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Abstract

Colon cancer is particularly increasing in incidence in developed countries, and it ranks first in terms of morbidity and mor-
tality worldwide. As in other types of cancer, metabolic changes and cellular death mechanisms play a critical role in cancer
treatment. Cancer cells prefer glycolysis for energy production even in the presence of oxygen; this phenomenon is known
as the Warburg effect. Glycolysis, which is essentially an anaerobic process, provides metabolic adaptation by preventing
mitochondrial oxidative phosphorylation in cancer cells. Electroporation (EP) is a method that increases the uptake of drugs
into the cell by creating temporary pores in the cell membrane. 3-Bromo-2-oxopropionic acid and Lithium chloride (LiCl)
are agents that may show anticancer potential through different mechanisms. The aim of this study was to investigate the
potential anticancer effects of the EP-assisted combination of 3-Bromo-2-oxopropionic acid and LiCl agents in DLD-1 colon
cancer cells and to evaluate how these effects occur at the level of cell viability, apoptotic activity and metabolic markers.
In the study, cell viability was evaluated by WST-8 tetrazolium based colorimetric method. Within the scope of analysis
of apoptotic activity and metabolic responses; caspase-3, Phosphatidylinositol 3-kinase (PI3K) and Glucose transporter-1
(GLUT-1) levels were determined by ELISA method. While no change in cell viability was observed at 10 and 20 pM doses
of 3-Bromo-2-oxopropionic acid, a significant decrease was detected in its combination with EP. IC, value was determined
as 37.99 +2.34 uM in a single application and as 27.33 +1.99 uM in its combination with EP. While low doses of LiCl (5 and
10 mM) did not affect cell viability, a significant decrease was detected at doses of 50, 75 and 100 mM. In its combination
with EP, a significant loss of viability was observed even at low doses and the IC;, value decreased from 98.92 +0.64 mM
to 81.88 +1.64 mM. A decrease in ICs, doses is observed in the treatment with the combination of both 3-Bromo-2-oxo-
propionic acid and LiCl with EP. The combined treatment enables the same lethal effect on cancer cells with lower drug
doses. Caspase-3 activity increased significantly in combined applications with EP. While 3-Bromo-2-oxopropionic acid
alone did not change the level of PI3K, it caused a significant increase in its combination with EP. While LiCl caused an
increase in the level of PI3K at low doses, a decrease was detected in its combination with EP. Regular partial increases in
GLUT-1 level were determined in a dose-dependent manner in 3-Bromo-2-oxopropionic acid treatment alone. A similar
increase was determined at 20 and 30 uM doses combined with EP, while a decrease occurred at 40 uM. While no significant
increase was detected in GLUT-1 levels compared to the control group in 10 mM LiCl treatment alone and in combination
with EP, a significant increase was detected in 50 and 75 mM LiCl doses compared to the control group. In conclusion,
3-Bromo-2-oxopropionic acid and LiCl show anticancer potential by affecting apoptotic and metabolic processes, and their
combination with EP increases these effects. In order to explain the effectiveness of these treatment approaches from every
perspective, it is recommended to conduct in vitro studies on different colon cancer cell lines and evaluate them with more
comprehensive in vivo and clinical studies.
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Introduction

Colon cancer is the most common type of gastrointesti-
nal cancer and is the third most common type of cancer
worldwide. However, it is among the top three leading
causes of cancer-related deaths [1]. Colon cancer is a dis-
ease that is caused by interactions between environmental
factors and genetic effects [2]. In a large majority of colon
cancer cases, it develops from colorectal polyps, which is
one of the places where gastrointestinal polyps are fre-
quently seen, and the formation of adenomatous polyps
usually leads to colon cancer [3, 4]. Cancer cells require
high glucose uptake and glycolysis activity to sustain their
survival. This metabolic adaptation, known as the Warburg
effect, enables rapid energy production by keeping the
glycolysis pathway active even in the presence of oxygen
[5-8]. Hexokinase (HK) is an enzyme that phosphoryl-
ates glucose to glucose-6-phosphate (G6P) and initiates
the process of glycolysis, and is found at high levels in
cancer cells. As a central intermediate in metabolic path-
ways required for ATP production and anabolic processes,
GO6P plays a critical role in meeting the rapid energy and
biosynthesis needs of tumor cells. This supports the
growth and survival of cancer cells [7-9]. Hexokinase II
(HKII) is the most active isoenzyme of the HK family and
its overexpression is associated with poor prognosis and
resistance to treatment in different malignancies. In can-
cer cells, HKII acts as a kind of anti-apoptotic regulator
in the cell, directly related to ATP production. Similarly,
studies on colon cancer have reported that the increase in
HKII is associated with negative effects and tumor pro-
gression [9—-13]. Therefore, HK inhibitors suppress gly-
colysis, reduce ATP production and thus trigger apoptosis
by limiting energy resources in cancer cells and are con-
sidered a potential target for cancer therapy [7, 9, 14-16].
3-Bromapyruvate (3-BP), a HK inhibitor, is a promising
anticancer agent that shows significant efficacy in many
types of cancer by targeting many important points in
cancer biomechanism [17-20]. 3-BP inhibits glycolysis
in cancer cells, which reduces ATP production and causes
cells to deplete their energy. It targets hexokinase II, which
increases ROS, which disrupts mitochondria and initiates
the intrinsic apoptosis process. It can also cause necrop-
tosis in some cells and alter the autophagy pathway. Due
to these multiple effects, 3-BP is thought to be an effective
anticancer agent for glycolysis-dependent and treatment-
resistant cancers [20-24].

