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Introduction. Breast cancer (BC) remains a leading cause
of cancer incidence and mortality among women worldwide.
The high heterogeneity of tumor cells and their morphological
and functional variability often complicate the selection of ef-
fective treatment regimens. A primary challenge in BC therapy
is the development of drug resistance, underscoring the need
for novel therapeutic agents.

Aim. To evaluate the potential of two new methylpyrazo-
lotriazine derivatives (MPTA 1, MPTA 2) and two new pyr-
azolobenzotriazine derivatives (PBTA 1, PBTA 2) as anticancer
agents, including their application in BC chemotherapy.

Materials and Methods. The study assessed the cytotoxic
(CTA) and cytostatic (CSA) activity of these derivatives at
concentrations ranging from 0.25 to 10.0 uM. The effects were
tested on BC cell lines MCF-7, MDA-MB-231, and BT-474,
and on non-tumorigenic human breast epithelial cells MCF-
10A. CTA was determined using the methyl tetrazolium (MTT)
assay, with the half-maximal cytotoxic concentration (IC,T)
calculated. CSA was evaluated after longer cultivation time
(72 hours), with the IC S defined as the concentration that
inhibited cell growth by 50 %. Statistical analysis employed
nonparametric tests (Kruskal-Wallis and Mann—Whitney) with
a significance level of p < 0.05.

Results. The highest CTA against MCF-7 cells was observed
for derivative MPTA 1 (IC, T 8.15 uM), against MDA-MB-231
cells for PBTA1 (IC, T 3.79 uM), and against BT-474 cells
for MPTA 1 (IC, T 4.48 uM) and MPTA 2 (IC, T 6.15 uM).

All tested compounds exhibited similar CSA against MCF-7
cells, averaging 1.20-1.45 times higher than the reference drug
temozolomide (minimum cell viability 55 %). In MDA-MB-231
and BT-474 cultures, MPTA 1 and MPTA 2 exhibited superior
CSA compared to PBTA 1, PBTA 2, and temozolomide, with
a 1.16-1.50-fold increase. All the investigated derivatives of
methylpyrazolotriazine and pyrazolobenzotriazine and the ref-
erence drug temozolomide showed low CSA against non-can-
cerous epithelial MCF-10A cells, with IC_S values exceeding
the tested concentration range (> 10.0 uM). Ranking the new
methylpyrazolotriazine and pyrazolobenzotriazine derivatives by
the combined potency of CTA and CSA yields the following
order: MPTA 2, PBTA 1 < temozolomide < PBTA 2 < MPTA 1.

Conclusion. Derivative MPTA 1 (3-(3’-Phenyl-4’-me-
thoxycarbonyl-isoxazolyl)-7-methyl-pyrazolo[5,1-c]triazine)
demonstrated the highest CTA and CSA among the tested de-
rivatives and is recommended for further preclinical studies.
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Introduction

Among malignant neoplasms, breast cancer
(BC) occupies a leading position among oncologi-
cal diseases in terms of morbidity and mortality in
women worldwide. According to the International
Agency for Research on Cancer, the annual global
incidence of BC is approaching one million new
cases, with approximately 670,000 women dying
from the disease each year [1, 2].

The genetic and morphological diversity of BC
frequently impedes the selection of effective treat-
ment regimens [3]; this challenge, compounded by

the constantly increasing chemoresistance of tumor
cells, dictates the constant need to develop new
drugs to combat the disease [4, 5].

Alkylating agents are the basis of complex
chemotherapy for metastatic BC [5]. Among these
antitumor drugs, we studied the effects of new azo-
loazine derivatives, which are successfully used in
clinical practice, with temozolomide being the most
well-known [7]. Unfortunately, as for most classes
of chemotherapeutic agents, many tumors are cur-
rently resistant to temozolomide, making the search
for new pyrazolotetrazine and pyrazolotriazine de-
rivatives an urgent priority [8].
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The aim of the study was to evaluate the po-
tential of two new methylpyrazolotriazine (MPTA)
and two new pyrazolobenzotriazine (PBTA) deriva-
tives as novel anticancer agents by assessing their
cytotoxic (CTA) and cytostatic (CSA) activity in
BC cell cultures.

