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Abstract

Cancer cells bioenergetics is more dependent on glycolysis than mitochondrial oxidative
phosphorylation, a phenomenon known as the Warburg Effect. It has been proposed that inhibition
of glycolysis may selectively affect cancer cells. However, the effects of glycolysis inhibition

on mitochondrial function and structure in cancer cells are not completely understood. Here,

we investigated the comparative effects of 2-deoxy-p-glucose (2-DG, a glucose analogue, which
suppresses cellular glycolysis) on cellular bioenergetics in human colon cancer DLD-1 cells,
smooth muscle cells, human umbilical vein endothelial cells and HL-1 cardiomyocytes. In all
cells, 2-DG treatment resulted in significant ATP depletion, however, the cell viability remained
unchanged. Also, we did not observe the synergistic effects of 2-DG with anticancer drugs
doxorubicin and 5-fluorouracil. Instead, after 2-DG treatment and ATP depletion, mitochondrial
respiration and membrane potential were significantly enhanced and mitochondrial morphology
changed in the direction of more network organization. Analysis of protein expression
demonstrated that 2-DG treatment induced an activation of AMPK (elevated pAMPK/AMPK
ratio), increased mitochondrial fusion (mitofusins 1 and 2) and decreased fission (Drp1) proteins.
In conclusion, this study suggests a strong link between respiratory function and structural
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organization of mitochondria in the cell. We propose that the functionality of the mitochondrial
network is enhanced compared to disconnected mitochondria.
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1. Introduction

Adenosine triphosphate (ATP), which provides the energy for the maintenance of vital
functions of the cell, is formed through the two tightly regulated processes, glycolysis and
mitochondrial oxidative phosphorylation (OXPHOS). However, the crosstalk between these
processes has not yet been completely understood and requires further studies. Particularly,
little is known about what triggers the shift between glycolysis and OXPHQOS. Mitochondrial
bioenergetics is a more efficient metabolic process for ATP synthesis in comparison to
glycolysis. In oxidative and high energy-consuming cells and tissues (cardiomyocytes,
soleus muscles, etc.) cellular energy metabolism relies on the mitochondrial OXPHOS. In
contrast, cancer cells use glycolysis as a main source of ATP (known as the Warburg effect
[1,2]), especially, under hypoxic conditions, although mitochondria also were found to be
involved in carcinogenesis. Hence, a potential role of mitochondria in cancer bioenergetics
had received renewed interest [3-5]. OXPHOS has been shown to be upregulated in several
cancer cell types, suggesting the mitochondria as a target for cancer therapy [6-10].

The key enzyme catalyzing the first step of the glycolytic pathway, hexokinase is highly
expressed in malignant cells compared to normal cells [11,12] underlying the necessity

of high glycolytic metabolism for the maintenance of sufficient ATP levels in cancer

cells. The high dependence of cancers on glycolysis indicates a rationale for anti-tumor
therapy by targeting glycolysis. Accordingly, several studies proposed that inhibition of
glycolysis by various inhibitors such as 2-deoxy-p-glucose (2-DG), which inhibits the first
step in the glycolysis (hexokinase), as well as jasmonates, 3-bromo-pyruvate (3-BrPA) and
6-aminonicotinamide (6-AN, an inhibitor of G-6-PD) can selectively affect cancer cells

by the depletion of cellular ATP [13-16]. The possible effects of glycolysis inhibitors on
mitochondrial function and structure have not yet been sufficiently investigated. On the
other hand, several studies suggested that OXPHQOS can also be upregulated in cancer cells
(reverse Warburg effect) [6-8], and targeting mitochondria through inhibition of OXPHOS
may have therapeutic potential for cancer treatment [6,9]. Therefore, understanding the
crosstalk mechanisms between glycolysis and OXPHOS [17] can be helpful for the
development of new anticancer agents that could target mitochondria and glycolysis with
high selectivity. In addition, targeting glycolysis suggested against the chemoresistance of
cancer cells to various anticancer drugs [15,16,18]. Mitochondrial dysfunction has been
proposed to play a role in the development of chemoresistance in cancer [16].

This study attempts to simultaneously elucidate the structural and functional changes that
occur in mitochondria of different cell types in response to 2-DG treatment that causes ATP
depletion [19]. Results demonstrate that mitochondrial respiration and membrane potential
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are remarkably improved by the 2-DG treatment specifically in cancer DLD-1 cells. The
improved mitochondrial function was concurrent with significant changes in mitochondrial
network (fusion-fission machinery), and AMPK activation.

