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Background. Many types of tumors are sensitive to changes in prooxidant-anti-
oxidant balance. Thus, further studies on reactive oxygen species inducing antitumor
drugs that generate oxidative stress-dependent cytotoxic effects are promising. Our
previous works showed that thiazole derivatives in combination with polymeric carriers
have a pronounced cytotoxic effect on tumor, while not being cytotoxic against pseudo-
normal cells in vitro. It was found that thiazole derivatives in complex with PEG-based
polymeric carriers affected the antioxidant system of lymphoma cells in vitro. The aim
of this work was to study the in vitro effect of the complex of thiazole derivative N-(5-
benzyl-1,3-thiazol-2-yl)-3,5-dimethyl-1-benzofuran-2-carboxamide (BF1) in combination
with polymeric carriers poly(VEP-co-GMA)-graft-mPEG (Th1), poly(PEGMA) (Th3) and
poly(PEGMA-co-DMM) (Th5) on the level of lipid peroxidation products in NK/Ly cells.

Materials and Methods. The experiments were conducted on white wild-type male
mice with a grafted NK/Ly lymphoma. Ascites tumor cells were inoculated into mice
intraperitoneally. Abdominal drainage with ascites of anesthetized mice was performed
with a sterile syringe on the 7th—10th days after inoculation. Investigated compounds
BF1, polymeric carriers Th1, Th3, Th5 and combination of BF1 + Th1 (Th2), BF1 + Th3
(Th4) and BF1 + ThS (Th6) at a final concentration of 10 uM were added to the lymphoma
samples and incubated for 10 minutes. The level of lipid peroxidation products, such
as lipid hydroperoxides and thiobarbituric acid-positive products) were determined
according to the techniques described below.
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Results. All applied complexes based on thiazole derivative BF1 and PEG-based
polymeric carriers at a concentration of 10 pM increased the activity of lipid hydroperoxi-
des in the lymphoma cells by 29-36% compared to control. Complexes Th2 and Th6
increased the significance of BF 1 influence on lymphoma cells from P <0.05 to P <0.01.
Among all of the studied complexes, Th4 and Th6 significantly increased the level of
TBA-positive products, while Th2 and BF1 did not change the content of the secondary
products of lipid peroxidation. None of the unconjugated polymeric carriers affected the
level of lipid peroxidation products.

Conclusions. Thus, based on the results of this work, thiazole derivative BF1 in
complex with polymeric carriers increases the level of primary and secondary products of
lipid peroxidation in lymphoma cells. Polymeric carriers enhanced the effect of thiazole
derivative on the studied parameters, so complexes of thiazole derivatives and PEG-
containing polymeric carriers should be taken into consideration and further investi-
gated as potential antitumor agents.

Keywords: lymphoma, thiazole derivative, polymeric carriers, polyethyleneglycol,
lipid peroxidation
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INTRODUCTION

Many problems of cancer chemotherapy are based on adaptive responses of tumor
cells to oxidative stress, hypoxia and DNA damage that allow the cells to exist and grow
under adverse conditions and acquire therapeutic resistance (Chern & Tai, 2020). It was
found that these adaptive responses are crucial for tumorigenesis, cancer cells survival
and progression (Cubillos-Ruiz, Bettigole & Glimcher, 2017). The generation of reactive
oxygen species (ROS) is a typical biochemical mechanism of cancer cells survival. ROS
react with polyunsaturated fatty acids of cellular membranes, which leads to the activa-
tion of lipid peroxidation (LPO) and to the creation of a wide variety of oxidative products.
Each of these groups of products characterizes the intensity of LPO and the degree of
damage to lipids, amino acids and nucleic acids. Besides the role of ROS in tumorigene-
sis, an increased ROS level and other primary and secondary products of LPO, such
as lipid hydroperoxides, malondialdehyde (MDA) or 4-hydroxynonenal can inhibit tumor
cell growth and overcome the antioxidant defense of cancer cells that lead to apoptosis
(Aggarwal et al., 2019; Perillo et al., 2020). The development of anticancer agents with
multiple cytotoxic properties including generation of oxidative stress and inhibition of
antioxidant defense enzymes may help overcome the resistance of cancer cells.

