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The use of inhibitors of energy metabolism of malignant cells is a new promising trend in the treatment of cancer patients, based
on one of the unique features of the malignant cell, namely the dominance of glycolysis over oxidative phosphorylation, even in the
presence of oxygen, the so-called Warburg effect. 4im: To study time-dependent cytotoxicity of sodium dichloroacetate (DCA)
and metformin (MTF) against metastatic tumor cells and action of these agents on tumor cell migration. Materials and Methods:
In the study low metastatic LLC/R9 variant of Lewis lung carcinoma was used. The number of living cells in the cytotoxic test
was evaluated using sulforhodamine B after 1, 2 and 3 days of cell incubation in vitro. The parameters of the sensitivity of tumor
cells to the action of DCA and MTF in vitro were calculated using nonlinear and linear regression of experimental data. The effect
of DCA and MTF on cellular motility in vitro was evaluated using a Boyden chamber by calculation of the number of cells that
migrated to the bottom side of the filter within 3 days of incubation. The statistical analysis of the data was carried out with the use
of descriptive methods, Student’s t-criterion, nonlinear, and linear regression analysis. Results: 1Cs, of DCA was found to be equal
to 50.8 = 7.6 mM at the first day of incubation with LLC/R9 cells and decreased by 1.9 (p < 0.05) and 2.1 (p < 0.05) times at the
2 and 3" days, respectively. Despite the almost identical ICs, at the 2" and 3™ days, an increase in the incubation period of cells
with DCA for up to 3 days increased the C, parameter, which reflects the maximum concentration of the agent that does not exhibit
cytotoxic effects, by 93% (p < 0.05) compared to this at the 2" day (16.2 £ 1.4 mM »s 8.4 = 1.0 mM, correspondently). Unlike
DCA, the LLC/R9 cell population was not homogeneous by the sensitivity to the action of MTF; at least at the 3™ day, an appear-
ance of MTF-resistant subpopulation was observed, accounting for 35% of all cells. ICs, of MTF was equal to 12.1 + 0.6 mM, and
unlike DCA, this index progressively decreased at the 2" and 3 days by 1.4 (p < 0.05) and 9.3 times (p < 0.05) respectively. Action
of DCA at a concentration of 25 mM alone and in combination with MTF at the concentrations of 0.1 mM and 0.7 mM resulted
in an increase in cell migration by 65% (p < 0.05), 63% (p < 0.05) and 78.5% (p < 0.05), respectively. There was no significant
effect of MTF on the tumor cell migration. Conclusions: The sensitivity of the metastatic Lewis lung carcinoma cells to the action
of the modifiers of the energy metabolism increased significantly with an increase in the incubation period, apparently, primarily
due to the shortage of nutrient substrates and, in particular, glucose, indicating the relevance of their combined use as well as with
other agents, which promote the deficiency of glucose in the tumor microenvironment.
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Nowadays there is observed the rapid development MTF, a drug widely used to treat type Il diabetes,
of a new promising trend in the treatment of cancer  alsowas found to have a high anti-tumor activity [3-5].
patients, aimed on inhibiting the energy metabolism It is known that its antitumor activity is realized via
of malignant cells. This approachisbased ononeofthe ~ the inhibition complex | of electron transport chain
unique features of a malignant cell, namely the genera- ~ Of tumor cell mitochondria, decrease of insulin/
tion of ATP through glycolysis, even in the presence  insulin-like growth factor 1, and activation of AMPK-
of oxygen (the so-called Warburg effect). Various ener- ~ dependent [6-9] and AMPK-independent signaling
gy metabolizers such as 2-deoxy-D-glucose (2DG),  Pathways [10]. There are some studies, which de-
sodium dichloroacetate (DCA), metformin (MTF), and monstrate the ability of both agents affect tumor cell

so on are widely investigated as antitumor agents. migration [11, 12]. o .
Antitumor activity of DCA, a medicinal agent Tumor cell sensitivity to the action of DCAand MTF

that has been used for 30 years as a means for the may depend on the type of tumor cells, their microen-

L . . . vironment, etc. [11, 13—15]. The aim of this work was
treatment of metabolic disorders, in particular lactic . . . .
. . . L to investigate the time-dependent cytotoxicity of DCA
acidosis, has been confirmed in many studies in vitro

L . ) o and MTF against metastatic tumor cells and action
andinvivo [1, 2]. Such activity is realized due to ability

o i of these agents upon tumor cell migration. As an ex-
of DCA to inhibit the. pyrgvate dehydrogenase kinase perimental tumor model LLC/R9 cells, low metastatic
and to promote redirecting of pyruvate to the Krebs