2. Materials and methods

2.1. Cells

Human colon carcinoma DLD-1 cells, smooth muscle cells (SMC), human umbilical vein
endothelial cells (HUVEC), and HL-1 cardiomyocytes were used in this study, but in
respirometry and imaging studies we were more focused on cancer DLD-1 cells. DLD-1
cells were routinely cultured in RPMI-1640 growth medium supplemented with antibiotics,
glutamine, and 10% FCS. SMC were grown using Medium 231 (“Sigma”) + SMGs,
HUVEC using EGM-2 medium (“Lonza”) supplemented with 10% FCS. HL-1 cells with
cardiac phenotype were grown in fibronectin—gelatine coated flasks containing Claycomb
medium [20] supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 100 pug/ml
streptomycin, 2 mM L-glutamine and 0.1 mM norepinephrine. Cells were cultured at 37

°C and 5% CO». Cells were then detached with trypsin, washed, re-suspended in the
growth medium (1-2 x 106 cells/ml), and used for further analysis. In confocal imaging
experiments, control cells (20-50 x 103 cells/ml), or cells incubated with 16 mM 2-DG
using LAB-TEK® chambered microscopic cover-glasses (“Nalge Nunc International”,
Naperville, USA). Usually, new cultures were re-established from frozen stocks every three
months. Once a month routine tests were conducted to confirm that cells were free of
mycoplasm (Mycoplasm Detection kit, Stratagene, Amsterdam, Netherlands). All chemical
reagents were purchased from “Sigma” (Vienna, Austria).

2.2. Cell size, count and viability

Casy®-1 Cell Counter and Analyzer System model TT (Schérfe System, Reutlingen,
Germany) were used to measure cell size profiles (cell count versus cell size), maximal and
mean values of cell diameters and volumes, as well as cell viability. For this purpose, 100
ul of cell suspension was added to 10 ml of measuring buffer. In addition, a routine Trypan
Blue (0.05%) test was used to count viable and non-viable cells. Trypan Blue exclusion of
suspended control cells was >95%. After 48 h of incubation with 2-DG, the percentage of
all Trypan Blue excluding cells was not decreased as compared with controls. Similarly,
the percentage of unstained cells in suspension was not different from controls after 2-DG
treatment.

2.3. Cellular ATP determination in various cell lines

Cellular ATP content was measured in control cells and after 2-DG treatment, using
the luciferin-luciferase system (bioluminescent cell assay kit, “Sigma™) and multiplate
luminometer. ATP was extracted from cells after protein precipitation using 0.5 M perchloric
acid and subsequent neutralization with 1 M KCO3 and 100 mM HEPES, following
centrifugation at 10,000 g for 5 min to remove precipitates. The ATP calibration curve
(0-1.5 uM) was used for the final analysis.

Biochim Biophys Acta Bioenerg. Author manuscript; available in PMC 2022 April 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kuznetsov et al. Page 4

2.4. Determination of the mitochondrial respiratory function

Oxygen consumption of the cells (usually 1-3 x 106 cells/ml) was measured by high
resolution respirometry [21] using a titration-injection respirometer (Oroboros® Oxygraph,
Innsbruck, Austria) in the growth medium RPMI-1640 (for DLD-1 cells), or Claucomb

(for HL-1 cells) before and after addition of the mitochondrial uncoupler FCCP (2-4 pM)
at 37 °C, assuming an O solubility of 10.5 pmol*L-1*kPa-1 (1.4 umol*L-1*mmHg-1).
DatlL ab software (Oroboros, Innsbruck, Austria) was used for data acquisition and analysis.
Respiration rates were expressed in pmol of O, per second, per 106 cells. Both basal
(endogenous) and uncoupled respiration rates were linearly dependent on the cell density in
arange of 0.1-6.0 x 106 cells/ml. Also, mitochondria-specific inhibitors blocked respiration
confirming that oxygen consumption was due to the mitochondrial respiratory chain.

2.5. Enzymatic analysis

The activity of citrate synthase, which is localized in the mitochondrial matrix, was analyzed
as a marker for mitochondria in cell lysates that were frozen in liquid nitrogen and stored

at —80 °C. The activity of the enzyme was determined spectrophotometrically at 30 °C by
measuring coenzyme A formation at 412 nm in medium supplemented with 0.1% Triton
X-100.