Materials and Methods

Four  pyrazolotriazine  derivatives  were
studied: 3-(3’-Phenyl-4’-methoxycarbonyl-
isoxazolyl)-7-methylpyrazolo[5,1-c][1,2,4]triazine
(methylpyrazolotriazine 1, MPTA 1); 3-(4’-Methoxy-
carbonyl-thiadiazolyl)-7-methylpyrazolo[5,1-c]
[1,2,4]triazine (methylpyrazolotriazine 2, MPTA 2);
6,8-Dimethoxy-2-(p-tolyl)pyrazolo[5,1-c][1,2,4]
benzo[e]triazine (pyrazobenzotriazine 1, PBTA 2);
6,8-Dimethoxy-2-(p-chlorophenyl)pyrazolo[5,1-c]
[1,2,4]benzo[e]triazine (pyrazolobenzotriazine 2,
PBTA 2) synthesized at Ural Federal University
named after the first President of Russia B.N. Yelt-
sin. As the structural formulas of the compounds in-
dicate, MPTA 1 and MPTA 2 are based on a meth-
ylpyrazolotriazine core, while PBTA 1 and PBTA
2 are derivatives of pyrazolobenzotriazine (fig. 1).

The purity of the tested compounds, as deter-
mined by spectral analysis conducted during syn-
thesis, ranged from 96.2 to 98.1 %.

Temozolomide produced by JSC “Research
Institute of Chemical Diversity” (Russia, batch
04630030160045, valid until 20.10.26) was used
as the reference drug.

The study utilized three human BC cell lines
obtained from the Cell Line Bank of the Institute of
Cytology, Russian Academy of Sciences (St. Peters-
burg): MCF-7, a luminal BC cell line positive for
estrogen and progesterone receptors and negative
for HER2; MDA-MB-231, a triple-negative basal
BC cell line commonly used as a test system for
evaluating potential chemotherapeutic agents; and
BT-474, a cell model of triple positive luminal BC
associated with a less favorable clinical prognosis.
To assess the effect of the tested compounds on

MPTA 1

MPTA 2

non-transformed cells, the MCF-10a line of hu-
man mammary luminal epithelium was used. Upon
thawing, cells were washed twice in Hanks’ solu-
tion and pelleted by centrifugation at 500 g for 5
minutes. The cells were cultured in 10 ml flasks in
a CO, incubator (MCO-19M, Sanyo, Japan) using
Eagle MEM/DMEM medium supplemented with
1 % glutamine, 1 % streptomycin/penicillin solu-
tion, and 10 % fetal bovine serum (all components
from PanEco, Russia) at 37 °C in a 5 % CO, at-
mosphere until a monolayer formed. Subsequently,
the culture medium was removed, the cells were
detached using a 0.25 % trypsin-EDTA solution,
pelleted by centrifugation (500 g, 5 min), resus-
pended in fresh medium, and seeded into 96-well
plates at a density of 1 x 1074 cells per 100 pL
per well for subsequent testing.

To determine CTA, a modified methyltetrazo-
lium assay was employed [9, 10], with optimization
of seeding density, adaptation time, and incubation
period to account for the specific characteristics
of BC cell. The final concentrations of the test
compounds in the wells were 0.25, 1.0, 2.5, 5.0,
and 10.0 uM. These concentrations were selected
based on prior empirical testing of other azoloazine
derivatives [11]. Negative control wells contained
a 1 % dimethyl sulfoxide (DMSO) solution, and
positive control wells contained a 10 % DMSO
solution. After adding the compounds, the plates
were incubated for 1 hour at 37 °C. The medium
was then replaced with a 1 % methyltetrazolium
solution, followed by a further 2-hour incubation
to allow formazan crystal formation. The resulting
crystals were dissolved in 96 % DMSO. The opti-
cal density of the final solutions in the wells was
measured on a MARK flatbed photometer (BioRad,
USA) at 530 nm, with immediate subtraction of the
background absorbance at 620 nm. The percentage
of viable cells was calculated as (sample optical
density / negative control optical density) x 100 %.
The concentration of the substance causing 50 %
cell death (IC, T, uM) was calculated using Origin-
Lab software (USA).