] : : ) variant of Lewis lung carcinoma (LLC) was used.
cycle, and is accompanied by induction of apopto-

sis, increased production of active oxygen species, MATERIALS AND METHODS

decreased membrane potential of tumor cell mito- Cell culture. LLC/R9 cells obtained from the

chondria, etc. original LLC after 9 courses of cisplatin (cis-DDP)
in vivo were used [16]. Tumor cells were maintained

Submitted: August 09, 2018. in vitro in RPMI 1640 medium (Sigma-Aldrich, USA)

*Correspondence: E-mail: denkolesnik83@gmail.com with addition of fetal bovine serum (Sigma-Aldrich,

Abbreviations used: 2DG — 2-deoxy-D-glucose; DCA — sodium USA), 2mM L-glutamine and 40 mg/ml gentamicin

dichloroacetate; LLC — Lewis lung carcinoma; MTF — metformin. at 37 °C in a humidified atmosphere with 5% CO,.
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The cytotoxic/cytostatic action of DCA (Sigma-
Aldrich, USA) and MTF (Sigma-Aldrich, USA) was
assessed by ICs,index — the concentration of the
agent, which causes a 50% decrease in the number
of viable cells in relation to control due to its cytotoxic
and/or cytostatic action. The IC5, index was calculated
using an appropriate mathematical model.

LLC/R9 cells were inoculated into wells of a 96-
well plate at a density of 1.0+ 10* cells/well, incubated
overnight, then the medium was replaced by fresh
medium with addition of DCA or MTF and incubated
for 1, 2, and 3 days.

Each concentration of the agent was investigated
in triplets. The cells that were incubated under the
same conditions without the addition of test agents,
served as a control.

The number of viable cells was evaluated using
sulforhodamine B [17].

The dependence of LLC/R9 survival on DCA or MTF
concentrations was analyzed using exponential or lin-
ear models.

Within the exponential model, the number
of LLC/R9 viable cells as a function of the concentra-
tions of DCA or MTF (C) is represented by the following
formula:

N = No x exp(—(C-Co)/t) + N, (1)
where N is the number of viable LLC/R9 cells,
estimated using sulforhodamine B (% from control);
N, — the proportion of viable LLC/R9 cells without
the addition of agents; C,is the maximum concen-
tration of the agent that does not exert a cytotoxic
effect; t is the parameter that reflects the sensitivity
of LLC/R9 cells to the action of DCA (or MTF); Nris the
proportion of LLC/R9 cells that are insensitive to the
cytotoxic action of DCA or MTF.

Within the linear model, the number of living
LLC/R9 cells as a function of concentration of DCA
(or MTF) (C) is represented by the following formula:

N=N,+(C-Cy)/b, (2)

where N — number of living LLC/R9 cells (% from
control); N, — the proportion of living LLC/R9 cells
without the addition of agents; C,is the maximum
concentration of the agent that does not exert a cyto-
toxic effect; b is a parameter that reflects the sensitivity
of LLC/R9 cells to the cytotoxic action of DCA (or MTF).

The model parameters were estimated by the best
approximation of models to experimental data using
non-linear (or linear) regression analysis and Origin
v. 9.5.

The migration capacity of tumor cells was
evaluated using Boyden chambers. Cell suspension

(1.5+10%cellsin RPMI 1640 medium) containing agent
(0.1 0or 0.7 mM MTF, 10 or 25 mM DCA, and combina-
tions thereof) were added into the upper cup of Boyden
chambers (24-well, 8-um pore membrane; Merck
Millipore, USA). All concentrations of agents were
investigated in triplets. Cell suspension without agent
served as control. The lower chamber was supplied
with 600 ul of RPMI 1640 medium. After 72 h, cells
were fixed in formol, stained with hematoxylin, and the
number of cells that migrated through the membrane
to bottom surface of the cup, was subjected to mi-
croscopic analysis. Numbers of migrating cells were
counted in five random selected fields.

The statistical analysis of the data obtained was
conducted using descriptive methods, Student’s t-cri-
terion, nonlinear and linear regression analysis using
Microsoft Excel, Microcal Origin, and STATISTICA
software packages.

RESULTS AND DISCUSSION

The studies have shown that the cytostatic/cyto-
toxic activity of both MTF and DCA increased with the
extension of the incubation period. Thus, the study
of DCA has shown that with prolongation of the incuba-
tion period up to 2 days, the activity of DCA increased
significantly, which was manifested by a statistically
significant reduction of ICs, almost by 2 times as com-
pared to this index for 1-day incubation (p < 0.05,
Table 1).

