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Background. Mitochondria can influence cancer cells both indirectly via reactive
oxygen species mediation and directly through mitochondrial biogenesis. Energy
production in mitochondria is crucial as it facilitates the synthesis of essential molecules
needed for cellular biosynthesis, growth, and proliferation. The development of new
anticancer drugs that target the energy metabolism of tumor cells shows promise in
cancer treatment. Our study aimed to investigate how the thiazole derivative N-(5-
benzyl-1,3-thiazol-2-yl)-3,5-dimethyl-1-benzofuran-2-carboxamide (BF 1), the polymeric
nanoparticles based on the polyethylene glycol (PEG-PN, Th5), and their complex with
BF1 (Th6) affect respiration and mitochondrial membrane potential in murine NK/Ly
tumor cells.

Materials and Methods. The study was performed on white wild-type male mice
with grafted NK/Ly lymphoma. The test substances were added to the cell suspension
at a final concentration of 10 yM and incubated for 15 min at 37 °C. Oxygen uptake
rates in NK/Ly cells were measured using a polarographic method with Clark electrode.
Changes in mitochondrial membrane potential were assessed using the tetramethylrho-
damine methyl ester fluorescence dye. The fluorescence intensity was evaluated using
the Imaged computer program.
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Results. After incubating NK/Ly cells with BF1 (10 uM), Th5, or the BF1 + PEG-PN
complex (Th6) for 15 min, no changes were observed in glucose-fueled basal respi-
ration. However, the Th6 complex significantly activated FCCP-stimulated respiratory
processes in NK/Ly lymphoma cells. Fluorescent microscopy data indicated that BF1
or Th5 alone did not affect mitochondrial membrane potential values. However, the
Th6 complex significantly decreased mitochondrial membrane potential, suggesting
a reduction in NK/Ly cell viability.

Conclusions The investigated complex of thiazole derivative BF1 with PEG-based
polymeric nanoparticles may realize its cytotoxic effect by depolarization of mitochon-
drial membrane in NK/Ly lymphoma cells.

Keywords: thiazole derivative, polymeric nanocarrier, cell respiration, mitochondrial
membrane potential, lymphoma

INTRODUCTION

Cancer remains a leading cause of mortality worldwide, with millions of new cases
diagnosed each year. Based on data published by the International Agency for Research
on Cancer (IARC) there were an estimated 20 min new cancer cases and 9.7 min
deaths in 2022 (Bray et al., 2024). The relentless proliferation of tumor cells requires
substantial alterations in their metabolic pathways to meet the high energy demands
and biosynthetic needs for rapid growth and survival. One of the critical adaptations
observed in cancer cells is the shift from oxidative phosphorylation to glycolysis for
energy production, even in the presence of ample oxygen. This phenomenon is known
as the Warburg effect (Chen et al., 2016). This metabolic reprogramming supports the
anabolic requirements of rapidly dividing cells and confers resistance to many conven-
tional chemotherapeutic agents (Cunha et al., 2023).

Despite the reliance on glycolysis, mitochondrial function remains pivotal in can-
cer cell survival and proliferation. Mitochondria are not only the cell’'s powerhouses,
that provide ATP through oxidative phosphorylation, or play a substantial role in sha-
ping Ca?* signals in many cell types, but also key regulators of apoptotic pathways and
sources of reactive oxygen species (ROS). Elevated ROS levels can induce oxidative
damage, promoting genetic instability and tumor progression; however, excessive ROS
can also lead to cell death, presenting a potential therapeutic target (Liu & Shi, 2020).
Anticancer drugs often exploit this vulnerability by inducing mitochondrial dysfunction
and increasing ROS production, thereby overwhelming the antioxidant defenses of can-
cer cells and triggering apoptosis (Kapur et al., 2022). Changes in mitochondrial mem-
brane potential are a hallmark of mitochondrial dysfunction, and depolarization of the
mitochondrial membrane can lead to the release of pro-apoptotic factors, culminating in
cell death (Sroda-Pomianek et al., 2018).

Given the centrality of mitochondrial dynamics in cancer biology, studying the
effects of anticancer agents on cellular respiration, mitochondrial potential, and ROS
generation is crucial for the development of effective therapies. Thiazole derivatives, in
particular, have shown significant promise as antiproliferative agents. The 2-aminothia-
zole fragment is a notable pharmacophore in drug discovery, with various derivatives
demonstrating efficacy against multiple cancer targets (Wan et al., 2021).