H,C o

PBTA 1 PBTA 2

Fig. 1. Structural formulas of the tested methylpyrazolotriazine and pyrazolobenzotriazine derivatives
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According to modern concepts, the cytostatic
mechanism, which involves inhibiting the prolif-
eration of tumor cells, is considered clinically more
effective, since it does not trigger secondary tumor
growth driven by colonization of vacated niches or
dissemination of cells throughout the body. There-
fore, the drug should have not only CTA, but also
cytostatic potential [12]. A similar protocol was
used to determine CSA, but for initial cultiva-
tion, initial cell seeding was performed in 96-well
plates at a density of 5,000 cells per 100 pL of
culture medium, and the empirically optimized test-
ing period was extended to 72 hours. CSA was
calculated as the ratio of optical density in wells
containing the test compounds to that in negative
control wells. The concentration causing 50 % in-
hibition of cell proliferation (IC,S, uM) was then
determined. This application of the methyltetrazole
test is well-established in the phenotypic screening
of potential antitumor agents [13].

The Statistica 12.0 software package (Dell, USA)
was used for the analysis. After confirming a non-
normal distribution via the Shapiro—Wilk test, data
were presented as median and interquartile range
(Me [Q1+Q3]). The intragroup comparative analy-
sis was performed using the Kruskal-Wallis test,
and the comparison between groups was performed
using the Mann—Whitney U test. Differences were
considered statistically significant at p < 0.05.

Results

Cytotoxic activity of the studied compounds

A comparison of CTA and CSA of four new
pyrazolotriazine derivatives on cell cultures of three
different molecular genetic types of BC showed
that, despite their similar structural and physico-
chemical similarities, these compounds exhibit dis-
tinct antitumor activity profiles.

In MCF-7 tumor cells, MPTA 1 demonstrated a
moderate cytotoxic effect at concentrations of 5.0
and 10.0 pM, comparable to the reference drug te-
mozolomide. MPTA 2 and PBTA 4 displayed lower

cytotoxicity, while PBTA1 was practically inactive
(tab. 1).

In MDA-MB-231 cells, the reduction in the per-
centage of viable cells following exposure to the
tested compounds exceeded that of the reference
drug in all cases. While the effects were generally
similar, the highest CTA was observed for PBTAI
at a concentration of 10.0 pM.

In BT-474 tumor cell cultures, treatment with
MPTA1 and MPTA2 resulted in a 2.5-fold decrease
in viable cells, which was on average 1.39 times
greater than the effect of temozolomide. Compounds
PBTA 1 and PBTA 2 showed lower CTA compared
to MPTAT1 and, with activity comparable to the ref-
erence drug. All the described effects were achieved
at pyrazolotriazine concentrations of 10.0 puM.

Regarding non-tumorigenic MCF-10a cells,
MPTAI1 caused a moderate reduction in viability
across the entire concentration range, with the mini-
mum percentage of viable cells observed at 5.0 and
10.0 uM. MPTA 2, PBTA 1, PBTA 2, and the ref-
erence drug had lower CTA, with minimum MCF-
10a cell viability ranging from 67 % to 76 %. The
maximal effects for these agents were achieved at
concentrations of 5.0 uM (MPTA 2, PBTA 1) or
10.0 uM (MPTA 1, PBTA 2, temozolomide).