Table 1. Model parameters of LLC/R9 cell viability as a function of DCA
concentrations

Model  Parameter Incubation time (days)
_parameters ___units 1 2 3
No % 104.7+71 106.9+9.0 105.6 £ 1.2
Co mM 9.5+1.1 8.4+1.0 16.2+1.4"%
t mM 50.8+7.6 27.0+6.0° 13.0+£0.3"*%
Nq % 0 0 0
1Cs mM 50.8+7.6 26.2+5.8 241 +1.0°

Note: "* vs 1- and 2-days incubation correspondently, significant at p < 0.05.

Attention was drawn to the fact that the dynamics
of the change in the number of living cells as a function
of the DCA concentration is well described by a one-
exponential mathematical model, regardless of the
time of incubation (Fig. 1, Table 1). This indicated the
homogeneity of the tumor cell population with respect
to the sensitivity to the cytotoxic action of DCA.

The study of cytotoxic/cytostatic activity of MTF
showed that with an increase in the incubation period
to 2 and 3 days, the activity of MTF also significantly
increased, which was manifested by a statistically sig-
nificant reduction of IC5, by 1.4 (p < 0.05)and 9.3 times
(p < 0.05), respectively, in comparison with this index
at 1-day incubation (Table 2).

Table 2. Model parameters of LLC/R9 viability as a function of MTF concentrations

Model parameters Type of fitting model Paruanr?t(;ter y Incubatlonztlme (days) 3

No Exponential % 92.0+1.7 70.9 +6.4%
Co model mM 0.2+0.1 0.2+0.1

t mM 12.4£0.9 0.93 £0.24*
Nq % 0 34.9+6.9%
N, Linear % 103.3+1.8

Co model mM 0.8+0.5

b mM —-0.23 £0.01
ICs mM 121+0.6 8.6+0.8 1.3+0.32"*%

Note: “*vs 1- and 2-days incubation correspondently, significant at p < 0.05.



Experimental Oncology 41, 14-19, 2019 (March)

120
i % & Experimental data
S 100 ¢ — Fitting curve
2 $
3 80 -
Y]
b
g 60 *
s
§ 40 3
2
1S
=3
Z 20
0 : . T : T T )
0 10 20 30 40 50 60 70
DCA concentration (mM)
120
& Experimental data
s 100 4 — Fitting curve
2
T 80
Q
K
€ 60
S
o
S 40 A
B
1S
S
Z 20 |
*
0 . T T T T T |
0 10 20 30 40 50 60 70
DCA concentration (mM)
©
120
g 1004 & Experimental data
0 — Fitting curve
T 80
Y]
s 60
>
S 40
2
g 20
S
2 0

0 10 20 30 40 50 60 70
DCA concentration (mM)

Fig. 1. LLC/R9 cell survival as a function of sodium DCA con-

centration in culture medium after 1 (a), 2 (b) and 3 (c) days

incubation. Symbol — experimental data; line — model ap-

proximation obtained from the best fit of mathematical model (1)
to experimental data

The dynamics of the change in the number of viable
cells as a function of the concentration of MTF is well
described by the linear function for the 1stday of incu-
bation and the exponential mathematical model in the
case of 2 and 3 days of incubation (Fig. 2, Table 2).

In contrast to DCA, under the influence of MTF for
3 days, the presence of a subpopulation of tumor cells
resistant to MTF was detected, although after 2 days
incubation, this subpopulation was not detected.
The fraction of the resistant subpopulation (N pa-
rameter) was 35% (Table 2). This evidenced that with
prolongation of contact time of tumor cells with MTF
simultaneously with a significant increase in sensitivity
of LLC/R9 cells to the action of the agent, there was
also the beginning of the selection of MTF-insensitive
tumor cells.

The action of both DCA and MTF on LLC/R9 cell
migration was evaluated in concentrations within the
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Fig. 2. LLC/R9 cell survival as a function of MTF concentration
in culture medium after 1 (a), 2 (b) and 3 (c) days incubation.
Symbol — experimental data; line — model approximation
obtained from the best fit of mathematical model (1) to experi-
mental data

non-cytotoxic values, providing 100% cell survival
(10 mM for DCA and 0.1 mM for MTF), and another one
close to ICs, , providing 50-60% cell survival (25 mM for
DCA and 0.7 mM for MTF).