Lithium has been widely used for years in the treatment
of mental health disorders such as bipolar disorder and
psychosis. The effect of lithium is mainly expressed by
two mechanisms: inositol depletion and glycogen synthase
kinase-3 inhibition hypothesis [25, 26]. Overexpression
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of glycogen synthase kinase-3 in particular is observed in
different types of cancer. This has led lithium to be con-
sidered as a potential anticancer agent in cancer treatment
[27, 28]. Lithium, while primarily recognized as a GSK-3f
inhibitor, demonstrates diverse anticancer effects in can-
cer cells. This process regulates Wnt/B-catenin signaling
through the inhibition of GSK-3f, modulates p53 activity,
and promotes apoptosis [29-31]. Lithium induces apopto-
sis through the mitochondrial pathway by modifying the
Bax/Bcl-2 balance and enhances extrinsic apoptosis by
elevating TRAIL receptors. In addition, it arrests the cell
cycle in the G2/M phase, stimulates autophagy, and pro-
motes cell differentiation in some hematological cancers
[29, 32-35]. These multiple effects make lithium an agent
with high therapeutic potential.

Surgery, chemotherapy and radiotherapy are among the
basic clinical treatments for colon cancer, but there are also
different treatment approaches such as immunotherapy.
However, there are different restrictions for each treatment
method [36—40]. Electroporation is a method in which mem-
brane permeability is increased by temporarily changing the
membrane integrity of DNA, RNA, GEN and drugs that
cannot pass through the cell membrane. Pulsed and high-
amplitude electric field applied to cells and tissues allows
the formation of aqueous pore structures in the membrane.
The effectiveness of the application is closely related to the
electroporation parameters and varies depending on the mol-
ecule to be transferred [41-43]. Electroporation application
can be adjusted with time, frequency, waveform and pulse
amplitude parameters. The fraction of area electroporated
is related to the pulse amplitude, while the duration and
number of pulses are related to the pore density. Depending
on the change in the structure of the cell membrane, elec-
troporation application creates a reversible or irreversible
situation [44—47]. Reversible electroporation is a temporary
high conductivity state of the membrane and enables a wide
range of applications. It allows the transfer of drugs, genes
and other molecules into the cell under conditions where the
cells maintain their viability. The combined use of reversible
electroporation with drugs used in chemotherapy is called
electrochemotherapy. With the application of electrochemo-
therapy, maximum cytotoxic effect is achieved at low drug
doses [48-51]. Many chemotherapeutic drugs such as bleo-
mycin and cisplatin, which are commonly used in chemo-
therapy, have side effects that negatively affect the quality
of life. With electrochemotherapy, the effects are achieved
using lower doses of medication [52-55].

The aim of this study was to evaluate the potential anti-
cancer effects of 3-Bromo-2-oxopropionic acid and lithium
chloride (LiCl) agents on DLD-1 colorectal cancer cells
when used in combination with EP. Electroporation parame-
ters were selected in accordance with the ESOPE protocol to
temporarily increase the permeability of the cell membrane
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and were used in EP applications. In the study, the effects
of single and combined treatment groups on cell viability,
as well as cell death mechanisms and metabolic responses
were discussed together. Apoptotic response was evaluated
via intracellular Caspase-3 activity; whether the observed
cell death was limited to apoptosis was also discussed within
the framework of the results. Phosphatidylinositol 3-kinase
(PI3K) and Glucose Transporter-1 (GLUT-1) levels, which
play an important role in the metabolic activity of cancer
cells, were quantitatively analyzed at the protein level by
ELISA. The selection of these markers was based on their
relationship with basic biological processes such as energy
metabolism, survival and resistance to treatment in tumor
cells. In this context, the study evaluates the cytotoxic, apop-
totic and metabolic effects of 3-BP and LiCl when applied
alone and together with EP, and aims to provide preliminary
data on the anticancer potential of these agents by shedding
light on their possible molecular mechanisms of action.