The calculation of the concentration caus-
ing 50 % cell death (IC,T) for the MCF-7 cell
line showed that IC, T values below 10 uM were
achieved only for MPTA1 and temozolomide. In
other cases, the calculated IC, T was not achieved
because it exceeded the maximum tested concentra-
tion, indicating lower CTA (fig. 2).

For MDA-MB-231 cells, PBTA 1 demonstrated
the strongest effect (lowest IC,T), followed by
MPTA 2 and PBTA 2. MPTA 1 and temozolomide
showed the lowest activity (highest IC,T) in this
cell line.

For BT-474 triple negative BC cells, MPTA 1
exhibited the lowest IC, T, MPTA 2 had slightly
lower activity. The remaining compounds, including
temozolomide, showed IC, T values above 10.0 uM,
indicating relatively lower CTA against this cell line.

Table 1. Percentage of viable cells (Me [Q1+Q3]) following administration of the maximum tested
concentration (10.0 pM) of the studied compounds

Cell line
Compound
MCEF-7 MDA-MB-231 BT-474 MCF-10a
Methylpyrazolotriazine 1 (MPTA 1) 47 [42 = 53] # 52 [45 = 5718 39 [35 + 42] *# 59 [52 + 65]
Methylpyrazolotriazine 2 (MPTA 2) 61 [55 = 67] * 44 [39 + 48] *# 40 [35 + 44] *# 67 [60 + 75]
Pyrazolobenzotriazine 1 (PBTA 1) 88 [79 + 97] *$ 40 [35 + 42] *# 56 [50 = 63] #3 76 [70 + 85]%
Pyrazolobenzotriazine 2 (PBTA 2) 70 [63 + 79] *$ 45 [40 = 51] *# 50 [43 = 56] #$ 72 [65 + 80]
Temozolomide 41 [36 + 45] # 61 [55 + 68] 55 [48 = 61] # 69 [62 + 75]

In this and the following table, the * sign indicates statistically significant difference compared to temozolomide treatment within the same cell line, the # sign indicates statistically
significant difference between tumor and non-tumor cell lines for the same compound, and the $ sign indicates statistically significant difference between the most active derivative

and the other derivatives within the same cell line.
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Fig. 2. The concentration causing 50 % cell death (IC50T, pM) after the introduction of the tested compounds into the culture medium
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Table 2. Cell viability (Median [Q1+Q3], % relative to negative control) following administration
of the maximum tested dose (10.0 pnM) of the studied compounds into the culture medium

Cell line
Compound
MCEF-7 MDA-MB-231 BT474 MCF-10a
Methylpyrazolotriazine 1 (MPTA 1) 43 [38 + 47] *# 42 [37 = 48] *# 40 [34 = 45] *# 71 [63 + 78]
Methylpyrazolotriazine 2 (MPTA 2) 38 [34 + 43] *# 36 [33 + 41] *# 35 [33 + 39] *# 67 [60 + 75]
Pyrazolobenzotriazine 1 (PBTA 1) 42 [38 + 47] *# 55 [49 + 62] *#$ 46 [41 + 52] *# 75 [67 + 84]
Pyrazolobenzotriazine 2 (PBTA 2) 46 [41 + 52] *# 44 [40 + 49] *# 41 [35 = 47] *# 69 [61 + 77]
Temozolomide 55 [48 + 60] # 54 [48 + 60] * 46 [39 = 51] *# 69 [62 + 77]
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Fig. 3. Concentration causing 50 % inhibition of cell growth (IC S, uM)

All tested compounds showed lower cytotoxicity
against non-tumorigenic MCF-10a epithelial cells,
with IC, T values exceeding the measurement range
(> 10.0 uM).

Cytostatic activity of the studied compounds

The percentage of viable cells following te-
mozolomide administration in tumor cell cultures
ranged from 46 to 55 % at a concentration of
10.0 uM, with a slightly higher viability observed
in the MCF-10a culture (tab. 2).