Previous research has highlighted the potential of thiazole derivatives in modula-
ting redox balance and inducing apoptosis in cancer cells. For instance, the synthesized
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2-aminothiazole derivative N-(5-benzyl-1,3-thiazol-2-yl)-3,5-dimethyl-1-benzofuran-2-
carboxamide (BF1) was found to be cytotoxic to several tumor cell lines; it significantly
increased the level of ROS in murine lymphoma cells by affecting their redox state
without significantly altering mitochondrial membrane potential or oxidative phosphory-
lation (Hreniukh et al., 2020). However, the poor solubility of such compounds often
limits their therapeutic application, necessitating the development of more soluble for-
mulations, such as complexes with polyethylene glycol-containing polymer nanopar-
ticles (PEG-PN), to enhance their bioavailability and efficacy (Torchilin, 2014).

This study aimed to investigate the effects of BF1 and its complexes with PEG-
containing polymer carriers on cellular respiration and mitochondrial membrane poten-
tial in murine NK/Ly tumor cells. We hope to advance the development of next-gener-
ation anticancer therapies that leverage mitochondrial dynamics and oxidative stress.

MATERIALS AND METHODS

The study was performed on white wild-type male mice (20-30 g) with grafted NK/
Ly lymphoma. Animals were kept in standard vivarium conditions at constant tempera-
ture on mixed ration. Manipulations with animals were carried out in accordance with 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 17-02-2023 of
09.02.2023) and after the completion of the study (Protocol No 17-04-2024 of 01.04.2024).

Ascite lymphoma cells were passaged by intraperitoneal inoculation of 10-15-10°
cells to mice. Ascites were drained from the abdominal cavity of anesthetized mice with
a sterile syringe 7—-10 days after the inoculation.

Determination of the mitochondrial membrane potential Ay of NK/Ly lymphoma cells
under the action of the studied compounds were recorded by fluorescence microscopy.
The method is based on recording differences in cell fluorescence after treatment with
a specific dye (llkiv et al., 2023). An Olympus IX73 inverted microscope and a DP-74
digital camera were used to capture fluorescent images. We used the fluorescent dye
tetramethylrhodamine methyl ester (TMRM) to record the relative values of mitochondrial
membrane potential under the following technical characteristics: the wavelength of the
excitation filter 540-585 nm, the beam splitter 595 nm, and the barrier filter 600 nm.

The medium for cell incubation contained the following composition (in mM):
NaCl - 140.0; KCI —4.7; CaCl, — 1.3; MgCl, — 1.0; HEPES — 10.0; glucose — 10; pH 7.4
(solution 1). Lymphoma ascites were washed and then diluted by a factor of 10. The test
substances were added to the cell suspension at a final concentration of 10 uM. Dilution
agent dimethylsulfoxide (DMSO) was added to a separate sample at a final concentra-
tion of 5%. Cells with the studied compounds were incubated for 15 min at 37 °C. After
incubation, the cells were rewashed, and TMRM was added at a final concentration of
100 nM and incubated again for 15 min (37 °C). A few microliters of the cell suspension
were taken from each sample using a pipette and placed on a glass slide. The drop was
covered with a cover slip and placed under a microscope (microscope objective x12.6).
In the field of view, we selected 4-5 different variants of cell images, first in visible light
and then switched to the fluorescent light spectrum. The fluorescence intensity, which
reflected changes in the mitochondrial membrane potential Ay was recorded and evalu-
ated using the ImagedJ computer program.
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The respiration rate of lymphoma cells was recorded using the polarographic method
and a 6-cell respirometer RC650 (Strathkelvin Instruments, Scotland). This method is
based on recording oxygen uptake using a Clark electrode in a 1.5 mL glass chamber at
37 °C (Horbay et al., 2011). A suspension of lymphoma cells (2-10° intact cells/mL) was
washed once from the ascitic fluid with extracellular saline (solution 1). The lymphoma
cells were treated with the studied compounds at a concentration of 10 uM and incubated
for 15 min. In the control group, an equivalent volume of extracellular saline was added.

After incubation, glucose was added to the cells, and oxygen consumption rate
was measured. Next, the respiration rate was stimulated by adding the protonophore
carbonyl cyanide-ptrifluoromethoxyphenylhydrazone (FCCP) every two minutes to
increase its concentration by 0.25 uM (1st and 2nd doses) and 0.5 uyM (3rd to 5th
doses). Thus, the final cumulative concentration of FCCP was 2 pyM.

All results were analyzed using Microsoft Office Excel. All data are presented as
mean (M) + standard error (m). Statistical analyses were performed using ANOVA test.
P value of < 0.05 was considered as statistically significant.