2.6. Flow cytometry flow analysis

Flow cytometry of control cells and after treatment with 2-DG (20 mM) was used for

the analysis of the changes in A¥, in the cells loaded with TMRM (0.1 uM), as A¥m-
sensitive fluorescent indicator (see also confocal microscopy part below), applying the
Becton Dickinson Cytometry System and CellQuest software. For each analysis, 20,000—
30,000 gated events were collected.

2.7. Confocal fluorescent imaging of mitochondria

Mitochondrial distribution, morphology and structural arrangement were analyzed by
confocal microscopy as described previously [22—25]. Briefly, cells were plated in Lab-Tek
chambered coverglass (Nalge Nunc, Rochester, NY) with chamber volumes of 0.3 ml (~50 x
103 cells per chamber). In order to analyze the intracellular mitochondrial arrangement and
changes in mitochondrial morphology, distribution, and AY ,, after 2-DG treatment, cells
were incubated for 30 min at room temperature in serum-free culture medium containing
50-100 nM tetramethylrhodamine methyl ester (TMRM, “Sigma”). TMRM is a lipophilic,
cell-permeable, cationic, nontoxic, fluorescent dye that specifically stains live mitochondria.
TMRM is accumulated specifically in mitochondria depending on their A¥Ym. TMRM
fluorescence was excited with a 543-nm helium-neon laser, at a laser output power of 1 mW.
The signal was redirected to a 560-nm long-pass filter and collected in a pinhole (one Airy
disk unit). In separate series of experiments, cells were loaded also with another established
mitochondrial specific probe MitoTracker® Green FM (0.2 uM, 45 min, Molecular Probes).
Mitochondria staining in live cells were acquired with a microlens-enhanced Nipkow disk-
based confocal system UltraVIEW RS (Perkin Elmer, Wellesley MA, USA) mounted on an
Olympus 1X-70 inverse microscope (Olympus, Nagano, Japan) with a 40 x water immersion
LUMPIanFI/IR objective (NA 0.8). Image acquisition, restoration, and analysis were done
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with the UltraVIEW RS software. TMRM fluorescence was colocalized with mitochondrial
flavoproteins, integral components of the mitochondrial inner membrane. Notably, both
TMRM and Mitotracker Green at concentrations used in this study had no effect on cell
dynamics and viability over a long time.

2.8. Western blot analysis

DLD-1 cells were homogenized on ice in NP-40 lysis buffer [50 mM Tris-HCI (pH 8.0),
150 mM NaCl, 0.02% Na-Azide, 0.1% SDS, 1.0% NP-40, 0.5% Na-deoxycholate, 10 mM
Na-orthophosphate, 25 mM glycero-2-phosphate, 25 mM NaF, supplemented with 1 mM
PMSF, 0.2 mM Na-orthovanadate and proteinase inhibitor cocktail (Calbiochem)]. Insoluble
material was removed by centrifugation at 4 °C and protein concentration was determined

in the supernatant using the BCA-Assay (Pierce) with bovine serum albumin as standard.
Blotting was performed at 400 mA for 60 min at 4 °C. The membrane was blocked for 1

h in TBS supplemented with 0.05% Tween 20 (vol/vol) and 5% (wt/vol) nonfat dry milk
(Company). Incubation with the primary antibody (“Abcam”) against appropriate proteins,
diluted in TBS supplemented with 0.05% Tween 20 (vol/vol) and 5% (wt/vol) dry milk
powder was carried out either at room temperature or overnight at 4 °C. After three washes
(10 min each) with TBS containing 0.05% Tween 20 (wt/vol), the blot was incubated with
the anti-rabbit horseradish peroxidase-linked secondary antibody (“Abcam”) diluted 1:3000
in TBS supplemented with 0.05% Tween 20 (vol/vol) and 1.6% (wt/vol) dry milk powder
for 45 min at room temperature. Following three washes the bands were visualized using the
enhanced chemiluminescence detection system (ECL, Amersham).

2.9. Statistical analysis

Data were analyzed using #test. All data are presented as means + SD. P< 0.05 was
considered statistically significant.

