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Abstract: Background. The predominance of aerobic glycolysis over oxidative phosphorylation (the
Warburg effect) is characteristic of almost all invasive forms of cancer. The specificity of cancer
(especially metastatic) cell energy metabolism represents multiple targets for therapeutic
intervention using glycolysis inhibitors. Although the transition of cells to the bloodstream (i.e.,
anchorage-independent growth) is an important step of the metastatic cascade, the question of the
cytotoxic efficacy of glycolysis inhibitors against these cells remains largely open. Methods. The
cytotoxicity of 2-deoxy-D-glucose, sodium oxamate, metformin, cisplatin and paclitaxel against high
and low metastatic Lewis lung carcinoma cells during anchorage-independent growth (using
polyHEMA coated plates) compared to anchorage-dependent growth was studied. The survival,
proliferative activity, metabolic plasticity and FTIR-ATR spectra of the sodium oxamate-resistant
cells under different growth conditions were investigated. Results. Unlike cisplatin and paclitaxel
(which are the basic drugs for the treatment of lung cancer) glycolysis inhibitors such as 2-
deoxy-D-glucose and sodium oxamate exhibit high cytotoxicity against carcinoma cells
during anchorage-independent growth (compared to anchorage-dependent growth), which
correlates with an enhanced glucose consumption rate of these cells. The cytotoxicity of
glycolysis inhibitors was shown to be limited by the emergence of resistant cells whose survival was
maintained at low glucose consumption rates especially in cells under anchorage-independent
growth, most likely due to their ability to activate glutaminolysis. Conclusions. The enhanced
cytotoxicity of glycolysis inhibitors against cells during anchorage-independent growth and the
emergence of resistant cells, whose survival is presumably related to the activation of mitochondrial
metabolism, indicates the potential antimetastatic efficacy of a combination of glycolysis and
OXPHOS inhibitors.

Keywords: anchorage-independent growth; glucose consumption rate; glycolysis inhibitors;
resistant cells; Lewis lung carcinoma cells

1. Introduction

It is well known that high mortality among cancer patients is mainly caused by metastatic lesions
in vital organs and tissues [1]. Unfortunately, the development of effective antimetastatic drugs lags
significantly behind progress in creating medicinal treatments for suppressing the growth of the
primary tumor. One of the reasons for this lag is the extremely complex and dynamic nature
of the metastatic cascade, each stage of which depends on many factors that are often weakly
interconnected (due to the constant change in the microenvironment of cancer cells during

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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their spread in the body), which requires from a metastatic cell an exceptional metabolic and
energetic plasticity, resistance to anoikis, active biosynthesis, and prevention of oxidative
stress [2,3]. The latter is essential in the early stages of tumor cell dissemination, which is
accompanied by the separation of cells from the extracellular matrix and a subsequent
increase in intracellular ROS levels leading to irreversible damage to macromolecules in the
cancer cell and its death, including apoptosis (induction of anoikis) [4].

It is known that the dominance of aerobic glycolysis over oxidative phosphorylation
accompanies the development of virtually all invasive tumors, regardless of their origin (a
phenomenon known as the Warburg effect) [5]. Such a specific modification of energy metabolism
creates several advantages for the survival of tumor cells, providing them with the ability to produce
energy and maintain a high level of anabolic processes even in the presence of a short-term or long-
term deficiency of energy substrates [6]. Such reprogramming of energy metabolism manifests
as cancer cell metabolic plasticity, which is a necessary (but perhaps insufficient) factor for
cell survival during metastasis.

The metabolic features of cancer cells that promote their survival especially during metastasis
represent multiple molecular and functional targets for therapeutic intervention aimed at their
destruction using inhibitors of aerobic glycolysis [7,8]. However, the effectiveness of the
cytotoxic/cytostatic action of such inhibitors may differ significantly among the cells at different
stages of the metastatic cascade due to different accessibility to the main energy and metabolic
substrates. Thus, the microenvironment of cells in the primary tumor significantly differs from the
environment of circulating tumor cells, which may cause differences in their metabolic adaptation
and, as a result, varying sensitivity to the action of the inhibitors. In addition, metastatic cells
undergoing transition to the bloodstream (anchorage-independent growth) resist matrix detachment-
induced apoptosis, and changes in cell metabolism can play a significant role in anoikis resistance.

