once its ability to permeate through

the cell biomembranes. The results are provided in Table 4.

EIMTC showed all precious drug-relevant structural

descriptors and properties (employed by Lipinski in for-

mulating the ‘‘rule of five’’ [22]) in the range that allows to

anticipate although hypothetically its optimal bioavail-

ability in vivo after per os administration [23]. This is an

important finding taking into account a number of the

experimental reports showing that a twofold violation of

the ‘‘rule of five’’ in the case of known medicines may lead

to serious bioavailability problems. Moreover, EIMTC was

identified as being passively permeable by cell membranes.

Its predicted topological polar surface area and molecular

flexibility (expressed by the number of freely rotat-

able bonds) were in the optimal range for small molecular

weight medicines that have a tendency to be easily trans-

ported across the cell biomembranes, including intestinal

walls [24, 25]. Furthermore, dissociation constant and

water solubility values for this possible ester prodrug at

physiological conditions were also in a suitable range

which allows to anticipate hypothetically a good

bioavailability [26].

In turn, based on the in silico data taken from the

OSIRIS Property Explorer (http://www.organic-chemistry.

org/prog/ped/), EIMTC predicted to possess a drug-con-

form behaviour, being devoid of some undesired toxic

effects like mutagenicity, tumorigenicity and irritant

capacity.

Discussion

We have previously synthesized, fully characterized and thor-

oughly investigated numerous antiproliferative active agents

bearing the privileged 7,8-dihydroimidazo[2,1-c][1,2,4]triazin-

Fig. 1 Necrosis rates (when 1000 cells were subjected to the

quantitative evaluation) in HeLa and Vero cell lines after staining

with propidium iodide and Hoechst 33342: 100 % ± 15.0 of necrotic

cells in HeLa cell line after 72-h treatment with 0.032 mM EIMTC

(a); 2 % ± 0.38 of necrotic cells in a control of HeLa cell line (b);

75 % ± 6.8 of necrotic cells in Vero cell line after 72-h treatment

with 0.032 mM EIMTC (c); and 6 % ± 0.72 of necrotic cells in a

control of Vero cell line (d). All these fluorescence microscopy

images are provided with magnification 9200

184 Mol Cell Biochem (2016) 418:179–188
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4(6H)-one scaffold with the anticipated affinity towards

adenosine receptors (ARs). A number of them (the structures

A1–A10 in Fig. 3) revealed the explicitly higher cytotoxicity

for cancer over non-cancer cells [3–9] as well as lipophilic/

hydrophobic parameters and molecular descriptors relevant

to optimal pharmacokinetics [10]. Furthermore, related in

structure, 3-aryl-[1,2,4]triazinobenzimidazol-4(10H)-ones

(the structures B1–B4 in Fig. 3) have been reported by

Taliani et al. [27] as selective A2B adenosine receptor

antagonists that in the future may be of benefit in the therapy

of cancer, diabetic retinopathy and inflammatory diseases.

We have also focused particular attention on the designed

and synthesized small molecular weight carbohydrazides

containing fused azaisocytosine scaffold, disclosing 8-(4-

methoxyphenyl)-4-oxo-6,7-dihydroimidazo[2,1-c][1,2,4]-

triazine-3-carbohydrazide (IMT) (the structure C1 in Fig. 3)

as a novel A2A adenosine receptor antagonist in experi-

mentally activated liver stellate cells and accordingly of

benefit in the therapy of liver diseases [11, 12].

Adenosine receptors have received attention as possible

targets to disrupt adenosine-mediated immunosuppression

in the tumour microenvironment, since adenosine was

found to enhance the polarization of myeloid and T cell

subsets towards proangiogenic and immunosuppressive

phenotypes, enhancing tumour growth and survival. Fur-

thermore, the blocking of adenosine-mediated signalling

was found to aid the function of NK and CD8? lympho-

cyte cells, which are responsible for the cancer immune

surveillance [28]. There are studies in the literature

describing the expression of some types of ARs on cancer

cells, and in some of these research works, adenosine

signalling is reported to induce apoptosis [29, 30].