Materials and methods
Preparation of cell

The DLD-1 cell line used in the study was obtained from the
University of Health Sciences Giilhane Stem Cell Labora-
tory. Cells were cultured in 75 cm? culture flasks in RPMI
1640 medium (Capricorn scientific, Cat no: RPMI-A, Ger-
many) with 10% fetal bovine serum (FBS, Capricorn scien-
tific, Cat no: FBS-11A, Germany) and 1% penicillin/strepto-
mycin antibiotic (PSA, Gibco, Thermo Fisher Scientific, Cat
no: 15140122, USA). Experiments were started when the
cells kept in a cell culture environment (37 °C in an incuba-
tor with 5% CO,, PHcbi, Japan) in a 75 cm? flask reached
sufficient density. 5 mL of Dulbecco’s Phosphate buffered
saline (DPBS, Capricorn scientific, Cat no: PBS-1A, Ger-
many) was added into the flask, washing was performed and
aspirated. To remove the adherent cells at the bottom of the
flask, 4 mL trypsin/EDTA (Biowest, Cat no: L0930 France)
was added to the 75 cm? flasks and the cells were incubated
for 1-2 min. It was checked with an inverted microscope
whether the cells were lifted off the surface. To inactivate
trypsin, cell medium was added twice the amount of trypsin.
The cell suspension in the flask was transferred to the falcon
tube and centrifuged at 1200 rpm for 3 min and the superna-
tant was removed. Cells were made ready for use by adding
5 mL of cell medium to the falcon tube.

Application of electroporation
The suspension at a density of 1x 10 cells/100uL was

placed in EP cuvettes with 4 mm spacing. Cuvettes were
placed in the EP chamber in a BTX square wave pulse

generator (BTX ECM 830). The control group was placed
in the EP tub and placed in the EP chamber, but no electri-
cal pulse was applied. EP parameters; EP application was
performed with a repetition frequency of 1 Hz, 8 square
wave pulses, 100 ps and electric field amplitudes between
0 and 2000 V/cm. The experiments were repeated three
times. Following EP treatment, 1 X 10* cells were seeded in
96-well plates and incubated briefly (approximately 10 min)
in appropriate culture medium for cell viability analysis

(Fig. ).

Chemical treatment of DLD-1 cells
with 3-Bromo-2-oxopropionic acid and LiCl

After the cell preparation step, the cells in the falcon tube
were seeded into 96-well plates with 1 x 10* cells per well
and incubated for 24 h. After incubation, DLD-1 cells were
treated with the determined concentrations of 3-Bromo-
2-oxopropionic acid (0 (Control), 10, 20, 30, 40 and 60 pM),
(CAS number: 1113-59-3, Sigma-Aldrich, USA) and LiClI (0
(Control) 5, 10, 75 and 100 mM), (CAS number: 7447-41-
8, Merck, Germany) and incubated for 24 h in an incubator
containing 5% CO, at 37 °C (Fig. 1).

Cell viability assay

Electroporation alone, with 3-Bromo-2-oxopropionic acid
and LiCl, and with EP combined chemicals were applied and
cells were seeded into plates as 100 pL. After incubating the
cells in culture medium for one day, 10 pL of cell prolifera-
tion reagent WST-8 (Cat number: A014-1, ABP Biosciences,
USA) was added to each well to determine cell viability
and after approximately three hours, absorbance values were
measured with an ELISA reader spectrophotometer at the
appropriate wavelength (450 nm) (Molecular Devices Filter
Max F5, Japan). The results are presented as percentage of
cell viability compared to the control group (Fig. 1).

Caspase-3 activity analysis

After synergistic doses of 3-Bromo-2-oxopropionic acid,
LiCl and electroporation (EP) combinations were applied,
caspase-3 activity was evaluated from the obtained cell sus-
pensions by fluorometric method. 1 x 10° cells from each
group were seeded in six-well plates and incubated for 24 h.
Then, the medium was removed, 1000 pL of 0.25% trypsin/
EDTA was added to each well and incubated for 90 s. After
the separation of the cells was observed with a microscope,
2000 pL of complete cell culture medium was added and
the suspension was transferred to Eppendorf tubes. The
samples were centrifuged at 300 g for 3 min to remove the
supernatant, the pellets were washed with 500 uL of PBS
and centrifuged again in the same way. Cell pellets were
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Fig. 1 Schematic representation of 3-Bromo-2-oxopropionic acid and LiCl applications alone and combined with electroporation

incubated with 50 pL of cell lysis buffer at 4 °C, incubated in
the refrigerator for 10 min, and then centrifuged at 10,000 g
for 10 min. Total protein amounts of the lysates were meas-
ured by the BCA method and compared with bovine serum
albumin (BSA) standard. Caspase-3 activity was deter-
mined using a fluorometric assay kit (Caspase-3/CPP32
Fluorometric Assay Kit, Cat number:#K105-25, BioVision,
USA) according to the manufacturer's protocol. Measure-
ments were made on the basis of fluorescence intensity (Ex/
Em =400/505 nm) with a plate reader Molecular Devices
Filter Max F5. Results were expressed as percentage of fluo-
rescence intensity relative to the control.

