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The search for promising substances aimed at creating new chemotherapeutic drugs based on them is relevant

in modern oncology. In this regard, new azoloazine derivatives, which are analogs of the well-known

anticancer drug temozolomide, may be promising. The goal was to study the antitumor activity of 11 new

azoloazine derivatives in vitro and in vivo. The MTT assay was used to assess the cytotoxic effect of the

azoloazines on MCF-7 and CHO cells. BALB/c mice were orthotopically injected with 10
6
MCF-7 cells to

simulate a xenogenic model of breast cancer. The test substances were administered at doses 1/2 IC
50
once

intraperitoneally 72 hours after tumor transplantation. The degree of differentiation and tumor extent in the

tissue and the nature of metastasis were studied by analyzing histological sections of animals removed from

the experiment. The volume of the primary tumor was measured. An evaluation of the cytotoxic activity of the

new azoloazine derivatives showed that compounds 4, 6, and 9were the most toxic to MCF-7 cells. Therefore,

they were selected for cytotoxicity studies on normal cells (cultured CHO cells). Selected compounds 6 and

9 had low cytotoxicity against CHO cells, which was regarded as a positive aspect for their use as anticancer

drugs. An in vivo experiment showed that administration of selected compounds 4, 6, and 9 led to more pro-

nounced inhibition of tumor growth than the use of epirubicin alone. Histological analysis also revealed that

compounds 4, 6, and 9 exhibited antitumor activity. The antitumor effects of the new azoloazine derivatives

obtained in in vitro and in vivo experiments proved their high activity as potential chemotherapeutic agents

and their prospects for further studies aimed at creating new antitumor drugs based on them.
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Breast cancer (BC) is the most common oncological dis-

ease among the female population of Russia and most devel-

oped countries. Its incidence and mortality from it are on the

rise. About one million new cases of BC are reported each

year. According to statistics, BC currently afflicts all age

groups, reaching an average of 2.2%; for the 35-54 age

group, 7.7% [1].

Currently, the search for new antiblastoma drugs that

could be prescribed by oncologists for BC patients is still ur-

gent [2].

Chemical compounds of the azoloazine class, which are

isosteres of purine bases, could be interesting derivatives [3].

Researchers at Ural Federal University named after the First

Russian President B. N. Yeltsin (Yeltsin URU) synthesized

series of imidazo[5,1-c][1,2,4]triazines [10] and imidazo-

[5,1-d][1,2,3,5]tetrazin-4-ones that had stable chemical

structures and were interesting for assessing their possible

use as potential antitumor agents [4].

The goal of the present work was to study the antitumor

activity of 11 new azoloazine derivatives in experiments

in vitro and in vivo.
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EXPERIMENTAL PART