In the current work, we investigated the cytotoxicity of glycolysis inhibitors 2-deoxy-D-glucose
(2DG) and sodium oxamate, the OXPHOS inhibitor metformin, cisplatin, and paclitaxel (two basic
drugs for the treatment of lung cancer) against high metastatic (LLC) and low metastatic (LLC/R9)
cells of Lewis lung carcinoma under anchorage-independent (deadhesive growth type) and
anchorage-dependent (adhesive growth type) growth and analyzed the factors affecting their
effectiveness. Our research was directed toward antimetastatic therapy development based on
energy metabolism inhibitors, targeting circulating metastatic cells as an important step in the
metastatic cascade.

2. Results and Discussion

2.1. Cytotoxicity of 2DG, Sodium Oxamate Metformin, Cisplatin and Paclitaxel Against LLC and LLC/R9
Cells Under Adhesive and Deadhesive Growth

A progressive exponential decrease in the number of viable LLC cells (both under adhesive and
deadhesive growth conditions) was recorded in a wide range of concentrations of the studied agents
(Figure 1). However, significant differences between the nature of cytotoxic effects of glycolysis
inhibitors compared to the oxidative phosphorylation inhibitor were noteworthy. The cytotoxicity of
both 2DG and sodium oxamate against deadhesive cells was significantly higher than that against
adhesive cells, which was not observed in the case of metformin. In particular, the IC50 values of
2DG in deadhesive cells were almost twice lower, and those of sodium oxamate were 3 times lower
than the corresponding values in adhesive cells (Figure 1d). The higher efficiency of the cytotoxic
action of glycolysis inhibitors against deadhesive cells correlated with the higher intensity of
glycolysis compared to the adhesive growth type. Thus, GCR in deadhesive cells in the absence of
inhibitors was 43% higher, and LPR was 53% higher compared to the corresponding indicators in
adhesive cells (Figure 1le). At the same time, the cytotoxic efficiency of metformin in deadhesive and
adhesive cells was the same.
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Figure 1. Number of viable LLC cells (in % to the control) as a function of 2DG (a), sodium oxamate (b), and
metformin (c) concentrations; lines — the best fit of mathematical model; symbols — experimental data.
Model parameters of the inhibitor cytotoxicity (d). Glucose consumption rate (GCR) and lactate
production rate (LPR) of LLC cells under adhesive (white columns) and deadhesive (grey columns)
growth conditions (e). * - differences between corresponding values of the adhesive and deadhesive cells

are significant.

The study of the cytotoxic effect of energy metabolism inhibitors on cells of the low metastatic
variant of Lewis lung carcinoma (LLC/R9 cells) showed some differences compared to LLC cells. In
particular, despite the 40% (p<0.05) higher level in glucose consumption by deadhesive cells
compared to adhesive cells (Figure 2e), the sensitivity of both deadhesive and adhesive cells to the
cytotoxic effect of 2DG was almost the same (Figure 2a,d). At the same time, the sensitivity of LLC/R9
cells to the cytotoxic effect of sodium oxamate under deadhesive growth conditions was extremely
high (its ICso was almost 3 times lower than that of adhesive cells) (Figure 2b,d). In contrast to the
cytotoxic effect of metformin on LLC cells, which was the same for adhesive and deadhesive cells,
the cytotoxic effect of metformin on deadhesive LLC/R9 cells was almost twice higher (based on ICso)
compared to the effect on adhesive cells (Figure 2¢,d). Such high effectiveness of metformin on
deadhesive LLC/R9 cells is most likely associated with the deficiency of their mitochondrial system
[9]. In addition, these cells under deadhesive growth conditions are characterized by more than 2
times higher intracellular ROS levels (compared to adhesive growth conditions and ROS levels in
LLC cells) and a lower survival rate [9,10].