RESULTS AND DISCUSSION

One of the main characteristics of tumor cells is their unlimited proliferation. To
ensure this process, cancer cells must adjust their energy metabolism (Chen et al.,
2016). Tumor cells predominantly choose glycolysis for energy production, even if suf-
ficient amount of oxygen is available (Warburg effect). However, recent studies indi-
cate that mitochondrial metabolism is important for cancerogenesis (Fadaka et al.,
2017). Mitochondria can affect cancer cells through indirect action, mediated by ROS,
or directly through mitochondrial biogenesis, because energy production also ensures
the synthesis of many molecules necessary for cellular biosynthesis, growth and pro-
liferation (Liu & Shi, 2020). Previous studies have proven that the thiazole derivative
BF1 does not affect respiratory and oxidative phosphorylation parameters in isolated
mitochondria of lymphoma cells (Hreniukh et al., 2020). However, this effect could be
associated with the poor solubility of compounds in water and C,H,OH, forcing the use
of a powerful chemical solvent DMSO. This may potentially limit the therapeutic efficacy
of BF1. As studied earlier, BF1 in a complex with PEG-PN significantly increased ROS
content in NK/Ly lymphoma cells. Therefore, it was important to study the impact com-
plex formation of BF1 with PEG-containing polymer carriers for processes of cellular
respiration in tumor cells, which is associated with the formation of ROS.

Fig. 1A shows the rate of respiration of intact NK/Ly cells during glucose oxida-
tion under the action of unconjugated thiazole derivative BF1, PEG-PN (Th5), and their
complex (Th6). The rate of control (untreated) cells respiration was 0.031 nmol O,/(s-min
cells). Thiazole derivative BF1, Th5 and Th6 complex did not change basic oxygen con-
sumption in mouse lymphoma cells (Fig. 1A).

In the next set of experiment FCCP protonophore was gradually added to cell sus-
pension every two minutes (final maximum concentration was 2 yM). FCCP protono-
phore easily penetrates the cell plasma membrane and causes the uncoupling of the
mitochondrial processes. No effect of the studied substances (BF1, Th5 and Th6) on
cellular respiration was observed (Fig. 1B) with the concentration of FCCP 0.25, 0.5 and
0.75 yM. However, the Th5 and Th6 complexes significantly activated FCCP-stimulated
respiratory processes in NK/Ly lymphoma cells. The rate of FCCP-stimulated respira-
tion (concentrations of 1.5 yM and 2 yM) increased by 62.5% and 81.2% under the
action of The, respectively (Fig. 1B).
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Fig. 1. Mitochondrial respiration rate in intact mouse NK/Ly cells. The oxidation substrate is glucose (10 mM).
A — the basic level of respiration without FCCP. B — respiration stimulated by FCCP in increasing
concentrations during exposure to thiazole derivative BF 1, PEG-containing polymer carrier Th5 and
complex BF1+Th5 - Th6. M+ m, n =5. * — P <0.05 (vs control). The final cumulative FCCP concentra-
tion was 2 uM

Membrane potential is an important indicator of mitochondrial activity, which can be
evaluated, in particular, through fluorescence microscopy using the potential-sensitive
dye Tetramethylrhodamine (TMRM). The uncoupler of oxidative phosphorylation FCCP
in high concentration (20 uM) was used for complete depolarization of mitochondria of
nonpermeabilized NK/Ly cells and to confirm that fluorescence TMRM itself depends
on the potential of the mitochondrial membrane. Because the studied compounds were
dissolved in DMSO, the effect of this solvent was also checked on the mitochondrial
membrane potential. FCCP reduced fluorescence intensity by 63% (P < 0.01), confirm-
ing uncoupling of mitochondrial membrane potential. At the same time, DMSO did not
significantly change the membrane potential of mitochondria.
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Fig. 2 shows fluorescent images of NK/Ly lymphoma cells under the influence of
the investigated compounds. Fluorescence was less intense upon exposure to BF1
(Fig. 2B) compared to the control (Fig. 2A) reflecting a decrease in membrane poten-
tial. It is noticeable that the fluorescence of lymphoma cells under the action of Th6
(Fig. 2E) was lower than the fluorescence under the action of BF1 or the control. The
fluorescence of lymphoma cells under the action of PEG-PN Th5 (Fig. 2D) was almost
equal to the control data.