3. Results

3.1. Cellular ATP depletion by 2-DG

The initial metabolic step in glycolysis and glycolytic cellular ATP production is the
hexokinase with the transformation of glucose to glucose-6-phosphate. A non-metabolizable
glucose analogue, 2-DG suppresses glycolysis, leading to the depletion of cellular ATP. In
our study, incubation with 2-DG significantly reduced ATP levels in various cells.

As shown in Figs. 1, 2-DG treatment during 48 h or 72 h decreased the level of cellular
ATP to 30-60% of control in all cells including human carcinoma DLD-1 cells, HL-1 cells
derived from mouse atrial cardiomyocytes (HL-1 cells [20] apparently are more dependent
on glycolytic energy production), human umbilical vein endothelial cells (HUVEC), and
smooth muscle cells (SMC). It was found that 2-DG at a concentration of 16 mM is optimal
for the maximum effect. ATP depletion was more pronounced in DLD-1 cells (to 32% of
controls) as compared with HL-1 (48%), SMC (52%), and HUVEC (59%). This may reflect
higher sensitivity of cancer cells to inhibition of glycolysis in comparison with non-cancer
cells (due to the Warburg effect). In SMC, 72-h treatment with 2-DG resulted in equal ATP
depletion as compared with 48 h. 2-DG it was even less effective in HL-1 cells. However,
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72-h treatment produced a less pronounced effect compared with 48-h treatment in DLD-1
and HUVEC cells. This may be associated with high adaptive activities of mitochondria
(see mitochondrial respiration section) and therefore, it could be more ATP generation

due to OXPHOS and, as a result, higher ATP cellular levels in these cells after sustained
incubation.

3.2. Cell sizelviability

No changes in the DLD-1 colon carcinoma cell viability have been detected after 2-DG
treatment (95-99% of control), despite glycolysis inhibition and significant ATP depletion
(Fig. 1). Similarly, no changes in cell viability have been detected applying other glycolysis
inhibitors (48 h incubation) such as brome-pyruvate (10-20 uM) or jasmonate (50 uM). Cell
size profiles (cell count versus cell size) analyzed by the Casy® Cell Counter and Analyzer
System showed no changes in cell viability and cell size distribution after 48 h incubation
with 16 mM 2-DG. The cell diameter was 17.2 £ 0.9 pm and 17.1 £ 0.2 ym in control and
2-DG-treated DLD-1 cells, respectively. Similarly, no effects of 48 h of incubation with the
2-DG on cell size have been detected in HL-1 cells, HUVEC, and SMC (data not shown).

In addition, cell damage was qualitatively estimated by a routine Trypan Blue staining test
to count viable and non-viable cells (99 £ 2% of control). No changes in cell size have

been observed also after incubation with other glycolysis inhibitor jasmonate. Furthermore,
in DLD-1 cells, 2-DG treatment (16 mM) in combination with doxorubicin (DOX, 10 pg/ml)
had no additional effects on the cell size and cell viability. Cell diameter was 17.1 + 0.8 pm
(viability 97-99%) for control, 17.5 £ 0.5 um (viability 46 + 4%) for DOX-treated cells, and
16.9 £ 0.5 pm (viability 48 3%) for cells treated simultaneously with DOX and 2-DG.

3.3. Cell respiration

Changes in mitochondrial function were measured in cultured cells (mostly DLD-1 cancer
cells) by the high-resolution respirometer (oxygraph). The most interesting and unexpected
results were obtained from the analysis of the 2-DG effects on the mitochondrial respiration;
inhibition of glycolysis and ATP depletion (energy stress) were accompanied by a significant
(~2 fold) increase in the mitochondrial respiratory activity. Stimulation of the mitochondrial
respiration by 2-DG was concentration-dependent.

Fig. 2 shows representative experiments, demonstrating also significantly higher endogenous
and uncoupled (FCCP-stimulated) mitochondrial respiration in DLD-1 cells after incubation
of DLD-1 cells with 2-DG (48 h, 16 mM).

Fig. 3 demonstrates the concentration dependence of the 2-DG effect (48 h incubation) on
the mitochondrial endogenous and uncoupled (FCCP) respiration. The uncoupling control
ratio (UCR) was ~4.3-4.5. In each separated experiment, a specific FCCP titration protocol
was applied for the assessment of the optimal FCCP concentration. Importantly, endogenous
and uncoupled respirations were linearly dependent on the cell density in a range of 0.2—-6.0
x 106 cells/ml.
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3.4. Changes in mitochondrial membrane potential

Fluorescence flow cytometry analysis was applied to the estimation of changes in AY,,
using AY -sensitive fluorescent probe TMRM (50 nM). As a negative control, in each
measurement, we used uncoupling of mitochondria by 4 uM FCCP and 10 pM antimycin A
that led to the complete collapse of AY .