The heterogeneity of LLC and LLC/R9 cells (regardless of growth conditions) in terms of
their sensitivity to the action of glycolysis inhibitors, which is manifested by the presence of
sensitive (Ns) and resistant (Nr) cell subpopulations, is of particular interest (Figures 1d and
2d). The increase in the cytotoxicity of 2DG and sodium oxamate against deadhesive LLC cells and
sodium oxamate against deadhesive LLC/R9 cells was mainly due to the higher susceptibility of the
sensitive subpopulation of these cells. The emergence of resistant cell subpopulations significantly
limited the effectiveness of the cytotoxic action of glycolysis inhibitors. This was especially true for
the cytotoxicity of sodium oxamate: the proportion of the LLC and LLC/R9 cell subpopulations
resistant to its action was quite large (over 32%) and increased significantly in deadhesive cells
(Figure 1d).
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Figure 2. Number of viable LLC/R9 cells (in % to the control) as a function of 2DG (a), sodium oxamate (b),
and metformin (c) concentrations; lines — the best fit of mathematical model; symbols — experimental data.
Model parameters of the inhibitor cytotoxicity (d). Glucose consumption rate (GCR) and lactate
production rate (LPR) of LLC/R9 cells under adhesive (white columns) and deadhesive (grey columns)

growth conditions (e). * - differences between corresponding values of the adhesive and deadhesive cells
are significant.

To assess the prospects of using energy metabolism inhibitors against cells under deadhesive
growth conditions, we conducted comparative studies of the cytotoxic effect of antitumor agents
cisplatin and paclitaxel (widely used in the chemotherapy of disseminated lung cancer) against LLC
and LLC/R9 cells during anchorage-independent and anchorage-dependent growth. As can be seen
in Figures 3 and 4, the sensitivity of these cells under deadhesive growth conditions was significantly
lower compared to that of adhesive cells. Thus, the ICso values of cisplatin and paclitaxel against
deadhesive cells of both variants were more than 50% higher than the corresponding values for
adhesive cells. It should be noted that the paclitaxel-resistant subpopulation of LLC cells as well as
LLC/R9 cells was quite large, which, in combination with the low cytotoxic efficiency of paclitaxel
against deadhesive cells, may indicate the ineffectiveness of this agent against circulating metastatic
non-small cell lung cancer cells [11,12].
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Figure 4. Number of viable LLC (a) and LLC/R9 (b) cells (in % to the control) as a function of paclitaxel
concentrations; lines — the best fit of mathematical model; symbols — experimental data. Model
parameters of cisplatin cytotoxicity (c). * - differences between corresponding values of the adhesive and
deadhesive cells are significant.
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So, the high rate of glucose consumption and the more pronounced sensitivity of deadhesive
cells to the cytotoxic action of energy metabolism inhibitors (primarily glycolysis inhibitors) indicate
the potential of their use as antimetastatic agents capable of suppressing the survival of circulating
tumor cells. However, the presence of cells resistant to the cytotoxicity of glycolysis inhibitors could
significantly limit the effectiveness of the cytotoxic action of glycolysis inhibitors and raises the
question of the mechanisms that ensure the survival, proliferative activity, and metabolic plasticity
of these cells under adhesive and deadhesive growth conditions. To further investigate possible
mechanisms underlying the survival of cells resistant to the action of glycolysis inhibitors, we paid
special attention to the oxamate-resistant subpopulation (but not the 2DG-resistant subpopulation)
exclusively due to the large volume of the former.

2.2. Survival and Proliferative Activity of Sodium Oxamate-Resistant LLC
Cells

To study the characteristics of sodium oxamate-resistant subpopulations, LLC cells were
incubated for 1 day in a medium containing 40 mM sodium oxamate (experimental groups)
and in a medium without sodium oxamate (control groups) under adhesive and deadhesive
growth conditions. This sodium oxamate concentration resulted in the survival of LLC cells
(during adhesive growth and especially deadhesive growth) that were sodium oxamate-
resistant.

After 1 day of cell incubation with sodium oxamate at a concentration of 40 mM under
adhesive growth conditions, the number of living cells was significantly reduced by almost 2
times (p < 0.002) compared to the control values, which strongly correlated with the ICso value
(Figure 5a). No significant changes in the cell cycle phase distribution of adhesive cells that
survived after the action of sodium oxamate (mostly resistant to the inhibitor) were recorded
(Figure 5e), which indicated the absence of a pronounced cytostatic effect of the inhibitor on
resistant cells. A significant decrease in the number of viable cells under adhesive growth
conditions was due to the cytotoxic effect of sodium oxamate, which was manifested as an
almost 3-fold increase in the number of necrotic cells (Figure 5b) and an almost 10-fold
increase in the percentage of apoptotic cells (Figure 5c).
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Figure 5. The survival and proliferative activity of LLC cells under adhesive (1) and deadhesive (2) growth after
24 h incubation with sodium oxamate (grey columns) and without it (white columns). The number of viable (a),
necrotic (b), apoptotic (c) cells, ROS level (d), cell cycle distribution of adhesive (e) and deadhesive (f) cells. * -
differences between corresponding values of the cells treated or not treated with sodium oxamate are

significant.