The potential antitumor properties of 11 new azoloazine

derivatives were assessed. These were 3-n-propyl-4-oxo-

imidazo[5,1-d][1,2,3,5]tetrazine-8-carboxylic acid ethyl es-

ter (1), 3-cyclohexyl-4-oxoimidazo[5,1-d][1,2,3,5]tetrazine-

8-carboxylic acid ethyl ester (2), 3-n-propyl-4-oxoimidazo-

[5,1-d][1,2,3,5]tetrazine-8-N-piperidinylcarboxamide (3),

3-cyclohexyl-4-oxoimidazo[5,1-d][1,2,3,5]tetrazine-8-N-pi-

peridinylcarboxamide (4), 5-(p-tolyl)-8-ethoxycarbonyl-

amino pyrazolo[5,1-d][1,2,3,5]thiotriazine (5), 4-aminoimid-

azo[5,1-c][1,2,4]triazine-3,8-dicarboxylic acid diethyl ester

(6), 4-amino-8-ethoxycarbonylimidazo[5,1-c][1,2,4]triazi-

ne-3-N-cyclohexylcarboxamide (7), 4-amino-8-ethoxycar-

bonylimidazo[5,1-c][1,2,4]triazine-3-N-benzylcarboxamide

(8), 4-amino-8-ethoxycarbonylimidazo[5,1-c][1,2,4]triazine-

3-N-(p-tolyl)carboxamide (9), 3-(3-phenyl-4-methoxycar-

bonylisoxazolyl)-7-phenylpyrazolo[5,1-c][1,2,4]triazine (10),

and 3-(3-phenyl-4-methoxycarbonylisoxazolyl)-7-(p-tolyl)-

pyrazolo[5,1-c][1,2,4]triazine (11) [4]. The preparation

methods, chemical structures, and purities of the tested com-

pounds were published earlier [4]. The compounds were sup-

plied by researchers at Yeltsin UFU for testing of their

cytotoxic and antitumor properties.

The MCF-7 breast adenocarcinoma cell line, which is

universal and widely used in BC research [5], was selected as

the cell culture tumor model in experiments in vitro. CHO,

cell culture of epithelium from Chinese hamster ovary, was

used to assess the safety of the new pharmacological agents

[6].

MCF-7 and CHO cells were thawed, rinsed, and culti-

vated to a concentration of 10
4
cells in DMEM medium

(100 	L) in a CO
2
incubator at 37°C and 5% CO

2
. The

cytotoxic activity of the cells was studied by cultivation with

the tested compounds at final concentrations of 0.25, 1.0,

2.5, 5.0, and 10.0 	M. The negative controls were untreated

cells; the positive controls, cells treated with epirubicin at

analogous concentrations of the tested compounds (0.25, 1.0,

2.5, 5.0, and 10.0 	M). Epirubicin (ZAO Lens, Russia,

lyophilizate for preparation of solutions) was selected as the

reference drug because it is included in many chemothera-

peutic protocols for treating patients with early and progres-

sive/metastatic BC, according to recommendations of the

Association of Oncologists of Russia. Plates were incubated

for 1 h at 37°C. Cells were separated from the surface using

trypsin/EDTA solution (0.25%) and centrifuged. The precipi-

tate was resuspended in Hank’s solution.

The viability of cells in culture was determined using the

MTT assay. Cell survival was calculated using the formula:

(OD
test

� OD
med

)/(OD
c

� Od
med

) � 100% (1)

where OD
test

is the average optical density in wells of the test

group; OD
med

, average optical density in wells with medium;

OD
c
, average optical density in wells with controls.

The concentration of a tested compound at which the

maximum suppression of viability vs. the control occurred

(C
c
/C

max
) was determined.

The concentration of a compound that caused 50% death

of cells (IC
50
) was calculated graphically from a dose-de-

pendent curve using Origin software (OriginLab Corp.). Six

parallel observations were made for all compounds at each

studied concentration and for the control.

The experiment in vivo was conducted on BALB/c fe-

male mice in compliance with bioethical standards given in

Rules for Working with Experimental Animals and Directive

2010/63/EU of the European Parliament and the Council of

the European Union on Protection of Animals Used for Sci-

entific Purposes.

Xenogenic BC was modeled by three preliminary admin-

istrations to the animals of azathioprine at a dose of 1 mg/kg.

MCF-7 cells (10
6
) were orthotopically injected in the basal

region of the nipple in the initial step [7].

The following experimental groups were included in the

experiment:

1. Control, animals injected once intraperitoneally (i.p.)

with normal saline (0.2 mL) 72 h after injection of tumor

cells.

2. Epirubicin, animals injected once i.p. with epirubicin

at a dose 1/2 of IC
50
in normal saline (0.2 mL) 72 h after in-

jection of tumor cells.

3. Compound 4, animals injected once i.p. with com-

pound 4 at a dose 1/2 of IC
50
in normal saline (0.2 mL) 72 h

before injection of tumor cells.

4. Compound 6, animals injected once i.p. with com-

pound 6 at a dose 1/2 of IC
50
in normal saline (0.2 mL) 72 h

before injection of tumor cells.

5. Compound 9, animals injected once i.p. with com-

pound 9 at a dose 1/2 of IC
50
in normal saline (0.2 mL) 72 h

before injection of tumor cells.