We found a significant increase in averaged TMRM fluorescence signal in DLD-1, SMC,
and HL-1 cells after incubation with 16 mM 2-DG for 48 h (Fig. 4). Interestingly, among all
cells used in the study, no effect of 2-DG on the AY¥,, has been observed only in HUVEC.
Results showed that 2-DG treatment resulted in a significant shift of the fluorescence
intensity distribution peak, pointing to the increase in the AY, (Fig. 4). Notably, selective
cellular (not mitochondrial [26]) membrane permeabilization by digitonin (50 pg/ml) had no
effect on the measured TMRM fluorescence signal. In some cases, two cell subpopulations
with normal and elevated TMRM fluorescence cell count/distribution could be seen after
2-DG treatment. The significant increase of fluorescence signals after 2-DG treatment as an
indicator of elevated AY\, can be interconnected with activated mitochondrial respiratory
function. In addition, we observed no effects of the AMPK activator, AICAR (1 mM) on the
AY .

3.5. Citrate synthase activity

Assessment of the activity of the mitochondrial matrix enzyme citrate synthase is frequently
used as a mitochondrial marker and an indicator of mitochondrial mass/amount, due to

its rather stable activity. In all cell lines, no effect of 2-DG treatment (16 mM, 48

h of incubation) on citrate synthase activity has been found, indicating no changes in
mitochondrial mass/quantity (Table 1).

3.6. Mitochondrial morphology/organization

To analyze intracellular mitochondrial morphology/arrangement and their changes in

energy stress and ATP depletion after 2-DG treatment, fluorescent confocal imaging of
mitochondria has been used. Cell and mitochondria were preloaded with specific fluorescent
mitochondrial probes, TMRM (red, 0.1 pM, 30 min) and MitoTracker Green (green, 0.2 UM,
45 min). Mitochondria in merge images (TMRM/Mito-Tracker) can be seen in yellow color

(Fig. 5).

The Fig. 5A shows the remarkable differences in mitochondrial structure and organization
in DLD-1 cells that result from incubation with 2-DG (48 h, 16 mM). It can be clearly

seen the appearance of the more mitochondrial network, as compared with more separated
mitochondria in the control cells. In contrast, no effects of 2-DG on mitochondrial structure
were found in HL-1, HUVEC, and SMC cells (Fig. 5B-D). (These cells had mitochondrial
networks already in the controls).

3.7. Mitochondrial fusion-fission proteins and AMPK

For elucidation of the potential role of mitochondrial fusion-fission proteins, and AMPK in
respiration and structural organization of mitochondria in response to 2-DG treatment, we
determined the expression of these proteins. As shown in Fig. 6, 2-DG treatment increased
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protein levels of the fusion proteins, mitofusin 1 (Mfnl1) and 2 (Mfn2) but decreased the
fission protein, Drpl in DLD-1 cells. However, these effects were not observed in HUVEC
and SMC, thus, demonstrating a difference (different response to 2-DG) between normal
and cancer cells (data not shown). Analysis of AMPK, which is tightly involved in cellular
bioenergetics as a cellular energy sensor, demonstrated negligible changes (statistically no
significant) in the p-AMPK to total AMPK ratio after 48 h of incubation with 16 mM 2-DG.

However, a remarkable activation of AMPK has been seen after 72 h as evidenced by
increased p-AMPK levels (Fig. 7). Interestingly, we observed no effects of the AMPK
activator AICAR at 1 mM after incubation for 60 min (suppl. Fig. 1). Also, we were

not able to observe any noticeable effects of AICAR on the endogenous, FCCP and 2-DG-
stimulated mitochondrial respiration as well as the mitochondrial structure/organization
(data not shown).

4. Discussion

The balance between glycolysis and mitochondrial OXPHOS in cells depends on the
conditions (stimuli) [17] and can be strongly variable depending on the tissue/cell type.