Unlike adhesive growth conditions, the number of deadhesive cells that survived after a
one-day incubation with sodium oxamate was almost 3 times lower compared to the control
values (Figure 5a). This decrease in the number of viable cells was due to both the cytotoxic
and cytostatic effects of sodium oxamate. At the same time, the cytotoxic effect was less
pronounced than that observed under adhesive growth conditions. In particular, the number
of necrotic cells under the influence of sodium oxamate increased by a factor of 2 (Figure 5b),
and the percentage of apoptotic cells increased by a factor of 8 (Figure 5c). Meanwhile, a
pronounced cytostatic effect of sodium oxamate on the deadhesive cells of the resistant
subpopulation was recorded, which was manifested as a significant increase in the percentage
of cells in the G2/M phase by 112% (p < 0.01) against the background of a slight decrease by
18% (p < 0.05) in the percentage of cells in the G1/GO0 phase (Figure 5e).

2.3. The Effect of Sodium Oxamate on Intensity of Glycolysis in Sodium Oxamate-Resistant Cells

We have noted a significant difference in the effect of sodium oxamate on the level of
ROS in resistant LLC cells under different growth conditions (Figure 5d). In particular, under
adhesive growth conditions the level of ROS decreased by 40% (p < 0.01), while under
deadhesive growth conditions, the intracellular level of ROS was significantly higher by 38.5%
(p <0.01) compared to that in cells without sodium oxamate exposure. Such differences in the
effect of sodium oxamate on the level of ROS in LLC cells under different growth conditions
may be partially related to its influence on the intensity of glycolysis (due to the inhibition of
LDH activity, which is actively involved in the synthesis of enzymes of the antioxidant
system), and its effect on the functioning of the electron transport chain of tumor cells (due to
the ability of sodium oxamate to inhibit aspartate aminotransferase as well) [13].

One should pay attention to the fact that the levels of glucose and lactate in the incubation
medium of cells under adhesive and deadhesive growth conditions without sodium oxamate
were different (Figure 6a,b). In particular, under deadhesive growth conditions, the level of
glucose in the incubation medium of cells was approximately 20% lower (p < 0.05) compared
to that in the case of adhesive growth, which was due to a significantly higher GCR in
deadhesive cells (by 43.4%, p < 0.05) compared to adhesive cells (Figure 6¢). Interestingly, the
LPR in deadhesive cells without sodium oxamate treatment did not differ from the indicator
in adhesive cells (Figure 6d), although the concentration of lactate in the incubation medium
of deadhesive cells was significantly lower than the corresponding indicator in adhesive cells.
This may indicate a redirection of glucose to the oxidative branch of the pentose phosphate
pathway, which is the main mechanism of NADPH generation [14]. The latter serves as an
important cofactor for replenishing reduced glutathione - the most important antioxidant in
the cell. Despite the high intracellular level of ROS that accompanied the transition to
deadhesive growth, the activation of the antioxidant system ensured the high survival rate of
deadhesive cells (which did not differ from the survival rate of adhesive cells).
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Figure 6. Levels of glucose (a) and lactate (b) in medium expressed as % of their levels at the beginning of the
study; GCR (d) and LPR (e). Cells treated with oxamate (grey columns) and not treated (white columns) under
adhesive (1) and deadhesive (2) growth conditions. * - differences between corresponding values of the cells

treated or not treated with sodium oxamate are significant.