It is known that thiazole derivatives, especially those with anticancer action, affect
antioxidant enzymes and the production of ROS and also exert anticancer effect on
different animal and human cancer cell lines, such as glioblastoma, hepatocarcinoma,
melanoma, breast and lung adenocarcinomas, leukemia and lymphoma cells (Finiuk
et al., 2017; Shalai et al., 2020). It was previously found that thiazole derivative
N-(5-benzyl-1,3-thiazol-2-yl)-3,5-dimethyl-1-benzofuran-2-carboxamide (BF1) affected
the prooxidant-antioxidant balance. BF 1 increased the activity of hydroperoxides, but there
were no significant changes in the level of TBA-positive products. Ya. Shalai et al. (2018)
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found that the level of antioxidant defense system changed due to an increased activity
of superoxide dismutase, while the activity of catalase and glutathione peroxidase were
reduced (Shalai et al., 2019; 2020).

Among the major limitations on clinical use of thiazole derivatives are their low
water solubility, which significantly decrease their efficacy, and the difficulty of their
delivery to the target tissue. Encapsulation, combination and entrapment of anticancer
agents with polymeric carriers enhance their transport to the tumor tissue, inhibit their
rapid biodegradation and increase their bioavailability, provide a longer circulation half-
life of drugs, improve their efficacy and allow to decrease a dose of application (Bahrami
et al., 2017; Parveen, Arjmand & Tabassum, 2019).

As previously established, thiazole derivative BF1 in complex with polymeric
carriers based on polyethylene glycol (PEG) changed the activity of antioxidant enzymes
causing an apoptotic-like transformations in lymphoma cells (Popovych et al., 2021)
and exhibited a higher level of cytotoxicity towards specific tumor cell lines than the
unconjugated thiazole derivative or/and well known chemotherapeutic agent doxorubi-
cin (Finiuk et al., 2021).

Therefore, the aim of the present study was to evaluate the impact of thiazole
derivative BF1 conjugated with PEG-based polymer carriers on primary and secondary
products of lipid peroxidation.

MATERIALS AND METHODS

All experiments were performed on white wild-type male mice with a grafted NK/Ly
lymphoma (n = 10; body weigth 20-30 g). Manipulations with animals were carried out
under the principles of the “General Ethical Principles of Experimentation on Animals”
approved by the First National Congress on Bioethics (Kyiv, Ukraine, 2001) and
“European Convention for the Protection of Vertebrate Animals used for Experimental
and Other Scientific Purposes” (Strasbourg, France, 1985) as well as approved by the
Ethics Committee of Ivan Franko National University of Lviv, Ukraine at the beginning
of the research (Protocol No 17-02-2021 of 09.02.2021) and after the completion of the
study (Protocol No 17-12-2022 of 01.02.2022). Mice were housed in a standard vivar-
ium under typical laboratory conditions with constant temperature on a mixed ration.

To initiate the mouse lymphoma tumor 0.15-0.2 mL of ascite of (15-20 - 10° of NK/Ly
cells) were injected intraperitonealy. The abdominal drainage of ascite was performed
from anaesthetized mice with sterile syringe on 9-12 day after the inoculation.

The initial 10 yM solution of thiazole derivative BF1 (full name: N-(5-benzyl-
1,3-thiazol-2-yl)-3,5-dimethyl-1-benzofuran-2-carboxamide) was synthesized at the
Department of Organic Chemistry of lvan Franko National University of Lviv and the
PEGcontaining carriers (poly(VEP-co-GMA)-graft-mPEG (Th1), poly(PEGMA) (Th3)
and poly(PEGMA-co-DMM) (Th5)) were synthesized at the Department of Organic
Chemistry of the Lviv Polytechnic National University, as described earlier (Mitina et al.,
2020; Finiuk et al., 2017).