Analysis of PI3K protein level

Phosphatidylinositol 3-kinase (PI3K) is an important
signaling pathway component that plays a role in cellu-
lar proliferation, metabolic activity and survival. In this
study, PI3K levels were determined by ELISA method
in cell lysates obtained after synergistic combinations
of 3-Bromo-2-oxopropionic acid, LiCl and EP. Cell col-
lection, lysis and total protein determination procedures
were performed by BCA method. Measurements were
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performed using Human PI3K ELISA Kit from ELK Bio-
technology company (Human PI3K (Phosphotylinosital
3 kinase), ELISA Kit, Cat number: ELK9879, ELK Bio-
technology, USA), in accordance with the manufacturer's
protocol. Absorbance values were measured at 450 nm,
and the results were presented in ng/mg total protein unit.

Analysis of GLUT-1 protein level

GLUT-1 is a glucose transporter protein that is frequently
overexpressed in tumor cells to meet the increased glucose
demand. In this study, GLUT-1 levels were measured using
the same cell lysates using the Human GLUT-1 ELISA Kit
from Elabscience (Human GLUT1(Glucose Transporter 1)
ELISA Kit, Cat number:E-EL-H1822, Elabscience, USA).
Measurements were performed spectrophotometrically at
450 nm and data were analyzed according to the standard
curve. GLUT-1 levels were normalized to the total protein
amount and reported as ng/mg protein. This analysis was
performed to evaluate the effects of applied treatments on
the metabolic reprogramming of cells.
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Statistical analysis of data

Statistical analyses were performed using GraphPad Prism
9 software. All experiments were repeated three times and
the data obtained were reported as mean + standard deviation
(mean =+ SD). Comparison of data with the control group was
performed using one-way ANOVA test; Tukey's test was
used as post-hoc in this analysis. Two-way ANOVA analy-
sis was performed to evaluate differences between multiple
groups. Statistical significance was determined as *p <0.05,
**p <0.01 and ***p <0.001.

Results

Cellular responses dependent on electroporation
field amplitude: viability analysis in DLD-1 cells

Viability changes in DLD-1 cells were determined after
short-term incubation using 100 ps, 1 Hz and 8 square wave
electroporation parameters together with varying electric
field intensities. No significant change was observed in
viability compared to the control group up to 400 V/cm
electric field amplitude (p > 0.05). At 800 V/cm amplitude,
partial proliferation occurred in the cells (p <0.05). A partial
decrease in cell viability was observed at 1000 V/cm electric
field amplitude determined in the protocol standardized by
the European Electrochemotherapy Standard Operating Pro-
cedure (ESOPE) for reversible electroporation, but this was
not statistically significant (p >0.05) [56, 57]. At 1200 V/
cm amplitude, cell viability was found to be 87.09% and this
electric field value was determined as a critical point for the
decrease in viability (p <0.05). With the increase in electric

field amplitude, cell viability was found to be 59.02% at
1600 V/cm and 47.03% at the maximum field amplitude of
2000 V/em (p <0.001) (Fig. 2).

The effects of 3-Bromo-2-oxopropionic acid alone, LiCl
and EP and their combinations on DLD-1 cell viability are
presented in Fig. 3. EP parameter was selected as 100 ps,
1 Hz 8 square waves and 1000 V/cm according to ESOPE
standards. EP application alone (EP control) was found to
cause a partial decrease in cell viability, but this decrease
was not statistically significant compared to the control
group (p>0.05).

Effects of 3-Bromo-2-oxopropionic acid
in combination with electroporation on cell viability