Incubation with sodium oxamate led to an approximately 2.5-fold (p<0.05) decrease in
GCR and a 13-fold decrease in LPR in adhesive cells, which could indicate the activation of
the antioxidant system via redirection of consumed glucose to the PPP and the resulting
decrease in the intracellular level of ROS (Figure 5d) and a higher survival rate of these cells
after the action of sodium oxamate. The GCR of cells under deadhesive growth conditions
after exposure to sodium oxamate was 9 times (p<0.001) lower than the control value and 2.6
times lower than the corresponding GCR in adhesive cells. The decreased GCR in the resistant
subpopulation was most likely due to the ability of these cells to activate glutaminolysis in
response to inhibition of glycolysis by sodium oxamate, which ensured their survival and
determined their resistance to the action of the glycolysis inhibitor. Interestingly, despite of
such a significant decrease in GCR under the influence of sodium oxamate in deadhesive cells, the
rate of lactate production decreased 4-fold (p < 0.01) (although it remained at a fairly high level),
which may be associated with the activation of LDHB, providing an additional mechanism for the
survival of resistant cells. The reactivation of LDHB increases the intracellular level of pyruvate
compared to that of sodium oxamate (the isosteric form of pyruvate) which is directed either to the
lactate-pyruvate-lactate "minor cycle" or to the Krebs cycle [15].

2.4. FTIR-ATR Spectral Analysis of Sodium Oxamate-Resistant Cells

Due to the high specificity of vibrational spectra and their conformational sensitivity,
infrared spectroscopy allows detecting differences in the secondary structure of biomolecules
with an accuracy that is not available to other methods [16].
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The effect of sodium oxamate on LLC cells during their adhesive growth (Figure 7b) was
manifested as a decrease in the intensity of the stretching vibrations of CHs (2958 cm-!, 2872
cm?) and CHz (2922 cm!, 2852 cm'), compared to cells not treated with sodium oxamate
(Figure 7a). This spectral region is associated with the absorption of lipid components of the
cell membrane. In the absorption region of the protein components, there was a decrease in
the intensity of the Amides vibration maxima with their high-frequency shift (in the reference
Amide 11649 cm-!, Amide II 1542 cm-!, after sodium oxamate action Amide I 1650 cm-!, Amide
IT 1544 cm). The position of the band of asymmetric stretching vibrations of the molecular
group PO:- shifted to the high-frequency region from 1236 cm-! to about 1241 cm! in cells after
sodium oxamate action, along with a decrease in the intensity of this band. In C-O stretching
vibrations region, a shoulder at 988 cm-! was observed. Such spectral features correlated with
the data on the decrease in the proliferative activity of cells under adhesive growth conditions
and sodium oxamate action.
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Figure 7. ATR spectra of sodium oxamate (a), adhesive LLC cells not treated (b) and treated with sodium

oxamate (c). ATR spectra of deadhesive LLC cells not treated (d) and treated with sodium oxamate (e).

Different effects were observed in LLC cells under deadhesive growth conditions (Figure
7 ¢,d). No differences were observed in the stretching vibration region of hydrogen-bonded
OH molecular groups (Amide A 3288 cm-), in cells treated and not treated by sodium
oxamate. In CH ring vibration region (Amide B 3069 cm-') and stretching vibrations of CHs
(2958 cm1, 2872 cm') and CH:2 (2923 cm!, 2852 cm ') molecular groups, a slight redistribution
of intensity was observed indicating the absence of changes in the cell membrane structure.
In the absorption region of protein components (Amide I 1649 cm-!, Amide II 1542 cm'?), we
observed a decrease in the intensity of these bands in cells after sodium oxamate action (Figure
7e). The Amide I band decreased approximately 1.3-fold, and that of the Amide II band
decreased 1.5-fold compared to those in samples without sodium oxamate treatment. This
allowed us to conclude on the effect of sodium oxamate on the cytoskeleton and protein
components of the cells. The most significant spectral changes were observed in the region of
stretching asymmetric (1239 cm) and symmetric (1083 cm-?) vibrations of the PO2- molecular
group, which can be assigned mainly to nucleic acids and partially to phospholipids of the
cell membrane. The intensity of the asymmetric vibrations of PO:2- in cells treated with sodium
oxamate decreased by 2.3 times. A shoulder at 1140 cm-! appeared in the region of symmetrical
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vibrations of PO2-, which was not present in the reference, and the position of the maximum
shifted from 1083 cm in the reference to 1074 cm! in the sample of cells treated with sodium
oxamate. This band in the 1140 cm-! region could be attributed to C-O, C-O-P bonds indicating
the possible association with the accumulation of specific metabolites in the cell, namely
oligosaccharides and other sugars, which were not present in the untreated cells. It could also
be assumed that inactive LDH complexes with sodium oxamate were formed and
accumulated in the cell.