The animals were housed in a partial barrier system un-

der standard conditions in plastic cages with six animals and

access ad libitum to water and feed.

The animals were euthanized on the 15
th
day. The parts

where the tumor cells were injected and the analogous parts

from the opposite side were excised. The overall volume of

the primary tumor (mm
3
) was calculated using the equation:

a � b � c, (2)

where a is the length of the tumor; b, width of the tumor; and

c, height of the tumor.

Tumor growth inhibition (TGI, %) was calculated using

the equation:

TGI �
�

�
A B

A
100, (3)

where A is the average tumor volume in the control group; B,

average tumor volume in the test group.
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Histological specimens were prepared using a Microm

STP 420 tissue processor (Microm, Germany), a Leica EG

1160 embedding station (Leica, Germany), a Leica RM 2255

rotary microtome (Leica, Germany), a Dako CoverStainer

(Dako, Denmark), and a Dako Link 48 Immunohistochemis-

try Autostainer (Dako, Denmark). The immunohistoche-

mistry of animal tumor tissue was evaluated using

cytokeratin 8/18 marker (DakoCytomation, Denmark) [8].
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Fig. 1a. Cytotoxic activity of compounds 1-5 and epirubicin in MCF-7 human breast cancer cell culture. Note: along the abscissa, compound

concentration (	M); along the ordinate, cell survival, %. The * sign denotes statistically significant differences from the untreated group.



Experimental data were statistically processed using the

Statistica 10.0 program (Dell, USA). Results were given as

Me(Q1; Q3) considering the lack of a normal distribution in

sets according to the Shapiro�Wilk criterion. Intragroup

comparative analysis used the Kruskal�Wallis criterion

(nonparametric ANOVA version) followed by multiple com-
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Fig. 1b. Cytotoxic activity of compounds 6-11 in MCF-7 human breast cancer cell culture. Note: along the abscissa, compound concentration

(	M); along the ordinate, cell survival, %. The * sign denotes statistically significant differences with the untreated group.



parisons according to Bonferroni�Dunn. Comparisons

among groups used the Mann�Whitney criterion. Differ-

ences were considered significant for confidence probability

p < 0.05.

RESULTS AND DISCUSSION

The search for new types of BC therapy is critical be-

cause long-term growth inhibition of it is still not guaranteed

although significant progress has been made in treating it [9].

The use of targeted therapy is hindered because BC is hetero-

geneous [8]. The standard treatment protocols with broad-

spectrum chemotherapeutic drugs are inadequate and the

drugs themselves are rather toxic [10]. These circumstances

are the main drivers of the search for promising drugs to cre-

ate new chemotherapeutic agents based on them [2].

The present work focused on studies of new azoloazine

derivatives. Azoloazines are known to possess anti-inflam-

matory, antioxidant [11], antibacterial, and antifungal activ-

ity [12]. Also, their antitumor activity has been reported [13].

The first stage involved screening of 11 new azoloazine

derivatives that were synthesized in the Department of Or-

ganic Synthesis Technology, Yeltsin UFU, to determine their

cytotoxicity against MCF-7 human tumor cells.

An experiment in vitro showed that addition of

epirubicin to MCF-7 culture produced a pronounced cytoto-

xic effect only at the maximum concentration (10 	M)

(Fig. 1). The maximum suppression C
c
/C

max
was 1.72/0.82 =

2.10. The IC
50
value was 9.37 	m.

Only some of the tested compounds demonstrated higher

cytotoxic activity than epirubicin. For example, cultivation

of MCF-7 with the 11 new azoloazine derivatives showed

that compounds 1, 4, 6, 8, and 9 exhibited dose-dependent

cytotoxic activity (Fig. 1). The maximum suppression

C
c
/C

max
for these compounds were 1.64/0.66 = 2.48 (for con-

centration 10.0 	M) (1); 2.13/0.29 = 7.34 (for concentration

10.0 	M) (4); 2.13/0.53 = 4.02 (for concentration 10.0 	M)

(6); 1.83/0.83 = 2.20 (for concentration 10.0 	M) (8); and

1.83/0.60 = 3.05 (for concentration 5.0 	M) (9) (Fig. 2).