In the application of 10 and 20 pM 3-Bromo-2-oxopro-
pionic acid alone, no statistically significant change was
observed in cell viability compared to the control group
(p>0.05). On the other hand, in the application of 20 uM
3-Bromo-2-oxopropionic acid combined with EP, cell
viability was determined as 65.38% and this dramatic
decrease was seen to be statistically significant compared
to both control groups (p <0.05, p <0.001). In the applica-
tions of 30, 40 and 60 uM -Bromo-2-oxopropionic acid,
cell viabilities were determined as 72.1%, 43.98% and
11.56%, respectively. Cell viability tended to decrease in
a correlation with increasing doses and the decrease in
viability compared to the control group was statistically
significant (p <0.001) (Fig. 3a). The concentration value
that inhibited half of DLD-1 cells for 3-Bromo-2-oxo-
propionic acid was found as IC5,=37.99 +2.34 uM. In
combined applications with EP, the decrease in viability
was more pronounced at concentrations of 20, 30 and
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40 uM and when compared with the groups when these
doses were applied alone, it was seen that the effective-
ness of EP in decreasing viability showed a significant
change (p <0.001, p<0.01, p<0.001). In the combined
treatment of 3-Bromo-2-oxopropionic acid with EP,
I1C5,=27.33+1.99 uM (Fig. 3a). The morphology of
cells was visualized with an inverted light microscope
after single dose applications of 3-Bromo-2-oxopropionic
acid and combined treatments with EP. It was observed
that at the same dose values, combined treatment with EP
caused changes in the structural form of the cells along
with the decrease in cell viability (e.g., 30 uM alone and
EP+30 uM) (Fig. 4a).
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Effects of LiCl and electroporation combination
on cell viability

No significant change was observed in the viability of
DLD-1 cells in 5 and 10 mM LiCl alone application com-
pared to the control group (p> 0.05). A statistically signifi-
cant decrease was found in cell viability in increasing doses
of LiCl compared to the control group (p <0.001) (Fig. 3b).
1C5,=98.92 +0.64 mM was determined in LiCl alone appli-
cation. In combination with EP, cell viability decreased to
75.71% at a dose of 10 mM LiCl and this change was statisti-
cally significant compared to both control groups (p <0.001,
p <0.05). For increasing LiCl doses, the decrease in cell
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Fig. 4 Inverted microscope (Nikon Eclipse TS100) images of the effects of 3-Bromo-2-oxopropionic acid and LiCl alone and together with elec-
troporation on cell morphology atx200 (a) and X 100 (b) magnifications

viability became more pronounced in combined applica-  in the cell structure at increasing LiCl doses, and changes
tions with EP (p <0.001). In combined treatments of 75  in the morphological structure at the same dose values were
and 100 mM LiCl with EP, cell viabilities were found to observed in the combined treatment with EP.

be 54.86% and 37.22%, respectively. When applications of

10, 75 and 100 mM LiCl alone and EP combinations were  Effects of combined application

compared, it was determined that the combined application  of 3-Bromo-2-oxopropionic acid and LiCl

had a statistically significant effect (p <0.001, p<0.001,  with electroporation on caspase-3 activity

p <0.05). In the combined treatment of LiCl with EP,

IC5,=81.88 +1.64 mM was found (Fig. 3b). In Fig. 4b, = The changes in caspase-3 activity in DLD-1 cells with
the appearance of DLD-1 cells after combined treatment  the combinations of 3-Bromo-2-oxopropionic acid,
with LiCl and EP alone is presented with an inverted light ~ LiCl and EP are given in Fig. 5a, b. There was no sig-
microscope. It was determined that deformation occurred  nificant change in caspase-3 activity at 20, 30 and 40 uM
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3-Bromo-2-oxopropionic acid concentrations compared to
the control group (p > 0.05). It was found that EP applica-
tion alone caused a partial increase in caspase-3 activity
and this increase was determined to be a statistically sig-
nificant change compared to the control group (p <0.05).
In addition, it was determined that caspase-3 activity
increased in the combined treatment with EP for all con-
centration values, but it was not found to be statistically
significant when compared to the control group (p > 005)
(Fig. 5a). On the other hand, when caspase-3 activities of
single and combined applications were compared, it was
seen that EP combined treatments increased caspase-3
activity (p <005). It was found that there were partial
increases in caspase-3 activity in the groups treated with
10 and 50 mM concentrations of LiCl alone and in com-
bination with EP, but these changes were not statistically
significant (p > 0.05). On the other hand, it was found that
caspase-3 activity increased at a concentration of 75 mM
(p>0.001). For the same dose value, caspase-3 activity
was found to increase significantly when applied together
with EP (p >0.001) (Fig. 5b). In addition, when combined
applications were compared for all dose values, it was
seen that activity increased in the EP groups (p <0.01).
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Determination of PI3K levels in response
to treatment