Water dispersions of polymeric carriers (PC) —Th1, Th3 and Th5 and their complexes
with the BF1 derivative were dissolved in dimethyl sulfoxide (DMSO) and the solutions
were subsequently transferred in water (Th2, Th4, Th6).

Three experimental groups of chemical compounds were prepared: the 1st group —
BF1 (10 uM), Th1 (1 g/100 mL) and Th2 (Th1 (1 g/100 mL)) + BF1 (0.03 g/100 mL),
the 2nd group — BF1 (10 yM), Th3 (1 g/100 mL) and Th4 (Th3 (1 g/100 mL)) + BF1
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(0.03 g/100 mL), and the 3rd group — BF1 (10 pM), Th5 (1 g/100 mL) and Th6é (Th5
(1 g/100 mL)) + BF1 (0.03 g/100 mL). The lymphoma homogenate was incubated for
10 min with each of the compounds (BF1, PC or BF1 + PC). Please, see other experi-
mental explanations in the Table.

Table. Scheme of control and experimental groups used in the project

Complex of thiazole derivative

Name of sample  Thiazole derivative  Polymeric carrier . .
and polymeric carrier

Control = - -
BF1 + - -
Th1, Th3, Th5 - + -
Th2, Th4, Thé = - +

To measure the activity of lipid hydroperoxides and TBA-positive products, lymphoma
cell samples were frozen in a freezer chamber to -20 °C and subsequently used for
investigation.

The level of lipid hydroperoxides in the homogenate of lymphoma was determined
by the method based on precipitation of the protein with trichloroacetic acid, followed by
the addition of ammonium thiocyanate and was expressed in conventional units/min - mg
of protein (Myronchyk, 1984). The content of TBA-positive products was evaluated
according to the amount of formed malonic dialdehyde (MDA) (Timirbulatov & Selezney,
1981). The content of MDA is presented in pmoles/mg of protein. Protein concentration
in every sample was determined by the method of O. Lowry et al. (Lowry, Rosebrough,
Farr, & Randall, 1951).

The statistical analysis of the results was made and illustrated using MS Excel-
2013 and Statistica programs. All experiments were repeated 5 times in each variant.
All data are presented as a mean = SD. To determine statistically significant differences
between the means of independent investigation groups, the one-way analysis of vari-
ance (ANOVA) was used. Statistical analyses were performed using t-test. P values
below 0.05 were considered as statistically significant.

RESULTS AND DISCUSSION

Figure 1 shows the changes in the content of primary lipid oxidation products
(hydroperoxides) in lymphoma under the action of BF1, PCs and complexes of BF1
with PCs. Control levels of hydroperoxides was ~ 0.023-0.029 conventional units/mg
of protein. It was found that the level of primary products of lipid oxidation in lymphoma
cells under the action of BF1 at a concentration of 10 uM in three series of experiments
increased by 21%, 17% and 22% (P <0.01), respectively (Fig. 1A, 1B, 1C). PCs Th1,
Th3, Th5 did not affect the level of hydroperoxides in lymphoma cells. Complex Th2
(BF1 + Th1) at a concentration of 10 uM increased the level of hydroperoxides by 31%
(P <0.01) (Fig. 1A). The level of primary lipid oxidation products increased under the
action of complex Th4 (BF1 + Th3) at 36% (P <0.05) (Fig. 1B). Complex Th6 (BF1 + Th5)
increased the level of hydroperoxides by 29% (P <0.01) (Fig. 1C). It is noteworthy that
a more significant influence was noticed under the action of complexes Th2 and Th6
compared to unconjugated BF1 effect.
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Fig. 1. Effect of the thiazole derivative (BF1), unconjugated polymeric carriers (Th1, Th3, Th5) and com-
plexes of BF1 with PCs (Th2, Th4 and Th6) on the level of hydroperoxides in the lymphoma cells.
Panel A represents the effects of BF1, the unconjugated polymer based on poly(VEP-co-GMA)-graft-
mPEG (Th1) and its complex with BF1 (Th2) compared to control. Panel B represents the effects
of BF1, the unconjugated polymer based on poly(PEGMA) (Th3) and its complexes with BF1 (Th4)
compared to control. Panel C represents the effects of BF1, the unconjugated polymer based on
poly(PEGMA-co-DMM) (Th5) and its complex with BF1 (Th6) compared to control. M+ m; n=5. * —
P<0.05; ** — P<0.01