For example, inhibition of OXPHOS during hypoxia or ischemia leads to the remarkable
activation of glycolysis [27,28]. Similarly, it has been suggested that inhibition of glycolysis
activates mitochondrial function [29,30]. Cancer cells are mostly glycolytic with less
participation of OXPHQOS in energy metabolism, however, many studies revealed that
mitochondria also participate in ATP supply during tumorigenesis [29,30]. Comparative
analysis in tumor and normal cells generally demonstrates a decrease in mitochondrial
OXPHOQOS capacity. However, the mechanism of crosstalk between glycolysis and OXPHOS
in cancer cells remain unclear. Recent studies suggested that inhibition of glycolysis can
specifically abolish cancer cells, and that the different responses of cancer cells and normal
cells to ATP deprivation and energy stress may be useful for the development of new cancer
therapy strategies [15,16]. Moreover, it has been proposed that this approach may help to
overcome the phenomenon of chemoresistance and may, therefore, provide a promising
biochemical basis for better therapy [6,16,31,32]. So, in order to test these hypotheses, we
used 2-DG treatment and consequent ATP depletion in different cancer and normal cell
lines. Despite significant ATP depletion, we observed no effect of 2-DG on the cell viability
and size in all cells involved in our study. Likewise, inhibition of glycolysis by 2-DG,

in combination with the anticancer drugs doxorubicin or 5-fluorouracil had no additional
effects on the cell viability (“Results”). These observations are not consistent with the
suggestions that inhibition glycolysis is useful for overcoming the chemoresistance.

We sought to elucidate the ability of glycolysis inhibition to increase OXPHOS

via adaptation and remodeling of mitochondria. We found a significant elevation of
mitochondrial respiratory function in DLD-1 cancer cells (Figs. 2, 3) at rather constant
mitochondrial mass/amount as evidenced by the activity of citrate synthase (Table 1). This
effect could be explained, at least in part, by activation of mitochondrial respiratory chain
complexes. In addition, elevated respiratory capacity was accompanied by the increase in
AY ., assessed by the flow cytometry technique. These data suggest that in response to
cellular energy requirements, the activation of mitochondrial bioenergetics may compensate
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ATP depletion induced by suppression of glycolysis [29]. Moreover, glucose deprivation

in cancer cells, as well as hypoxia and 2-DG-induced stress and cytotoxicity may change
cellular metabolism [16]. It has been shown that 2-DG may change the effector functions of
various cells (e.g. human T cells [33]).

It has been shown that a reduction in the lactate dehydrogenase A (LDH-A) activity may
also result in stimulation of mitochondrial respiratory function with a simultaneous decrease
of mitochondrial A¥,, (Valeria R. Fantin, 2006 [34]). Although glycolysis inhibition by
2-DG (ATP depletion, Fig. 1) and elevated respiration at reduced LDH-A activity might
have different mechanisms/effects on mitochondrial bioenergetics and function. However, in
contrast, we observed increased AY ,, (see Results).

Through fission and fusion, mitochondrial morphology can change from small spheres

or short rods to long tubules forming large network-like structures within the same cell.

It is now generally accepted that high mitochondrial function can be achieved through
the balance between processes of fusion and fission of these organelles. Moreover,
mitochondrial quality control in the cell is realized by selective elimination of damaged
or defective mitochondria through autophagy (mitophagy) (reviewed in O. Shirihai, 2013
[35-38] and B. Westermann 2012 [39,40]). The mitochondrial quality control is achieved
by the dynamic interplay between fission-fusion, selective mitophagy and mitochondrial
biogenesis which might be controlled by AY . It has been suggested that the changes in
mitochondrial structure/organization (remodeling) are involved in the mechanism of their
adaptation to metabolic demands. This provides a link between mitochondrial dynamics
and the balance of energy demand/supply, thus, regulating bioenergetic efficiency and
mitochondrial OXPHQOS capacity (Shirihai, 2008, 2013 [35-37]). Therefore, numerous
studies suggest the existence of a relationship between mitochondrial biogenesis, function
and structure/morphology, and cellular arrangement in various cells (muscles, beta cells,
human fibroblasts, COS-7, etc.) (reviewed in M. Liesa, O. Shirihai; M. Picard, O. Shirihai
[35,36], and G. Benard 2007, 2008 [41,42]). In response to cellular and environmental
stresses, mitochondria undergo morphology transitions regulated by fusion and fission.
These events of mitochondrial dynamics are central regulators of cellular activity, but the
mechanisms linking mitochondrial shape to cell function remain unclear. Mitochondrial
dynamics precisely adjust the main functions of mitochondria, including signaling under
conditions of metabolic changes [35,36].