According to the data obtained, action of DCA
resulted in an increase in LLC/R9 cell migration only
at a concentration close to ICs, (25 mM) as evidenced
by an increase in the number of cells on the bottom
side of the membrane by 65% (p < 0.05) compared
with that in the control (Fig. 3). Considering that action
of DCA in a concentration of 25 mM resulted in a re-
duction in the number of viable LLC/R9 cells by about
50%, its ability to stimulate the migration of these cells
is obviously even more pronounced. We have previ-
ously shown that LLC/R9 cells differ from the original
LLC by structural defects in mitochondria [18], which
may cause their dysfunction. The increase in the mo-
bility of LLC/R9 cells can be explained by the restora-
tion of the DCA functionality of their mitochondria,
as shown by Sanchez-Arago et al. [19].

Unlike DCA, MTF in studied concentrations did not
significantly affect the LLC/R9 cell migration. There
were no statistically significant differences in the num-
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Fig. 3. The effect of DCA in 10 mM (a), 25 mM (b) with MTF
on LLC/R9 cell migration in Boyden chambers after 3 days
incubation ("vs control, significant at p < 0.05)

ber of cells that migrated to the bottom surface when
exposed to MTF compared to control.

The effect of enhancement of the migration
ability of LLC/R9 cells under the combined action
of DCA and MTF, apparently, was due only to the ac-
tion of DCA. Thus, a statistically significant increase
(p < 0.05) in migration ability was recorded only after
incubation of tumor cells with DCA in a concentra-
tion of 25 mM. Moreover, the degree of effect was
the same as with DCA alone. Instead, DCA at a lower
concentration, 10 mM, in combination with MTF both
in the concentration of 0.1 mM and 0.7 mM, did not
significantly affect the migration of these cells.

So, at the 3 day of in vitro incubation, when the
sensitivity of cells to its action was the highest, DCA
in a concentration close to ICs led to the stimulation
of the cell migration ability. This stimulation, appar-
ently, was associated with the activation of oxidative
phosphorylation due to the action of DCA, which
is known to activate pyruvate dehydrogenase, a key
switch of cell energy from the glycolysis to mitochon-
drial respiration. This is consistent with the data [20],
where it has been shown in a model of breast cancer
cells that the activation of the mitochondrial biogen-

esis and mitochondrial respiration, mediated by the
transcriptional co-activator PGC1a, correlated with
the migration potential of tumor cells.

Interestingly, despite the ability of DCA to stimulate
the migration capacity of LLC/R9 cells, we previously
demonstrated its high antimetastatic activity, which
was manifested by a significant reduction in both the
number of metastases and the volume of pulmonary
metastases in mice transplanted with LLC/R9 [21]. This
can be explained by the fact thatin conditions of in vivo
metastatic activity of a malignanttumor is determined
not only by the migration capacity of tumor cells, but
also by their ability to overcome all the numerous
stages of the metastatic process. One of the early
stages is the loss of contact between tumor cells and
the extracellular matrix and the circulation of cells
in the general blood stream, which leads to the de-
velopment of oxidative stress and cell death [22, 23].
The use of antioxidants helps cells to adapt and leads
to an increase in the number of metastases, while
inhibition of such adaptation processes, on the con-
trary, reduces the amount of metastases. From these
positions, the ability of DCA to enhance the produc-
tion of reactive oxygen species by tumor cells [24, 25]
may be involved in its anti-metastatic effect in relation
to LLC/R9 in vivo [21].

Enhancement of cytotoxic/cytostatic activity
of DCA and MTF with increasing incubation period
is, in our opinion, due to changes in the tumor micro-
environment — that is, changes in the composition
of the nutrient medium during the incubation of tumor
cells. Modulators of energy metabolism of tumor cells,
which include DCA, and MTF, significantly affect the
activity of enzymes and, accordingly, can affect the
whole metabolic pathways of the cell, due to which
their antitumor effect is manifested. The activity
of some biochemical cycles and metabolic pathways
is significantly dependent on the microenvironment
of the tumor cell, including the presence of energy
and plastic substrates, since the tumor cell adapts
to external conditions to ensure its main goal — pro-
liferation, as well as survival, migration and invasion.
The tumor microenvironment also determines the
possibility of survival of the malignant cell under ad-
verse conditions. That is why the cytostatic/cytotoxic
activity of agents whose target is the energy metabo-
lism of tumor cells, should be significantly dependent
on the conditions of the tumor microenvironment, and
sometimes completely determined by it.