PI3K levels was determined by ELISA method after com-
bined treatments of DLD-1 cells with 3-Bromo-2-oxopro-
pionic acid, LiCl and EP (Fig. 6). No significant change
was observed in PI3K levels compared to the control group
at 20 and 30 pM 3-Bromo-2-oxopropionic acid concentra-
tions (p > 0.05). There was a partial increase compared to
the control group at 40 uM concentration (p <0.05). A dose-
dependent increase in PI3K levels was found in combined
treatments with EP at 30 and 40 uM concentrations. It was
observed that the combined applications were statistically
significant when compared to the single applications of
the same doses and the control groups (p <0.05, p<0.01,
p<0.001) (Fig. 6a). An increase in PI3K levels was found
at 10 and 50 mM LiCl concentrations alone (p <0.01). Com-
bined applications of the same dose values with EP showed
an increase compared to the control group, but there was
no statistically significant change between the single and
combined applications (p > 0.05). In the treatment of 75 mM
LiCl alone, there was no statistically significant change in
PI3K levels compared to the control group (p> 0.05). In the
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Fig.6 Effects of 3-Bromo-
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combined application with EP, a decrease in PI3K levels
was observed compared to the application alone. In addition,
when compared to the PI3K levels increase in 10 mM LiCl,
the decrease in the high dose was determined to be statisti-
cally significant (p <0.05) (Fig. 6b).

Determination of GLUT-1 levels in response
to treatment

A dose-dependent increase in GLUT-1 levels was observed
at all doses of 3-Bromo-2-oxopropionic acid alone. How-
ever, this increase was not statistically significant when com-
pared to the control group (p > 0.05). In combined treatments
with EP, an increase in GLUT-1 levels was observed at con-
centrations of 20 and 30 uM, while a decrease was found at
40 uM. Changes in GLUT-1 levels were not stable in com-
bined treatments with 3-Bromo-2-oxopropionic acid and
EP, and no statistically significant difference was observed
(p>0.05) (Fig. 7a). At the lowest dose selected for LiCl,
10 mM concentration, there was no significant difference
in GLUT-1 levels both alone and in combination with EP
when compared to the control groups (p > 0.05). When the

LiCl concentration

concentration was increased to 50 mM, there was a dramatic
increase in GLUT-1 levels both alone and in combination
with EP. (»p <0.001). Compared to the control groups, an
increase in GLUT-1 levels was observed at 75 mM, while a
decrease was observed at 50 mM concentration (p <0.001,
p<0.01) (Fig. 7b).

Discussion

This study demonstrates the apoptotic activity and metabolic
responses of 3-Bromo-2-oxopropionic acid and LiCl alone
and in combination with EP on human colon cancer cells.
3-Bromo-2-oxopropionic acid, known as a glucose inhibi-
tor, shows its effect on cancer cells by targeting various cell
death mechanisms and metabolism. In our study, it was
found that 3-Bromo-2-oxopropionic acid caused a dramatic
decrease in viability in DLD-1 cells in a dose-dependent
manner. The dose-dependent decrease in cell viability
was accompanied by changes in cell morphology. Defor-
mation in cell structure together with cell death revealed
dose-dependent changes. Cell viability, which was 72% at a
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Fig. 7 Effects of 3-Bromo- 8
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concentration of 30 uM alone, showed a significant decrease
of up to 50% in the combination with EP. In a study con-
ducted on human colon carcinoma SW480 and HT29 cells
using 3-Bromopyruvate (3BP), researchers determined a
decrease in cell viability at increasing doses of 3BP from
0 to 320 pmol/L [18]. In another study conducted by Attia
et al. on human breast cancer cells, 0-50 uM concentra-
tions of 3BP were used and the ICy, value was determined
as 36 uM [58]. In our study, the ICy, value of 3-Bromo-
2-oxopropionic acid in DLD-1 human colon cancer cells
was found to be 37.99 uM. In the combined treatment with
EP, the ICs,, value was found to be 27.33 uM. In the study
conducted by Ho et al. on different human colon cancer cell
lines, the ICy values after 72 h of incubation were found to
be 36.6 +2.1 for CaCo2 and 16.9 + 1.3 uM for DLD-1 [59].
In another study conducted on human colorectal adenocarci-
noma (HT-29) cells, researchers determined the IC, dose as
120 uM. In the same study, researchers reported a significant
increase in caspase-3 activity at the doses used for 3BR-P
[60]. The fact that there was no significant change in cas-
pase-3 activity in this study suggests that it may be related
to the use of lower doses. However, combined applications
with EP show a significant increase in caspase-3 compared
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10mM 50mM
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to applications alone. Kielbik et al. reported that caspase-3
fluorescence signals were higher in 1000 and 1200 V/cm
EP applications than in low electric fields [61]. The fact
that caspase-3 activity we found in the study did not show
significant increases compared to the control group suggests
that cell death cannot be explained by classical apoptotic
mechanisms and that alternative death pathways may have
been involved. Indeed, in a study conducted with different
colon cancer cell lines, it was revealed that 3BP can use
different death mechanisms such as apoptosis, necroptosis
and autophagy [18]. Similarly, in a study conducted by Mu
et al. with different colon cancer cell lines, it was reported
that 3BP induced autophagy-dependent ferroptosis [62]. In
this respect, the study results support that 3-Bromo-2-ox-
opropionic acid may select cell death pathways different
from apoptosis reported in the literature in its anti-cancer
mechanism.