Analysis of the effects of energy substrates on mitochondrial function, morphology and
structure, and their ability to regulate the balance of the glycolysis and OXPHOS was
assessed in human cancer cell line (HeLa) to clarify whether all these changes can be
reversible (Rossignol R. 2004 [43]). These studies demonstrated a complex and joint
response of mitochondria to substrates availability. Likewise, the activation of mitochondrial
respiration due to a change in the glycolytic ATP availability shown in our study was
concomitant with structural alterations in the direction of the more mitochondrial network
in DLD-1 cells (Fig. 5). These observations indicate that there is a strong link between
the mitochondrial organization and mitochondrial respiratory activity, suggesting a shift
in the balance between fusion and fission toward enhanced mitochondrial fusion (Fig.
5A). It is well known that the two Fzo homologs proteins, Mfnl and Mfn2 participate
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in the mitochondrial fusion machinery [44-48]. To further investigate the effects of
structural mitochondrial changes under energy stress and ATP depletion, we analyzed

the expression of Mfnl and Mfn2, together with the analysis of Drp1, a fission protein
[49,50]. We found that 2-DG treatment induced a significant upregulation of Mfnl and
Mfn2, concomitant with down-regulation of Drpl (Fig. 6A, B). These results are in full
accordance with previous oxygen-glucose deprivation experiments [28], with findings from
survivin-overexpressing cells [51], as well as with our imaging results (Fig. 5). Moreover,
previous studies showed that Drpl knockout in pancreatic cancer cells diminishes energy
status and mitochondrial activity [50]. Interestingly, no effects (or slightly opposite effects)
of 2-DG treatment on the expression of fusion-fission proteins (Mfn1, Mfn2, and Drp1) or
activation of AMPK were found in the non-cancer cell lines, HUVEC, and SMS. These
data indicate significant differences between cancer and normal cells. Based on these
findings, we can suggest that the mitochondrial network in cancer cells can functionally

be more active than that in separated mitochondria. These observations could be in

line with the suggestion that mitochondrial fusion is predominantly essential in cells of
high respiratory activities [39]. This permits the distribution of several metabolic and
mitochondrial components in the mitochondrial networks for the optimization of their
tasks, working also against accumulation of mutations [39,40]. Moreover, mitochondrial
fragmentation (fission) has been shown to be an early sign of apoptosis [35,52,53], with
possible decline also in the functional activity of mitochondria. Although this point was
not sufficiently studied, cytochrome ¢ depleted mitochondria would be certainly less active
[21] and, on the other hand, cytochrome crelease is well known as an important factor in
the apoptosis activation and can be elevated during fission. Mitochondria in Mfn1-deficient
cells have been shown to lose their AY ,,, while the fusion of mitochondria appears to
permit cooperation between separated mitochondria and, in that way, defend the organelles
from their dysfunction [44]. Correspondingly, several Mfn2 ablation experiments have
demonstrated a mitochondrial dysfunction, oxidative stress, as well as repression of nuclear-
encoded subunits of respiratory chain complexes [54-56]. Our study is the first analysis of
the changes that occur in the structure/organization and the main functional properties of
mitochondria during 2-DG treatment, causing energy stress and glycolytic ATP depletion.

In addition, our results show that AMPK (a critically important cellular energy sensor
[57-59]), has been activated after 72 h of 2-DG treatment (Fig. 7) with the appearance

of increased p-AMPK/AMPK ratio associated with increased levels of p-AMPK. However,
AICAR, AMPK activator, which is converted into 5-Aminoimidazole-4-carboxamide-1-b-D-
Ribofuranosyl-monophosphate (ZMP), the direct allosteric activator of phospho-transferase
activity [60] had no effects neither on respiration nor structure of mitochondria. Notably,
the effects of AICAR have been suggested to be more apparent in primary cells than

in rapidly proliferating cells, including cancer cells [61]. Therefore, the effects of direct
AMPK activators such as A-769662, which, unlike AICAR, possess high specificity toward
AMPK and allosterically activates it without phosphorylation of Thr172 [62,63] might