Figure 2 shows the changes in the content of secondary products of lipid peroxida-
tion (TBA-positive products) in lymphoma under the action of BF1, polymeric carriers
(PCs) and complexes of BF1 with PCs. Control levels of TBA-positive products were
~ 0.048-0.061 conventional units / mg of protein. Compound BF1 at a concentration of
10 uM did not affect the level of TBA-positive products in lymphoma cells in three series
of experiments (Fig. 2A, 2B, 2C). Unconjugated PCs Th1, Th3, Th5 and complex Th2
did not change the level of secondary products either. It was found that complex Th4
increased the level of TBA-positive products by 14% (P <0.01) (Fig. 2B). The level of
TBA-positive products also increased under the action of complex Th6 by 18%.

New technologies for tumor treatment are aimed at developing substances that
effectively inhibit or delay carcinogenesis (Baraldi et al., 2012) by selectively increas-
ing antioxidant potential (Khan, Afaq & Mukhtar, 2008) and inducing apoptosis of tumor
cells (Paliwal, Sundaram & Mitragotri, 2005). Special attention is paid to drugs that can
prevent the metastasis of primary sources of carcinogenesis (Narang & Desai, 2009).
Among the difficulties encountered in the treatment of cancer are the physico-chemical

ISSN 1996-4536 (print) e ISSN 2311-0783 (on-line) e Bionoriyni CTygii / Studia Biologica e 2022 « Tom 16 / N2 2 e C. 19-28



24 M. V. llkiv, Ya. R. Shalai, N. E. Mitina, A. S. Zaichenko, A. M. Babsky

properties of the potential of chemotherapeutic agents, such as low water solubility and
low stability, leading to poor efficacy. Targeting drugs or pharmaceutical compounds to
tumor site increases cancer treatment efficiency and therapeutic outcome. Nanopar-
ticles (NPs) based on PEG are unique delivery systems for site-targeting within an orga-
nism. Many novel technologies have been established in many drug studies (Bayram,
Ozgur, Tutar & Tutar, 2018). Advantages of polymeric NPs as drug carriers include their
potential use for controlled release, the ability to protect drug and other molecules with
biological activity (Zielinska et al., 2020).
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Fig. 2. Effect of the thiazole derivative (BF 1), unconjugated polymeric carriers (Th1, Th3, Th5) and complex
of BF1 with PCs (Th2, Th4 and Th6) on the level of TBA-positive products in the lymphoma cells.
Panel A represents the effects of BF1, the unconjugated polymer based on poly(VEP-co-GMA)-graft-
mPEG (Th1) and its complex with BF1 (Th2) compared to control. Panel B represents the effects
of BF1, the unconjugated polymer based on poly(PEGMA) (Th3) and its complexes with BF1 (Th4)
compared to control. Panel C represents the effects of BF1, the unconjugated polymer based on
poly(PEGMA-co-DMM) (Th5) and its complex with BF1 (Th6) compared to control. M+ m; n=5. * —
P<0.05; ** — P<0.01