5] C)

Control BF1 FCCP

ThS Thé

Fig. 2. Fluorescence of lymphoma cells with TMRM dye upon exposure to thiazole derivative BF1 in complex
with PEG-containing polymer carrier: A — control; B — unconjugated thiazole derivative BF1; C —
PEG-PN Th5; D — Th6 complex; E — protonophore FCCP

It was established that BF1 at a concentration of 10 uM slightly reduced the poten-
tial of the mitochondrial membrane of NK/Ly cells, but these changes were not sta-
tistically significant (Fig. 3, P = 0.15). PEG-PN (Th5) did not affect the mitochondrial
membrane potential of a lymphoma cell. However, Th6 complex slightly but significantly
reduced the membrane potential of mitochondria of lymphoma cells by 12% (P < 0.05),
relative to the control (Fig. 3).

Mitochondrial energy processes and respiration are now recognized as critical ele-
ments influencing how cancer cells either react to or elude signals that trigger cell death
(Winter et al., 2022). Exploring the functional link between these processes could shed
light on a longstanding and topical question: can we enhance apoptotic stress in cancer
treatment by targeting respiration or downstream signaling pathways?

It is known that the hypoxic microenvironment in most types of cancer limits the
ability of mitochondrial oxidative phosphorylation to generate ATP and increases
anaerobic glycolytic intensity to compensate the energy deficit (Warburg effect) (Horbay
et al., 2011). However, mitochondrial processes play an important role in tumor initia-
tion and progression and may contribute to cancer development through activation of
glucose metabolism, production of ROS and internal disorders of apoptotic functions
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(Fogg et al., 2011). On the other hand, mitochondrial dysfunctions, such as violation
of breathing processes, change in mitochondrial membrane potential, or a decreased
synthesis of ATP can cause damage to tumor cells and lead to their death.
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In this study, it was found that BF1 complexed with PEG-PN Th5, but not uncon-
jugated BF1, significantly increases the rate of FCCP-stimulated respiration in intact
lymphoma cells. This effect can be explained by the improved solubility of BF1 in com-
plex with PEG-PN. It is known that the activation of respiration can be associated with
a large-scale production of ROS by mitochondria and the disruption of internal apoptotic
processes (Fogg et al., 2011). Intensive generation of ROS under the influence of BF1
and its complexes with PEG-PN may be associated with damage to the integrity of the
mitochondrial membrane and activation of respiratory processes.

The increase in the rate of FCCP-stimulated cellular respiration in our studies
can be explained by the need to synthesize more ATP or uncoupled processes in the
mitochondrial membrane of NK/Ly cells. In particular, damage to the integrity of the
mitochondrial membrane can cause membrane uncoupling. Violation of the integrity
of the mitochondrial membrane under the ROS influence may lead to the dispersal of
membrane potential, release of cytochrome c, activation of proapoptotic caspases and,
ultimately, to cell apoptosis (Sroda-Pomianek et al., 2018).

We have established that the studied complex of BF1 with PEG-PN, but not the
unconjugated thiazole derivative, significantly reduces the mitochondrial membrane
potential of NK/Ly lymphoma cells by 12% compared to the control. These data cor-
relate with our previous study on an increased content of ROS in lymphoma cells (llkiv
etal., 2022). An increased content of ROS causes depolarization of mitochondrial mem-
branes and the induction of compensatory reactions of the respiratory chain in the form
of activation of cellular respiratory processes under the influence of BF1 complexes with
PEG-PN, however, not free BF 1.

Therefore, BF1+PEG-PN complex, but not free BF1, significantly reduces the
membrane potential of mitochondria of lymphoma cells, which causes compensatory
intensification of oxygen consumption.