In the present study, we have confirmed that 0.158 mM

EIMTC reveals not only remarkable inhibitory effects on

the proliferative capacity of human malignant multiple

myeloma cells but also the lower toxicity for normal HSF

cells. We have demonstrated that EIMTC reveals cytotoxic

effects even in cells resistant to the anti-multiple myeloma

agent—thalidomide—such as MM1R cells. These in vitro

preliminary experimental findings justify a potential

rationale for further evaluation of EIMTC as a possible

anti-multiple myeloma agent, especially by reason of the

fact that human multiple myeloma cells in clinical studies

are still regarded as capable of becoming resistant to a

conventional therapy [31], including thalidomide.

Thalidomide, which entered phase III clinical trials, has

emerged as a great hope for the treatment of the incurable

patients with multiple myeloma. Nevertheless, some mul-

tiple myeloma cells resistant to thalidomide (MM1R) have

already been isolated.

There is an ongoing search for novel agents targeting

malignant cells since the majority of commonly authorized

cytotoxic chemotherapeutics are equally as toxic to healthy

tissues. So, among the available structural libraries of

numerous antiproliferative agents, only the lead structures

with the most profitable toxicity profile in vitro are still

Fig. 2 Molecular structure of EIMTC that was created using a

Molinspiration Galaxy 3D Structure Generator v2016.01 beta

Table 4 The calculated properties for EIMTC that are important in

enabling the proper absorption after per os administration [22, 25] and

permeability through the cell membranes [23, 24]

Lipinski and related structural

descriptors, physicochemical

properties necessary for the

acceptable oral bioavailabilitya

Values that were created using

ACD/Labs Software and

Molinspiration Property

Calculator

H-bond acceptors (B10) 8

H-bond donors (B5) 0

H-bond donor/acceptor sum 8

CLog P (B5) 1.23

miLog P 1.70

Molecular weight (B500 Da) 316.31 Da

Topological polar surface area

(TPSA) (B140 Å2)

86.57 Å2

Number of freely rotatable bonds

(B10)

5

pKa (temp. 25 �C) 1.48

Solubility (pH 7.4; temp. 25 �C) 0.23 g L-1

Molecular volume 273.91

a Lipinski descriptors: H-bond acceptors, H-bond donors, CLog P,

molecular weight
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being extensively investigated. Considering the above

facts, we hope that the modified small molecular weight

fused azaisocytosine-like congener—EIMTC—may be

exploited as a lead structure with the useful in vitro anti-

cancer activity and a profitable toxicity profile. This pos-

sible ester prodrug may be employed for the design and

development of potent and more selective anti-multiple

myeloma agents targeting to malignant cells (also cells

resistant to conventional therapies, including thalidomide).

These agents in the future may represent an innovation in

the field of cancer research. However, in order to assess

whether EIMTC is of benefit in the therapy of multiple

myeloma further more detailed in vivo experiments

including animal models should be performed, which lay

outside the scope of this paper.

Firstly, the remarkable antiproliferative effects of

EIMTC were found to be connected with the induction of

the cell cycle arrest in some human tumour cells. More-

over, the obtained results of the cell cycle analysis suggest

that EIMTC is capable of arresting different phases of the

cell cycle (S and G2/M) in human carcinoma cells of

uterus, ovary and breast and therefore may supposedly be

successfully used to limit the tumour progression in these

severe cancers. Secondly, the EIMTC treatment did not

induce apoptosis but necrosis. Hence, we speculate that an

alternative necrosis cell death pathway induced by EIMTC

may be of benefit in the chemotherapy of severe tumours

that are not sensitive to the apoptosis (because of mutation

faults that are capable of effectively inactivating the nor-

mal apoptosis signalling pathways) [32, 33].