be interesting to evaluate. The activation of AMPK after 2-DG treatment is in line with
2-DG-provoked ROS production and AMPK activation induced by the 2-DG treatment

of bovine aortic endothelial cells, which can be blocked by siRNA-mediated knockdown

of AMPK, with a general conclusion that AMPK can be needed for the ROS-activated
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autophagy in energy depletion and cell stress experiments [64]. The molecular basis of all
these phenomena is not clearly understood. However several suggestions can be proposed,
including the certain participation of mitochondrial fusion-fission proteins and cellular
AMPK activation. Finally, respirometry, together with confocal fluorescent imaging analysis
of mitochondrial morphology/organization (networks) and analysis of fusion-fission protein
expression, provides the evidence of close-fitting connections between the mitochondrial
organization and their respiratory capacity.

5. Conclusions

Our studies show that when glycolysis is inhibited by 2-DG treatment with further ATP
deprivation and energy stress, the proper viability of cancer and other cells remains

intact, but functional (OXPHQS) and structural (morphology/organization) properties of
mitochondria substantially changed with a shift to the higher respiration capacities and
more mitochondrial network organization. This study demonstrates that crosstalk exists
between structural reorganization and functional remodeling of mitochondria in response
to 2-DG treatment as a result of adaptation of cancer cells to the energy depletion.
Although the precise molecular mechanisms of these interconnections are still not clear and
require further investigation, mitochondrial dynamics proteins and AMPK are apparently
involved in these mechanisms. The main question on whether the dynamic structure of

the mitochondria is remodeled due to a higher OXPHOS activity, or rather a specific
mitochondrial structure (networks) possesses a higher mitochondrial respiratory capacity
remains unanswered. Based on our findings presented in this study, we can suggest that the
specific changes structure can lead to the functional activation. Future studies are needed

to establish a cause-and-effect relationship between structural and functional remodeling of
mitochondria in response to energy deprivation in cancer cells.
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The effects of 2-DG (16 mM, 48 h) on the cellular ATP content in DLD-1, HL-1, SMC, and
HUVEC cells. * P<0.05; ** £<0.01; *** £<0.001 vs. control. V= 3 per group.
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Respiratory activities (oxygen consumption rates) in DLD-1 cells (endogenous and

uncoupled by FCCP).

A: Control. B: After 2-DG treatment (16 mM, 48 h).
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Concentration-dependent effects of 2-DG on mitochondrial endogenous (Endo.) and
uncoupled (FCCP) respiration rates in DLD-1 cells. *P< 0.05, **P< 0.01, ***P < 0.001 vs.
control. A= 3 per group.
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Flow cytometry analysis of AY ,, in control and 2-DG-treated DLD-1, HL-1, and SMC cells.
Results are presented as the TMRM fluorescence intensity (a. u.) in control (untreated) and
after incubation with 2-DG (16 mM, 48 h). *P <0.05, ***P < 0.001 vs. control. /=3 per

group.
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Fig. 5.
Representative fluorescence confocal mitochondrial images of control (A) and 2-DG-treated

(16 mM, 48 h, B) cells. A, Changes of the mitochondrial arrangement after incubation of
DLD-1 cells with 2-DG toward more mitochondrial network organization. B-D, No 2-DG
effects on mitochondrial structure/organization were observed in HL-1 cells, HUVEC and
SMC. Cells were preloaded with TMRM (0.1 uM) and MitoTracker Green FM (0.2 uM).
Scale bars 20 pm.
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Representative immunoblots (A) and quantitative data (B) of expression of Mfn1, Mfn2, and
Drpl in DLD-1cells. *P< 0.05, ***P < 0.001 vs. control. M= 3 per group.
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Fig. 7.

pAMPK/AMPK  AMPK

Activation (phosphorylation) of AMPK after 72 h incubation of DLD-1 cells with 16 mM
2-DG. *P < 0.05 vs. control. V= 3 per group.
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Table 1

Citrate synthase activity in DLD-1, HL-1, HUVEC and SMC cells. The absence of 2-DG treatment (16 mM,
48 h) effects have been observed.

Cell type DLD-1 HL-1 HUVEC SMC

Control 0.036 £0.005 0.060+0.01 0.040+0.005 0.025+0.002
2-DG, 16 mM, 48 h  0.037 +0.006 0.057+0.01 0.045+0.005 0.028 + 0.004

CS activity is expressed in U per 105cells (n=3).
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