In the MCF-7 cell culture, the minimum cell vi-
ability was achieved with the addition of the tested
compounds at a concentration of 10 uM and was
1.20-1.45 times lower than with the reference drug;
practically no differences in CSA were observed
between the studied azolotriazines.

Against MDA-MB-231 cells, the compounds
exhibited similar CSA, with maximum effects ob-
served at 10.0 uM. The cytostatic effect of MPTA 1,
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MPTA 2, and PBTA 2 exceeded that of temozolo-
mide by 1.23-1.50 times, while PBTA 1 showed
activity comparable to the reference drug.

BT-474 cells demonstrated approximately the
same sensitivity to the tested methylpyrazolotri-
azine and pyrazolobenzotriazine derivatives. After
treatment with MPTA 1, MPTA 2, and PBTA 2,
CSA was 1.12-1.31 times higher than that of te-
mozolomide. PBTA 1 showed an effect similar to
the reference drug.

When tested on non-tumorigenic MCF-10a cells,
the CSA of the compounds was either compara-
ble to (MPTA 2, PBTA 2) or slightly lower than
(MPTA 1, PBTA 1) that of temozolomide.

The concentration causing 50 % inhibition of
cell growth (IC,S) for the reference drug, temo-
zolomide, was below 10.0 uM only in the BT-474
cell line; in other cases, it was equal to or greater
than this value (fig. 3).
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Calculation of IC S values in MCF-7 cultures
showed that for MPTA 1, MPTA 2, and PBTA 1,
it ranged from 4.05 to 5.45 uM, slightly lower for
PBTA 2, but remained below the value for temo-
zolomide in all cases.

Against MDA-MB-231 tumor cells, only
MPTA 1 and MPTA 2 demonstrated sufficiently
high CSA. PBTA 2 showed lower activity, and for
the other two compounds, the calculated IC, S was
not reached, as it exceeded the maximum tested
concentration.

In BT-474 cells, the lowest IC, S was observed
for MPTA 2, followed by slightly higher values for
MPTA 1 and PBTA 1. The remaining compounds,
including temozolomide, exhibited IC,S values
above 6.0 uM, indicating even lower CSA.

All studied methylpyrazolotriazine and pyr-
azolobenzotriazine derivatives demonstrated rela-
tively low CSA against non-tumorigenic MCF-10a
epithelial cells, with IC S values exceeding the
measurement range (> 10.0 pM). This observed
low activity against untransformed human breast
epithelial cells is important, as it suggests a poten-
tially lower impact on surrounding healthy tissue
and a reduced likelihood of adverse reactions.

As indicated by the results, all tested compounds
demonstrated higher CSA than temozolomide
against MCF-7 cells. In cultures of MDA-MB-231
and BT-474 cells, only MPTA1 and MPTA2 exhib-
ited similarly activity.

Discussion

It is important to note that for nearly all combi-
nations of “cell line — tested pyrazolotriazine,” the
CSA values were higher than CTA values. These
findings are consistent with similar differences
observed for new imidazotetrazine derivatives we
previously studied [11], as well as experimental
data obtained in vitro when studying other al-
kylating compounds [14, 15]. This confirms the
significant role of the cytostatic mechanism in
the overall pharmacological effect of this class
of compounds. The fact that the CSA values for
several derivatives were significantly higher than
for temozolomide further validates the pursuit of
new, more effective pyrazolotriazines as potential
replacements.

The ratio of CTA and CSA is crucial for the
ultimate efficacy of an antitumor agent. The cy-
totoxic mechanism eliminates tumor cells, reduc-
ing primary tumor volume, metastatic foci, and the
number of circulating tumor cells. However, the
vacated space can subsequently be colonized by
cells resistant to this mechanism, leading to tumor
recurrence. Polychemotherapy, or ideally, a single
drug, should combine both modes of antitumor ac-
tion: a strong CTA coupled with a no less pro-
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nounced CSA on cell population [16, 17]. This is
exactly the dual activity we observed when testing
the new methylpyrazolotriazine and pyrazolobenzo-
triazine derivatives.