In our previous study, we found that BF1 in different concentrations increased the
level of hydroperoxides (Shalai et al., 2018). In this study, we also recorded an increase
in the level of primary products under the action of the BF1 in concentration 10 uM.
This concentration was chosen based on the more prominent antitumor BF1 actions,
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such as cytotoxicity, ultrastructure changes and antioxidant defense system compared
to BF1 in concentrations 1 and 50 yM. In addition, the level of hydroperoxides incrased
under the action of complexes with BF1 and PCs. PEG-PCs improved the significance
of BF1 influence on the level of hydroperoxides in NK/Ly cells compared to unconju-
gated thiazole derivative from P <0.05 to P <0.01. Earlier we found that the studied
compounds affected the activity of enzymes of the antioxidant defense system in lym-
phoma cells (Popovych et al., 2021). Therefore, we consider that changes in the level
of primary products of LPO directly depend on changes in antioxidant enzyme activities.
It should be noted, that BF1 alone did not affect the level of TBA-positive products
in lymphoma cells (Shalai et al., 2018), while the investigated complexes of BF1 with
PCs (Th4 and Th6) significantly increased the level of these LPO products. Therefore,
polymeric carriers have improved the effect of BF1 on LPO processes in lymphoma cells.
Probably, the different effects of BF1 on primary and secondary LPO products are
related to the specificity of the methods used in the work. Thus, the classical method of
measuring secondary products of LPO (Timirbulatov and Seleznev, 1981) allows mea-
suring the main end product — MDA. However, the amount of other products of lipoper-
oxidation (butanal, pentanal, noneal, etc.) may also affect the BF1 action.
Phospholipid-peroxidation-driven form of programmed cell death has been identified
and extensive evidence has been found to support its importance in a variety of patho-
logical processes (Dixon et al., 2012). Earlier we showed that the apoptotic and necrotic
changes in the structure of lymphoma cells occur under the influence of thiazole deriva-
tives (Shalai et al., 2019; Popovych et al., 2021). In this study, we provide evidence that
LPO processes are involved in the mechanisms of these apoptotic and necrotic changes.
Thus, thiazole derivative BF1 in complex with polymeric carriers increases the level
of primary and secondary products of LPO in lymphoma cells. Polymeric carriers improve
the effect of the thiazole derivative on the studied parameters. These data indicate that
lipid peroxidation is part of the mechanism of neutralization of tumor cells by thiazole
derivatives.
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E®EKT HOBOCUHTE30BAHOI'O NMOXIAQHOIO TIA30JY TA MO0 KOMMIEKCIB
3 NONIMEPHUMWU HOCIAMWU HA NMPOLIECU NMEPEKUCHOIO OKUCHEHHA
ainaiB KNITUH nNiMeOMU

M. B. Inbkie', A. P. Lllanail', H. €. Mimina?, O. C. 3aiyeHko? A. M. Babcbkull'
' Jlbsiecbkuli HaujoHanbHUl yHieepcumem imeHi leaHa ®paHka
syn. lpywescbkoeo, 4, Jibeie 79005, YkpaiHa

2 HaujoHanbHull yHisepcumem “flbsiecbka rnonimexHika”
nn. Cessmoeo KOpa, 9, flbsie 79013, YkpaiHa

O6rpyHTYyBaHHsA. barato nyxnvH 4yTnmBi 4O 3MiH NPOOKCUAAHTHO-aHTUOKCUOAHT-
Horo BanaHcy, Tomy po3pobka NMPOTUMNYXIMHHWUX NpenapariB, SKi iHAYKYIOTb YTBOPEHHS
aKTUBHUX DOPM KUCHIO Ta reHepyBaHHS 3aneXHNX Bifg, OKUCHOro CTPecy LMTOTOKCUYHMX
NPOAYKTIB, € HA CbOrOAHI akTyanbHMM. Hawmmmn nonepeaHiMmn SOCHiLKEHHAMM BCTAHOB-
TNeHO BUpPaXeHY LIMTOTOKCUYHY [0 NOXigHWX Tia3ony B NOE4HAHHI 3 NONIMEPHUMN HOCISIMU
Ha NyXINWHHI KNiTUHK in vitro. 3’acoBaHo, WO MOXIigHI Tia3orny B KOMMIEKCi 3 NoniMepHUMn
HOCISIMW Ha OCHOBI MONIETUNEHIMIKONIO BNAMBAOTb HA aHTUOKCUOAHTHY CUCTEMY KMiTUH
nimcpomu in vitro. Metoto poboTun Byno BUBYEHHS Aii KoMnnekcy noxigHoro Tiazony N-(5-
6eH3un-1,3-tiazon-2-in)-3,5-anmeTnn-1-6eH3odypaH-2-kapbokcamiay (BF 1) y noeaHaHHi
3 nonimepHummn Hociamu noni(VEP-co-GMA)-graft-mPEG (Th1), noni(PEGMA) (Th3) Ta
noni(PEGMA-co-DMM) (Th5) Ha piBHI NpogyKTiB NEPEKUCHOro OKUCNEHHS ninigis nim-
domn Hemet—KenHepa (NK/Ly) in vitro.