It has been proved in present studies that EIMTC pos-

sesses a certain level of selectivity towards normal

epithelial cells which allows to assume a lower damage to

the epithelium of the gastrointestinal tract, justifying its

further in vivo testing. This finding is significant in the field

of anticancer research.

It should be noted that this is the first communication

reporting that the synthetically modified congener of

fused azaisocytosine—EIMTC—induces the cell cycle

arrest in human tumour cells and accordingly prevents the

cell proliferation. The inhibition of cell proliferation

would be predictably due to a competition for nucleotides

required for DNA synthesis. Subsequent studies are being

continued to completely explain the mechanisms mediat-

ing the biogenic effects of that promising molecule. On

the other hand, we would like to believe that the identi-

fied lead structure (EIMTC) may be of benefit in

designing novel anticancer agents inducing an alternative

necrosis-death pathway (that in accordance with newest

significant findings [34] may unfold also in a highly

regulated and controlled manner). It has been confirmed

in our investigations that EIMTC (that should interact

with the adenosine receptors) not only evokes the

necrosis-dependent cell death but also causes the explic-

itly higher levels of necrotic cell populations in tumour

HeLa cells than in normal Vero cells of the same

epithelial origin, what makes this molecule promising for

further more extensive investigations in the field of anti-

tumoural search.

Noteworthy is that the cytotoxic effects caused by

0.158 mM EIMTC in T47D and HeLa cells were distinctly

higher than those evoked by 0.234 mM pemetrexed—an

approved folate antimetabolite—displaying 10 % ± 0.8,

20 % ± 1.2 and 30 % ± 2.2 growth inhibition in T47D
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Fig. 3 Structures of known antitumour active small molecules

revealing the explicitly lower cytotoxicity for normal cells with the

anticipated affinity towards ARs (A1–A10), related in structure

selective A2B AR antagonists (B1–B4) and the described earlier non-

selective A2A AR antagonist (C1). A1: R1 = 4-Cl; R2 = C6H5; A2:

R1 = 2-CH3; R2 = fur-2-yl; A3: R1 = 2,3-(CH3)2; R2 = fur-2-yl;

A4: R1 = 2-CH3O; R2 = fur-2-yl; A5: R1 = 2-Cl; R2 = fur-2-yl;

A6: R1 = 2,6-Cl2; R2 = fur-2-yl; A7: R1 = 3-Cl; R2 = COOC2H5;

A8: R1 = 3,4-Cl2; R2 = COOC2H5; A9: R1 = H; R2 = CONHNH2;

A10: R1 = 3-Cl; R2 = CONHNH2; B1: R1 = H; R2 = C6H5;

X = Cl; B2: R1 = H; R2 = C6H5; X = H; B3: R1 = 4-Cl;

R2 = C6H5; X = H; B4: R1 = 4-Cl; R2 = fur-2-yl; X = H

186 Mol Cell Biochem (2016) 418:179–188

123



cells and 5 % ± 0.7, 10 % ± 0.9 and 20 % ± 1.5 growth

inhibition in HeLa cells after 24-, 48- and 72-h incubation

periods, respectively, when investigated in vitro [35].

In summary, based on the above-mentioned findings we

propose the designed and synthetically modified congener

of fused azaisocytosine, that is, EIMTC (inducing the cell

cycle arrest in some human neoplastic cells, evoking higher

rates of necrotic cells in tumour than in normal cells of the

same epithelial origin and also causing significant anti-

multiple myeloma effects combined with a lower toxicity

towards normal cells) as a lead structure for the design and

development of more selective antineoplastic agents with a

lower toxicity for normal cells (that in the future may

represent an innovation in the field of cancer chemother-

apy). The present report also describes the advantages of an

alternative microwave-assisted synthetic approach leading

to EIMTC which was developed to improve on existing

method for the obtainment of that anomalous nucleobase-

like congener.
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