Compounds 4, 6, and 9 had the greatest cytotoxic activity.

The calculated concentrations for 50% inhibition (IC
50
) of

these compounds were 0.86, 2.98, and 5.05 	M, respectively.

It is noteworthy that compound 1 had moderate inhibitory

activity on the growth of the tumor cells; compound 8, low

activity (Fig. 1). Addition of compounds 5 and 7 to the me-

dium led to moderate non-dose-dependent cytotoxic activity

(Fig. 1). The maximum suppressions C
c
/C

max
were

2.13/0.75 = 2.84 (for concentration 10.0 	M) and

1.84/0.70 = 2.62 (for concentration 5.0 	M), respectively

(Fig. 2). Compounds 2, 3, 10, and 11 did not affect the

growth of MCF-7 cells in vitro (Fig. 1).

The tested compounds were divided into three groups ac-

cording to cytotoxic activity against the tumor cells based on

the results of the studies, i.e., compounds with no or ex-

tremely low cytotoxic effects (2, 3, 10, 11); compounds with

moderate cytotoxic effects (1, 5, 7, 8); and compounds with

high cytotoxic activity over the whole range of studied con-

centrations (4, 6, 9) (Fig. 2).

Epirubicin had a maximum suppression of C
c
/C

max

1.55/0.78 = 1.99 (for concentration 5 	M) against CHO

cells. The calculated IC
50

value was 8.74 	M. According to

the MTT assay, compound 4 significantly reduced the viabil-

ity of CHO cells over the whole range of concentrations

(Fig. 3). The maximum suppression C
c
/C

max
was 1.55/0.59 =

2.63 (for concentration 5.0 	M); IC
50
, 7.18 	M. Compound

6 exhibited moderate cytotoxic effects over the whole range

of studied concentrations (Fig. 3). The maximum suppres-

sion C
c
/C

max
was 1.55/0.89 = 1.74 (for concentration

10.0 	M). The calculated IC
50

value in the studied concen-

tration range was not achieved, i.e., was >10 	M. Compound

9 showed a minimal effect against CHO cells (Fig. 3). The

maximum suppression C
c
/C

max
was 1.55/1.28 = 1.21 (for

concentration 10.0 	M); IC
50
, beyond the limits of the con-

centration range.

Thus, a comparison of the cytotoxicity of the azoloazine

derivatives showed that these compounds exhibited various

activities against BC cells despite the similar structures and

physicochemical properties. Studies of the cytotoxic activi-

ties of the new azoloazine derivatives showed that com-

pounds 4, 6, and 9 possessed pronounced advantages over

the other compounds. However, the actual mechanisms,

proof of their differences, and a comparison of their molecu-

lar structures require separate studies. Namely these com-

pounds were selected for further research to reveal their pos-

sible antitumor properties.

The second stage of the research focused on checking the

hypothesis about the possible antitumor activity of 4, 6, and

9 for a xenogenic BC model in vivo in mice.
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dinate, calculated concentration of 50% inhibition IC
50
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A study of the antitumor activity in an experiment in vivo

showed that administration of epirubicin to animals with tu-

mors led to moderate growth inhibition of the primary tumor

(24.5%). Administration of 4, 6, and 9 had more pronounced

antitumor effects. For example, administration to mice with

BC of 4 at a dose 1/2 of IC
50

inhibited tumor growth by

60.8%; of 6, 32.7%; of 9, 38.8% (Table 1).

The experimental results indicated that all tested com-

pounds had antitumor activity. It is noteworthy that the tested

compounds had more pronounced activity against the pri-

mary tumor than epirubicin.

Histological studies revealed changes in the transplanta-

tion area and adjoining adipose tissue and lymph nodes.