On Fig. 4 there is shown the growth kinetics
of LLC/R9 cells under the conditions of their 3 day-long
incubation. The exponential phase of cell growth was
observed only during the first 2 days of incubation,
and then there was a slowdown in the rate of cell pro-
liferation. This is a classic picture of the growth curve
of tumor cells, and slowdown in the growth of the cell
population occurs due to the exhaustion of the me-
dium on nutrients (glucose, amino acids, etc.) and the
accumulation of products of vital activity of cells (de-
velopment of lactic acidosis, etc.) [26]. For example,
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Fig. 4. LLC/R9 cell growth kinetics

in the study of kinetics of cell growth of the parental
LLC cells under the condition of “unfed culture” it was
found that after 48 h of cell growth the 2-fold reduction
of glucose concentration in the medium was observed,
and complete depletion of glucose in the medium oc-
curred in 96 h [26]. Simultaneously, the pH dropped
toalevel of 6.7 £0.014 along with rapid increase in the
concentration of lactate almost by 6 times.

The nature of the changes in the cell culture medium
in the case of LLC/R9 cell growth under conditions
of “unfed culture” was similar (data not provided) —
a double reduction in glucose was observed in 48 h,
glucose depletion in 80 h of growth, the decrease
of pH to 6.6 = 0.02 and a drastic increase of lactate
content.

The most stressful factor for tumor cells is the lack
of glucose in the microenvironment. That is why we be-
lieve that increase of the sensitivity of LLC/R9 cells
to DCA with prolongation of the incubation period
is mainly due to glucose deficiency. Our arguments
are confirmed by the data on the synergistic action
of DCA in combination with 2DG on MOLT4, MCF7 and
HCN116 cell lines [27]. Since 2DG is a structural ana-
logue of glucose, which can not completely be me-
tabolized, its effect is almost completely analogous
to glucose deficiency and inhibition of glycolysis and
pentose-phosphate pathway, which play a crucial role
in maintaining the proliferation of tumor cells [28].
Probably, the ability of DCA to exhibit a significant
inhibitory effect on the pentose-phosphate pathway
is one of the mechanisms of its cytotoxic action toward
LLC/R9 cells.

It is interesting to analyze some of the effects re-
vealed during mathematical modeling of LLC/R9 cell

survival dependence on DCA concentration. Itis evident
that an extension of the incubation period up to three
days resulted in a statistically significant increase
in the value of the C,parameter by 93% compared
with such at 2-day incubation, indicating a decrease
in the effectiveness of the cytostatic/cytotoxic action.
However, ICs, value did not differ statistically from
this index in a case of 2-day incubation. This effect
was manifested by a more dramatic reduction in the
survival of tumor cells under the influence of concen-
trations of DCA higher than C,, in conditions of 3-day
incubation (Fig. 1), and hence, the greater sensitivity
of these cells to DCA under such conditions. It is pos-
sible to estimate approximately this effect by using
the “IC5,—C,” index, which will reflect the actual sen-
sitivity of LLC/R9 cells to the action of DCA. The value
of the “IC5,—C,” index for 2 days of incubation was
17.8 = 3.94 mM, and for the 3 days of incubation was
7.9+0.68 mM; so, the changes in the tumor microen-
vironment that occurred as a result of cell incubation
for 3 days, potentiated the activity of DCA in relation
to LLC/R9 cells more than 2 times (p < 0.05).

The elevation of MTF activityinrelationto LLC/R9 cells
along with increasing incubation time was probably also
duetoasharp decrease in glucose concentration, which
prevent adaptation of tumor cells to the inhibition of the
electron transport chain of mitochondria by MTF via
compensatory activation of glycolysis [29-32]. For ex-
ample, it is known that 2DG enhances the cytotoxic ef-
fect of MTF in relation to the LNCaP prostate cancer cell
line [29], while glucose deficiency also leads to a signifi-
cant increase in the cytotoxic activity of MTF in relation
to cell lines of the thyroid cancer FTC133 and BCPAP
[80], breast cancer MCF7, MDA-MB-231, SKBR3 and
MDA-MB-468 and ovarian cancer OVCAR3 and
PA-1 [31, 32]. Such enhancement of activity of both
DCA and MTF at the background of glucose deficiency
indicated a possibility of a significant increase in their
antitumor effect under conditions of their combined
use with the simultaneous creation of severe glucose
deficiency in tumor microenvironment.

In conclusion, the results of this study showed
that the sensitivity of LLC cells to the action of the
modulators of the energy metabolism DCA and MTF
increased significantly with the extension of the incu-
bation period, apparently, first of all, due to a short-
age of nutrient substrates and in particular glucose,
indicating relevance of their combined use or their
use in combination with other agents thatincrease the
glucose deficiency in the tumor microenvironment.
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