CONCLUSION

The effect of the thiazole derivative BF1 and its complex with a nanosized polyethy-
lene glycol-based carrier on FCCP-stimulated respiration and the membrane potential
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of NK/Li lymphoma cells was investigated. It was found that only the BF1 complex with
a nanocarrier (but not BF1 itself) causes a higher level of cell respiration activated by
1.5 and 2 uM FCCP. At the same time, the value of the mitochondrial membrane poten-
tial decreased, which may indicate that improving the transport of the thiazole derivative
to cancer cells causes increased toxicity, damage to energy-generating processes in
mitochondria, and in the future can be used to increase the effectiveness of lymphoma
treatment.
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AKTyanbHicTb. MiTOXOHAPIT MOXYTb BNNMBATK HA MeTaboMi3M pPakOBUX KMITUH SK
onocepenkoBaHO Yepes NpodyKyBaHHs akTMBHMX cdbopm OkcureHy, Tak i 6esnocepea-
HbO Yepe3 MITOXoHApIanbHWIA GioreHe3. BUpOOHNLTBO eHeprii B MiTOXOHAPISAX Ma€e BUPI-
LarnbHe 3HaY€HHs!, OCKifNbK/M BOHO CNPUSIE CUHTE3Y OCHOBHUX MOMEKyI, HeobXiaHmx s
KNiTUHHOrO GiocuHTE3Y, pocTy Ta nponidepadii. Po3apobka HOBUX MPOTUNYXIMHHUX Npe-
napariB, CNpsIMOBaHUX Ha EHEPreTUYHNN MeTaboniamMm NyXITMHHUX KMNiTUH, € NEPCNEKTUB-
HOI AN4 NikyBaHHSA paky. Hawe gocnigXeHHa mano Ha MeTi JocnianTn, SK noxigHe Tia-
3ony N-(5-6eH3nn-1,3-tiazon-2-in)-3,5-anmetnn-1-6eH3ogypaH-2-kapbokcamig (bP1)
Ta AOro KOMMIEKC i3 NoniMepHOK HaHOYaCTMHKOK Ha OCHOBI nonieTuneHrnikonto (MET,
HaHo4yacTuHka Th5) i komnnekc Th5 3 b®1 (Th6) BnnMBalOTb Ha AMXAHHS Ta MOTEH-
Lian MiToxoHapianbHOI MEMOpPaHM B MULLAYNX MYXIMHHUX KNiTUHaX nimdomn Hemet—
KenHepa (NK/Ly).

Matepianu i meTogu. [JocnimkeHHs NpoBOAMIIM Ha BiNMX MULLIAX-CAMUSAX OUKOTO
TMny 3 npuenneHoto nimcgpomoto NK/Ly. [locnimkyBaHi peqoBUHM JoaaBanu oo cycrnensil
KINITUH Yy KiHUEBIM KoHUeHTpauii 10 mkM Ta iHkyOyBanu npotsrom 15 xe 3a 37 °C. LLBnakictb
nornmMHaHHA KucHio knitnHamu NK/Ly BuMiptoBanu 3a gonomoroto ernektpoga Knapka
nonsiporpadiyHMmM MeToaoM. 3MiHM MOTEHLany MITOXOHApIanbHOI MeMBpaHn BU3Ha4anu
3a JOMNOMOro GoNyopecLeHTHOro 6apBHMKa TeETpaMeTUNpoaamiHy. IHTEHCUBHICTb doryo-
pecueHLUil aHanidyBanu 3a 40NOMOror KOMITOTEPHOI nporpamu ImagedJ.

PesynbraTn. lMicns iHky6auii knitnH NK/Ly 3 B®1 (10 mkM), 3 Th5 abo 3 kKomnnek-
com B®1 + Th5 (Th6) npoTtarom 15 xB He cnocTepiranu 4OCTOBIPHMX 3MiH Yy 6azanbHOMY
ONXaHHi, 3a HasiBHOCTI rmoko3n. MNpoTte iHkyByBaHHSA KNiTUH NiMGOMM 3 KOMMEKCaMm
Th5 i Th6 gocToipHO cnpusanu BuwomMy piBHo FCCP-cTMmMynboBaHOro guxaHHs B Ki-
TMHaxX NiM¢OMM 3a BMCOKMX KOHLEHTpaLUin npotoHodopa (1,5 Ta 2 mkM). 3a pesynb-
TaTamun GryopecLeHTHOI MiKpockonii 6yno BCTAaHOBMEHO, WO HekoH'toroBaHi b®1 un
noniMepHi HAHOYaCTMHKM Ha OCHOBI nonieTunexrnikonto (Th5) He BnnMBanNu Ha 3Ha-
YEeHHsI MoTeHLiany MiToxoHApiansHoi MeMopaHu. Hatomicte komnnekc Th6 gocToBipHO
3HWXKXYBaB MOTEHLjian MIiTOXoHApianbHOI MemMbpaHu, WO CBigYUTbL NMPO MOCrabneHHs
XUTTE3AATHOCTI KMITUH nlimdoomu.

BucHoBkK. Komnnekcu noxigHoro Tiasony b®1 3 noniMepHMM HOCIEM Ha OCHOBI
MEI MoXxyTb peanizoByBaTy CBO LIMTOTOKCUYHY Ait0 Yepes Aenonspusadiio memopanu
MITOXOHAPIN i, BigNOBIOHO, 3HWXEHHS MeMOpPaHHOro MOTeHLUiany MITOXOHAPIN KIiTWH
nimcomu.

Knro4oei cnosa: noxigHe Tia3ony, NOMAIMEPHUA HAHOHOCIK, KNITUHHE OUXaHHA,
MITOXOHApIanbHWUI MeMBpaHHWIA NoTeHLian, nimgoma
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