Also, individual transformed cells and their accumulations as

small clusters or trabecula were observed in all experimental

groups at the site of tumor cell transplantation on day 15 af-

ter injection (Fig. 4a ). In separate instances, cells formed

chains situated around unaltered channels like targets or

owl’s eyes. The lumen was either filled with cells or partially

free with a mucoid secretion for intraductal invasion. Several

404 A. H. Al-Humairi

TABLE 1. Volume of Primary Tumor (mm
3
) and Tumor Growth

Inhibition (%) on 15
th

Day After Orthotopic Transplantation of

MCF-7 Cells to Immunodeficient Mice Treated with Compounds 4,

6, and 9 and Epirubicin at a Dose of 1/2 of IC
50

Group
Volume of primary tumor,

mm
3

Tumor growth inhibition,

%

Control 24.5 [19.9 � 27.8] –

Epirubicin 18.5 [15.6 � 20.9]

1 – 2P < 0.05

24.5

Compound 4 9.6 [7.7 � 11.8]

2 – 3P < 0.01

60.8

Compound 6 16.5 [13.3 � 19.0]

3 – 4P < 0.05

32.7

Compound 9 15.0 [12.9 � 18.1]

3 – 5P < 0.05

38.8

Note: groups included six animals. Numbers of compared groups

precede significance level P.

Fig. 3. Cytotoxic activity of compounds 4, 6, and 9 and epirubicin in CHO cell culture. Note: along the abscissa, compound concentration

(	M); along the ordinate, cell survival (%). The * sign denotes statistically significant differences from the untreated group.



tumor cells were necrotized and surrounded by a lymphohis-

tocytic infiltrate (Fig. 4a and 4b).

Immunohistochemical studies revealed a specific pro-

tein, human cytokeratin 8/18 in the tumor tissue of control

mice. Administration of the tested compounds reduced the

expression of this protein (Fig. 4c and 4d).

The histological pattern demonstrated a decrease and de-

composition of part of the tumor structures in the mouse tis-

sues. However, the remaining cells were very atypical, dem-

onstrated a tendency for mitosis and invasion, and formed

fresh accumulations in breast tissue adjoining adipose tissue

and lymph nodes. Judging from the decrease in the tu-

mor-specific protein human cytokeratin 8/18 in the animal

tumor tissues, the immunohistochemical studies also proved

the pronounced antitumor effect of the new azoloazine deriv-

atives.

Therefore, the tested compounds could be placed in the

following order based on the results of the in vivo studies:

4 > 9 > 6 > epirubicin. Thus, 4 was the most active antitumor

compound. This conclusion should be treated as preliminary

because only one model (xenogenic transplantation in mice)

and one cell line (MCF-7) was used in the work to evaluate

the antitumor activity. Thus, the results demonstrated prom-

ise for further research on the new azoloazine derivatives (4,

6, 9), which could inhibit the development of tumors in other

experimental models of grafted tumors.

A possible mechanism for the antitumor activity of the

studied compounds could be their ability to induce apoptosis

of tumor cells by DNA damage due to methylation of N
7
and

O
6
of guanine and N

3
of adenine. Thymidine instead of cyto-

sine would be incorporated into DNA because of the damage

[14]. For example, Dwyer, et al. showed that pyrazolopyridine

derivatives could block the activity of serine/threonine kinases

Pim-1 and Pim-2, which are excessively expressed with

oncological diseases such as leukemia and lymphoma [15].

Toxicity for nontumor cells is one of the main limitations

on the broad use of all known cytostatic drugs [16].

The experimental results showed that 4 had the greatest

antitumor activity, which proved its promise as a potential

new molecule for designing antitumor drugs based on it for

BC patients. It also possessed cytotoxicity for nontumor

CHO cells. Therefore, this compound could be dangerous for

normal cells and tissues. However, this assumption requires

further verification.
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a) b)

c) d)

Fig. 4. Basal region of mouse breast nipple 15 d after transplantation of MCF-7 cells: single tumor cells and small clusters, clearly expressed

reactive changes in lymphatic tissue (a); edge infiltration of tissue near lymph node gate. Hematoxylin and eosin stains. 200� magnification (b).

Immunohistochemical images of human cytokeratin 8/10 in mice with BC (c, d): animal with untreated tumor (c); animal with tumor treated

with compound 4 (d).
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