Martepianu Ta metoau. EKCNepMMEHTU BMKOHyBanuM Ha OinMx Muwax camusax
AVIKOro TUny 3 npuwenneHoro nimgomoro. MyxmnmHHI KNiTMHW npuwennioBani MyLam
BHYTPILLUHbOYEPEBHO. [JpeHyBaHHs1 YepPEBHOI MOPOXHUHM AN 3abopy acuuTy BMKOHY-
BanM CTEPUIbHMM LUMPULOM TMif eTepHMM Hapko3oM Ha 7—10-Ty goby nicnst iHoKynsuji.
DocnimkysaHi cnonykm BF1, BF1 + Th1 (Th2, Th12), BF1 + Th3 (Th4, Th14), BF1 + Th5
(Th6, Th16) y kiHueBin koHueHTpauii 10MkM gogasanu 0o AocnigHWX 3paskis, iHKyOyBanm
Brpogosx 10 xB, a piBeHb NPOAYKTIB NEPEKMCHOrO OKMCHEHHS ninigiB (rigponepokcuais
ninigis i NO3WTUBHMX MPOAYKTIB TioGapbiTypOBOI KMCMOTW) BM3HAYanu 3rigHO 3 Kracud-
HUMW METOAMKaMM.

Pe3ynksTaTun. YCi gocnigKyBaHi KOMMMeKcn Ha OCHOBI noxigHoro Tiasony BF1 Ta
noniMepHMX HOCITB Ha OCHOBI MOnNieTUNEHrNikonto y KoHueHTpadii 10 mkM nigsuLLy-
Banuv akTMBHICTb rigpOoNepoKCUAIB NinigiB y kniTuHax nimgomu Ha 29-36 % MNOopiBHSHO
3 koHTponeMm. Cepep ycix gocnimkysaHux komnnekcie Th4 i Thé cyTTeBo nigsuLLyBanmu
piBeHb TBK-no3uTMBHUX NpoayKTiB, ToAi sk Th2 i BinbHMI BF 1 He 3miHOBanu BMIiCT uux
BTOPUHHUX NPOAYKTIB. XKOAEH i3 BinlbHUX NOniMEPHUX HOCIIB HE BMMMBaB Ha piBEHb Npo-
OYKTIB MEPEKNCHOIO OKUCHEHHS MninigiB.

BUCHOBKM. [ pYHTYI0UNCH Ha peaynbTaTax AoCHiKeHb, BCTAHOBMEHO, O MOXiaHe
Tiazony BF1 y komnnekci 3 noniMepHMMM HOCIAMW NiABULLYE PiBEHb MNEPBUHHUX i BTO-
puHHMX npoaykTie MOJ1 y knituHax nimgomu. onimepHi Hocii nocunoBanu BRNUB
noxigHoro Tia3osny Ha AoChigKyBaHi napaMeTpu, TOMY KOMMSEKCK NOXigHOrO Tia3ony Ta
NoMieTUNEHrMIKONb-BMiCHMX NOMIMEPHMX HOCIIB MOXYTb ByTV BUKOPUCTaHi Ana noganbs-
LUMX AOCMiaKeHb K MOTEHLiNHI NPOTUMYXINHHI 3acobu.

Knroyoesi cnoea: nimdoma, noxigHe Tiasony, NOMiMepHi HOCIi, MONIETUNEHMIKONb,
NepeKkMCHe OKUCHEHHSA niniais
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