Changes in PI3K levels were investigated by applying
3-Bromo-2-oxopropionic acid alone and in combination with
EP at concentrations of 20, 30 and 40 pM. While no signifi-
cant change was detected in PI3K levels for all doses applied
alone, it was found that PI3K levels increased with increas-
ing doses in combined treatment with EP. In our literature
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search for studies in combination with EP in cell lines, we
could not find any sources regarding changes in PI3K levels.
Therefore, this study is the first study to determine changes
in PI3K levels in combination with EP. Considering the anti-
cancer effects of 3-Bromo-2-oxopropionic acid, the general
opinion is that PI3K levels tend to decrease [63]. However,
in this study, an increase in PI3K levels was detected at con-
centrations of 30 and 40 UM combined with EP. On the other
hand, Ho et al. reported that the expression of phosphoi-
nositol-dependent protein kinase 1 (PDK1) increased in a
dose-dependent manner in SW480 and DLD-1 cells [59].
Phosphoinositol-dependent protein kinase 1 (PDK1) plays a
role in regulating intracellular functions from cell growth to
proliferation, survival to differentiation, and has a hierarchi-
cal relationship in cell signaling, leading to the activation
of the PI3K signaling pathway [64, 65]. Scheid et al. previ-
ously demonstrated that the change in the molecular weight
of PDKI1 is a result of hyperphosphorylation in response
to a survival signal [66]. In addition, only the changes in
total PI3K protein levels are expressed in this study, and it
should be taken into account that the actual pathway acti-
vation should be evaluated by phosphorylation/dephospho-
rylation status. However, despite this, the study conducted
by Ecker et al. Contrary to the current understanding that
PI3K/AKT signaling pathway has a proliferative role, it has
been reported that acute activation causes ROS-mediated
cell death. ROS accumulation in the cell plays an important
role in mediating different types of cell death [67, 68]. It
has been reported that the PI3K/AKT pathway can be tem-
porarily activated under chemotherapeutic stress conditions
with compensatory cellular response mechanisms that can
develop against anticancer agents and that this may be a
metabolic adaptive response related to the survival effort of
the cells [69].

In mammalian cells, glucose is the primary source of
ATP production via glycolysis and oxidative phosphoryla-
tion. The transport of glucose from the plasma membrane
to the cytosol is a rate-limiting step in glucose metabolism
and is mediated by glucose transporter proteins (GLUTs)
[70-72]. Glycolysis begins with the phosphorylation of
glucose via the enzyme hexokinase (HK) and ends with
the production of pyruvate, NADH and ATP as a result of
a series of biochemical reactions. Normal cells maximize
energy production by converting pyruvate to Acetyl-CoA
in the presence of oxygen using the Krebs cycle and oxida-
tive phosphorylation (OXPHOS) mechanisms [73, 74]. Can-
cer cells are heavily dependent on glycolysis to meet their
energy needs, preferring glucose fermentation over mito-
chondrial oxidation despite the presence of oxygen [75]. In
this study, no significant changes were detected in GLUT-1
levels in the applications of 3-Bromo-2-oxopropionic acid
alone. GLUT-1 levels increased slightly in the applications
of EP alone and combined, but these increases were not

significant. In DLD-1 cells, 3-Bromo-2-oxopropionic acid
alone and EP combined applications revealed an irregular
change in GLUT-1 levels. GLUT-1, a transmembrane pro-
tein that enables the passive transport of glucose in cells, is
expressed in many cell types. Due to its high glucose affin-
ity, it plays a critical role in tissues where glucose is the
primary energy source. GLUT-1 has been reported to be
overexpressed in various types of cancer, including colorec-
tal carcinoma, pancreatic and lung cancers [76-78].

It was determined that increasing doses of LiCl caused a
dose-dependent decrease in cell viability in the DLD-1 colon
cancer cell line. While cell viability was around 95% at
10 mM LiCl concentration, it was determined that a decrease
of up to 75% occurred when combined with EP. The concen-
tration value that inhibited half of DLD-1 cells was deter-
mined as 98.82 +0.64 mM when applied alone, while it was
determined as 81.88 +1.64 mM when combined with EP.
It was found that EP caused a significant decrease in LiCl
dose. Li et al. reported that a dose-dependent decrease in
viability occurred at different incubation times in their study
on SW480 colon cancer cells [79]. Researches conducted
with different doses of LiCl on different cancer cells have
focused on providing a dose-dependent decrease in viability
and explaining the death mechanisms [80-82].