The known reasons for differences in the an-
titumor effects of homologous molecules are,
firstly, their distribution in the body and within
target cells, and secondly, their ability to pen-
etrate cells and exert the primary pharmacologi-
cal effect [18]. he latter can be assessed via in
vitro experiments.

Among the studied compounds, MPTA 1 and
MPTA 2 differ in their core structure: MPTA 1 con-
tains a phenyl group and an isoxazolyl ring as part
of the main substituent, whereas MPTA 2 features a
thiadiazolyl ring and lacks the phenyl group. PBTA
1 and PBTA 2 were based on 6,8-Dimethoxy-[5,1-
c][1,2,4]benzo[e]triazine core and differ in the pres-
ence of a methylbenzene versus a chlorobenzene
substituent, respectively (fig. 1).

Apparently, differences in the core pyrazolotri-
azine structure are responsible for the overall high-
er activity of MPTA 1 and MPTA 2 compared to
PBTA 1 and PBTA 2. Their higher activity against
different cell lines (MCF-7 and MDA-MB-231 for
PTA1 and BT-474 for PTA2) may be explained by
the distinct structure of their respective substitu-
ents. Some of the observed differences in cell line
sensitivity to pyrazolotriazine derivatives seem to
be related to the different expression of three key
membrane markers: estrogen, progesterone, and
HER2 receptors. Elucidating the precise mecha-
nisms underlying these effects, of course, require
separate, detailed research at the molecular genetic
level.

Prospects for further research are seen, firstly,
in the further preclinical study of the leader com-
pound, as well as in the expansion of studies of cell
lines of other histogenesis and localization.

According to the results of in vitro cytotoxic-
ity and cytostatic properties testing on three hu-
man BC cell cultures and MCF-10a non-tumor cell
culture of four new benzoloazolotriazine derivatives
against the comparison drug temozolomide, it was
shown that all of these substances possess CTA and
CSA and can be arranged in the following order of
increasing activity: methylpyrazolotriazine 2, pyr-
azolobenzotriazine 1 < temozolomide < pyrazolo-
benzotriazine 2 < methylpyrazolotriazine 1. The
last derivative, (3-(3’-Phenyl-4’-methoxycarbonyl-
isoxazolyl)-7-methylpyrazolo[5,1-c][1,2,4]triazine),
is therefore the leader among the tested new com-
pounds and is recommended for further preclinical
trials. As a separate point, it is necessary to note the
high sensitivity of Bt-474 triple negative BC cells
to methylpyrazolotriazine 2 (3-(4’-Methoxycar-
bonyl-thiadiazolyl)-7-methylpyrazolo[5,1-c][1,2,4]
triazine).
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Conclusion

1. Compound MPTA 1 demonstrated cytotoxic
activity against MCF-7 cells (IC, T = 8.15 uM),
PBTA 1 was most potent against the MDA-MB-231
line (IC, ;T = 3.79 uM), and both MPTA 1 and
MPTA 2 exhibited cytotoxicity against BT-474
cells (IC, T = 448 uM and 6.15 uM, respec-
tively).

2. Compounds MPTA 1, MPTA 2 and PBTA
3 showed cytostatic action against against MCF-7
cells (IC, S = 4.12-5.45 uM), compounds MPTA 1
and MPTA 2 were effective against the MDA-
MB-231 cell line (IC, S = 3.85 uM and 5.11 uM,
respectively). All studied methylpyrazolotriazine
and pyrazolobenzotriazine derivatives displayed cy-
tostatic activity against BT-474 cells (IC, S = 3.45—
6.20 uM).

3. Based on the combined profile of CTA and
CSA, the most promising compound for further
study is MPTA 1 (3-(3’-Phenyl-4’-methoxycar-
bonyl-isoxazolyl)-7-methylpyrazolo[5,1-c][1,2,4]
triazine).
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