So, it could be concluded that the recorded spectral features and the decrease in the
intensity of the bands corresponding to the protein and nucleic acid fractions reflected an
inhibition of proliferative activity and survival of deadhesive cancer cells after treatment with
sodium oxamate.

3. Conclusions

The study revealed (as far as we know for the first time) a higher glucose consumption rate by
Lewis lung carcinoma cells with different metastatic potential under anchorage-independent growth
conditions compared to anchorage-dependent growth conditions. Unlike cisplatin and paclitaxel (the
basic drugs for the treatment of disseminated lung cancer), glycolysis inhibitors 2-deoxy-D-glucose
and sodium oxamate exhibit a high cytotoxicity against carcinoma cells under anchorage-
independent growth conditions. The cytotoxicity of the OXPHOS inhibitor metformin was
independent of the glucose consumption rate but showed high efficacy against deadhesive Lewis
lung carcinoma cells with a defective mitochondrial system. The cytotoxic efficacy of glucose
inhibitors was limited by the emergence of a resistant subpopulation of cells whose survival was
maintained at low glucose consumption rates, most likely due to their ability to transit from
glycolysis to OXPHOS (however, this assumption should be experimentally verified). Since the
deadhesive growth of metastatically active cells in vitro is considered an experimental model of
circulating cancer cells, the results indicated the ability of 2DG and sodium oxamate to inhibit
metastasis. At the same time, the survival of resistant cells, most likely due to the activation of
mitochondrial metabolism, indicates the potential effectiveness of antimetastatic therapy against
circulating cancer cells based on the combined use of glycolysis and OXPHOS inhibitors.

4. Materials and Methods

4.1. Cell Culture

The study used the cells of two Lewis lung carcinoma variants (LLC and LLC/R9) obtained from
the Bank of Cell Lines from Human and Animal Tissues (Ukraine). Despite the fact that murine LLC
and LLC/R9 cells are of the same genesis, they significantly differ in metastatic potential. Thus, the
count and volume of pulmonary metastases in mice with transplanted LLC/R9 are 4 and 10 times
(respectively) lower than those in animals with transplanted LLC [9]. These cells represent mouse
non-small cell lung cancer models and are quite resistant to anti-cancer treatment.

LLC and LLC/R9 cells were maintained in RPMI 1640 incubation medium containing 10% fetal
calf serum, 40 pg/ml gentamicin, and 2 mM L-glutamine at 37°C in a humidified atmosphere with
5% COs.

4.2. Cytotoxicity Assay

The cytotoxicity of 2DG, sodium sodium oxamate, metformin, cisplatin and paclitaxel (Sigma-
Aldrich, USA) was studied against LLC and LLC/R9 cells under anchorage-dependent (adhesive
cells) and anchorage-independent (deadhesive cells) growth conditions. The cells of each cell line
were seeded into the wells of a 96-well plate (1.3x10* cells/well) and incubated for 18 hours under
standard conditions. For deadhesive cell growth, 96-well plates coated with polyHEMA (Sigma,
USA) were used [17]. After pre-incubation, a medium containing tested agents was added to the cells
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in progressively reduced concentrations; then the cells were incubated for 1 day. Each concentration
of test agents was studied in 3 replicates. Cells incubated under the same conditions with the addition
of fresh nutrient medium without inhibitors served as a control.

After 24 h of incubation with corresponding inhibitor, the number of viable cells (N)
(expressed in % relative to the control) was assessed by crystal violet (Sigma-Aldrich, USA)
staining using a Stat Fax 2100 plate spectrophotometer (Awareness Technology, USA) at a
wavelength of 595 nm. The dependence of cancer cell survival on the concentration of
inhibitor (C) was analysed using an exponential model

N = Np+ Ngxexp(—C/t) (D)

where Nr and Ns are the counts of cells (% of the total count) that are resistant and sensitive
(correspondingly) to cytotoxic action of inhibitor; ¢ is the indice of the sensitivity of sensitive
cells to inhibitor cytotoxicity.

Using nonlinear regression analysis (Origin Pro, v.9.5), the model parameters of the
cytotoxicity of the studied agents were determined from the best fit of the model (1) to
experimental data on cell survival.