Caspase-3 activity was examined in LiCl alone and in
combination with EP for three different doses. Caspase-3
activity was increased dose-dependently in LiCl alone. In
addition, the increase in caspase-3 activity was more pro-
nounced in its combination with EP. It was determined that
there was a statistically significant increase in caspase-3
activity compared to the control groups for the 75 mM
LiCl dose. Studies have reported that LiCl up-regulates
the release of factors such as apoptosis-inducing factor,
cytochrome-c, and induces apoptosis by DNA fragmenta-
tion for many types of cancer including colon, pancreas,
and leukemia [33, 34, 79]. Wu et al. demonstrated that treat-
ment with LiCl in pancreatic cancer cells induced apopto-
sis by dose-dependent upregulation of BAX and caspase-3
and arrested the cell cycle in the G2/M phase [31]. Another
examination conducted on MCF-7 cells showed that low
doses of LiCl activated anti-apoptotic proteins, while high
concentrations (50—-100 mM) reversed these effects and
induced apoptosis [83].

In the present study, it was determined that 10 mM LiCl
application caused an increase in PI3K levels in DLD-1
cells. It was determined that the application of a relatively
higher dose of 75 mM LiCl did not show a significant change
in PI3K levels compared to the control group. A dramatic
decrease was observed when the increase in PI3K levels
occurred at 10 mM LiCl was compared to the 75 mM LiCl
concentration combined with EP. In the study conducted by
Suganthi et al., it was stated that LiCl gradually decreased
Bax expression and increased Bcl-2 expression at a dose of
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10 mM. The fact that LiClI applied at low doses suppressed
p53 and Bax expressions while increasing Bcl-2 expression
and Akt activity and provided cellular protection against
apoptosis caused by glutamate excitotoxicity is supported
by the present findings [83, 84].

In this study, the effects of three different doses of LiCl
treatment and combined treatments with EP on GLUT-1 levels
in DLD-1 cells were determined. While no significant change
was determined in GLUT-1 levels for low LiCl dose alone
and in combined treatments with EP, it was determined that
GLUT-1 levels increased for 50 and 75 mM LiCl concentra-
tions. It is known that the increase in GLUT-1 expression in
cancer cells is related to cell survival. The increase in cas-
pase-3 as well as the increase in GLUT-1 made the situation
striking. However, it is also known that the increase in Reac-
tive Oxygen Species (ROS) and oxidative stress is triggered
as a result of the overexpression of glucose and oxidative
phosphorylation [85]. ROS play an important role in deter-
mining the critical processes of cell differentiation or survival
and are tightly regulated. However, it is stated that excessive
ROS production in situations such as metabolic stress can
trigger death mechanisms in the cell. High oxidative stress can
increase DNA damage in the cell, which can lead to apoptosis.
Metabolic changes that begin with an increase in GLUT-1
can, on the one hand, encourage the cell to grow, while on the
other hand, it can bring the cell to the point of death [86, 87].

Conclusion

In this study, apoptotic activity and metabolic responses of
3-Bromo-2-oxopropionic acid and LiCl alone and in com-
bination with EP were investigated on DLD-1 colon cancer
cells. 3-Bromo-2-oxopropionic acid caused a dose-depend-
ent decrease in cell viability, while this effect became more
pronounced in combination with EP. In the treatment with
the combination of both 3-Bromo-2-oxopropionic acid and
LiCl with EP, a dramatic decrease in ICs, doses is observed.
We believe that this will make a significant contribution to
eliminating possible side effects of the treatment by allowing
the use of lower drug doses in the combined treatment. While
no significant change was observed in caspase-3 activity in
alone applications, caspase-3 activity increased significantly
in combination with EP. While no significant change was
observed in PI3K levels in alone applications of 3-Bromo-
2-oxopropionic acid, an increase was detected in combined
applications with EP. Similarly, LiCl also decreased cell
viability, while this effect became more pronounced in com-
bination with EP. While caspase-3 activity increased at high
concentrations in alone applications of LiCl, this increase
was more pronounced when applied together with EP. In
addition, while an increase was observed in PI3K levels at
certain doses, no significant change was detected at higher

@ Springer

doses. In terms of GLUT-1 levels, no significant change was
observed at low doses, while an increase was recorded at
higher doses. In conclusion, this study reveals that 3-Bromo-
2-oxopropionic acid and LiCl cause changes in apoptotic
mechanisms and metabolic responses and the effect of their
combination with EP on these changes. In terms of meta-
bolic responses, changes in PI3K and GLUT-1 levels provide
important clues in understanding the metabolic adaptations
of cells and their responses to treatment. In this context, it is
thought that treatments combined with EP may have stronger
anti-tumor effects in cancer cells, and it is recommended that
these combinations be investigated in more detail in in vivo
models and clinical studies.
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