4.3. Study Design of Sodium Oxamate Resistance Cells

LLC cells were planted on 60 mm Petri dishes coated with polyHEMA solution
(deadhesive growth conditions) and uncoated dishes (adhesive growth conditions) in the
amount of 0.6x10¢/dish. After 18 h of pre-incubation, the cells were incubated in a fresh
medium without sodium oxamate (control) or with 40 mM sodium sodium oxamate followed
by 24-hour incubation under standard conditions. The study was carried out in 4 replicates.

After 24 hours of incubation, the following cell characteristics were determined: total
number of viable cells, cell cycle distribution, number of apoptotic cells, intracellular ROS
level, glucose and lactate concentrations in the incubation medium, and attenuated total
internal reflectance spectra.

4.4. Cell Cycle Distribution Analysis

To analyze the cell cycle distribution and to assess the number of apoptotic cells, LLC
cells were resuspended in a hypotonic lysis buffer with 5 pg/ml of propidium iodide and
RNAse (Sigma-Aldrich, USA) [18]. DNA content was analysed using a FACSCalibur flow
cytometer (Becton Dickinson, USA) with an argon laser of 488 nm with a 582/42 nm filter.
ModFit LT 3.0 program (BDIS, USA) was used for cell cycle distribution analysis.

4.5. ROS Level

To determine the intracellular ROS level, the cells were stained with 25 uM 2,7-
dichlorofluorescein diacetate solution in RPMI 1640 medium without FCS at 37° C for 30
minutes and analyzed using a FACSCalibur flow cytometer (Becton Dickinson, USA) with a
488 nm argon laser and a 530/30 nm filter. At least 20,000 events per sample were analyzed
[19].

4.6. Analysis of Glucose and Lactate Levels

Glucose and lactate levels in the incubation medium were measured with commercial
kits (Global Biomarketing Group, Inc, USA) on ChemWell 2910 biochemical analyzer
(Awareness Technology, USA) according to manufacturer's instructions.

The rate of glucose consumption (GCR) and lactate production (LPR) were calculated
using the formulas shown below and expressed in 10 mmol/cell/day:
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(Cgl(ti) - Cgl(ti+1)) XV )
ERER OO Ry TGO @
LPR =2 X (CL(ti+1) - CL(ti)) XV (3)

N(t;) + N(ti+1)

where concentrations of glucose and lactate at two consecutive days (i and ti:1) of cell growth,
are marked as Cq(ti), Ca(tiv1), Cr(ti), Cr(ti+1); N(ti) and N(ti+1) are the counts of LLC cells on
corresponding consecutive days of growth; V is the volume of the incubation medium per
well which was equal to 6x10-3 L.

4.7. FTIR-ATR Spectra

FTIR-ATR (attenuated total reflectance) spectra of LLC cells were recorded on a Bruker
INVENIO-R spectrometer in the broad spectral range from 3800 to 600 cm-! using the Bio-ATR
attachment, which was developed by Bruker company specifically for the biological objects
analyzis. In this case the achievable spectral resolution is 0.16cm-!. To record the spectra, cells
under different growth conditions, both in the presence of sodium oxamate and without it,
were washed from the culture medium with phosphate buffer and plated onto the working
surface of the Bio-ATR attachment, then they were dried at room temperature in the cuvette
chamber of the spectrometer under constant purge with nitrogen gas. Opus 8.2 software was
used to process the spectra, and OriginPro 8.0 software was used to present the results.

4.8. Mathematical and Statistical Analysis

To analyze the experimental data, we have applied descriptive statistics, nonparametric
Mann-Whitney test, and nonlinear regression analysis with the use of MS Excel, Microcal
Origin (v. 9.5), and Statistica programs. The data are presented as M+SE, where M — mean
value, SE — standard error. Statistically significant difference was considered when the adjusted p
value was less than 0.05.
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Abbreviations

2DG 2-Deoxy-D-glucose

OXPHOS  Oxidative phosphorylation

LLC High metastatic Lewis lung carcinoma cells
LLC/R9 Low metastatic Lewis lung carcinoma cells
GCR Glucose consumption rate

LPR Lactate production rate

polyHEMA Poly(2-hydroxyethyl methacrylate)
PPP Pentose phosphate pathway
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