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Background:TheWarburg effect in cancer is manifested by increased glycolysis and decreased respiration. Our goal was to
determine how mitochondria are suppressed in osteosarcoma (OS).
Results:OS cells showing the Warburg effect have markers of the mitochondrial permeability transition (MPT).
Conclusion:MPT plays a possible role in suppression of mitochondrial function in OS.
Significance:Our data implicate the MPT in metabolic reprogramming in cancer.

Metabolic reprogramming in cancer is manifested by persis-
tent aerobic glycolysis and suppression of mitochondrial func-
tion and is known as the Warburg effect. The Warburg effect
contributes to cancer progression and is considered to be a
promising therapeutic target. Understanding the mechanisms
used by cancer cells to suppress their mitochondria may lead to
development of new approaches to reverse metabolic repro-
gramming.Wehave evaluatedmitochondrial function andmor-
phology in poorly respiring LM7 and 143B osteosarcoma (OS)
cell lines showing the Warburg effect in comparison with
actively respiring Saos2 and HOS OS cells and noncancerous
osteoblastic hFOB cells. In LM7 and 143B cells, we detected
markers of the mitochondrial permeability transition (MPT),
such as mitochondrial swelling, depolarization, and membrane
permeabilization. In addition, we detectedmitochondrial swell-
ing in human OS xenografts in mice and archival human OS
specimens using electron microscopy. The MPT inhibitor san-
glifehrin A reversed MPT markers and increased respiration in
LM7 and 143B cells. Our data suggest that the MPT may play a
role in suppression of mitochondrial function, contributing to
the Warburg effect in cancer.

Under adequate oxygenation, normal cells rely onmitochon-
drial oxidative phosphorylation to generate ATP and switch to
the less favorable anaerobic pathway of glycolysis when
exposed to hypoxia. However, many types of cancer cells sur-
vive and proliferate by generating ATP via glycolysis rather
than oxidative phosphorylation even when oxygenated, as was
postulated by Otto Warburg (1, 2). It has been suggested that
cancer cells must be able to overcome oxygen inhibition of gly-
colysis (3). Corresponding with this increase in glycolysis is a

suppression of mitochondrial activity in cancer. Potential
mechanisms leading to the suppression of mitochondrial activ-
ity in cancer are being actively investigated. Because of the het-
erogeneous nature of cancer cells, different mechanisms may
be involved, as was reviewed previously (4, 5). For instance,
changes in the number of mitochondria in cancer cells have
been observed by various groups, including ours (6–8). Some
tumors show increased activity of pyruvate dehydrogenase
kinase, which phosphorylates and inhibits pyruvate dehydro-
genase and thus prevents pyruvate oxidation (9). Increased
expression and mitochondrial binding of hexokinase II in can-
cer leading to reprogramming toward glycolysis have been
observed (10). The transcription factor p53, amajor tumor sup-
pressor that is inactivated in nearly 50% of cancers (11), has
been shown to play an important role in the regulation of cell
metabolism (12, 13) by inducing SCO2, a positive regulator of
mitochondrial cytochrome oxidase subunit 2 (14), and TIGAR,
a suppressor of glycolysis (15). Therefore, inactivation of p53
may lead to down-regulation of both SCO2 and TIGAR, inhi-
bition of mitochondria, and activation of glycolysis. Finally,
voltage-dependent anion channel blockade by free tubulin
leads to a decrease in oxidative phosphorylation and is
enhanced by voltage-dependent anion channel phosphoryla-
tion by cytosolic kinases (16). In cancer cells, free tubulin is high
and cytosolic kinases are hyperactive, potentially leading to clo-
sure of voltage-dependent anion channels, suppression ofmito-
chondrial function, and the Warburg effect (17).
In this work, we focused on cancerous and normal cells of

similar origin, osteosarcoma (OS)2 and osteoblasts, to avoid
variability due to heterogeneity between different lineages. We
present our data indicating the involvement of the mitochon-
drial permeability transition (MPT) (18, 19) in mitochondrial
dysfunction in OS cells showing the Warburg effect. The MPT
is a nonselective mitochondrial pore that is sensitive to
cyclosporin A and its derivatives; its molecular composition is
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not yet fully elucidated. Various mitochondrial proteins were
suggested to play a role in the MPT; however, only cyclophilin
D (CypD)was shown to be amajor regulator of the pore (20, 21).
TheMPTcan be activated by various stimuli, including calcium
overload and reactive oxygen species, and plays a major role in
mitochondrial dysfunction in various pathologies (18, 22);
however, the role of the MPT in mitochondrial dysfunction in
cancer has not been shown before and is a subject of this study.

EXPERIMENTAL PROCEDURES

Materials—Cell culture growth media, ingredients, antibiot-
ics, and fluorescent probes were from Invitrogen. DMEMpow-
der was from Sigma. Human fetal osteoblasts (hFOB) and OS
cells (Saos2, HOS, and 143B) were obtained from American
Type Culture Collection. LM7 cells (23) were a gift of Dr. Eug-
enie Kleinerman (MD Anderson Cancer Center, Austin, TX).
The cytochrome c (CytC) ELISA kit was from MitoSciences.
Anti-Bcl-2 antibody was from Epitomics.
Cell Culture and Treatments—hFOB cells were cultured in

DMEM/F-12 medium, and Saos2, HOS, LM7, and 143B cells
were cultured inDMEMat 37 °C.Allmediawere supplemented
with 10% fetal bovine serum and 1% penicillin/streptomycin
mixture.Where indicated, cells were continuously treated with
sanglifehrin A (SfA) at 0.5 �M for 1, 2, 4, or 7 days with media
changes every other day.
Oxygen Consumption and Glycolysis Rate Assay—Cellular

bioenergetics was measured in intact cells using the Seahorse
XF24 apparatus (Seahorse Bioscience). The device measures
the oxygen consumption rate (OCR) and glycolysis (extracellu-
lar acidification rate (ECAR)) by intact cells on a 24-well plate.
Cells were plated 1 day before at a density of 2.5 � 104/well.
Before the experiment, the regular cell medium was replaced
with an unbuffered DMEM-/XF24 medium suitable for ECAR
measurements. This DMEM/XF24 medium was freshly pre-
pared fromDMEM powder and contained 5 mM glucose, 1 mM

glutamine, and no serum or pyruvate. At the end, cells were
trypsinized and counted using a Cellometer automated cell
counter (Nexcelom Bioscience). OCR and ECAR were then
normalized to cell numbers.
Mitochondrial Morphology Assessment—To assess mito-

chondrial morphology in live cells, cells were grown on 25-mm
round glass coverslips to 70% confluency, and mitochondria
were stained with the MitoTracker Green (MTG) fluorescent
dye, which accumulates in mitochondria due to membrane
potential and once accumulated is retained in mitochondria
due to formation of S–Hbonds (24).MTG therefore has serious
limitations as a dynamic potentiometric probe but is appropri-
ate for visualization of mitochondrial morphology in live cells.
MTG at 100 nM was loaded for 30 min at 37 °C, cells were
washed with fresh medium, and coverslips were mounted in
chambers for microscopy. To visualize MTG-stained mito-
chondria, we used an Axiovert 40 CFL inverted fluorescence
microscope equipped with an AxioCam MRc digital camera,
AxioVision software, and a Zeiss 100� objective. On average,
30 cells from each experimental group were photographed.
ElectronMicroscopy—Cultured cells or tissue pieces of xeno-

graftedOS tumors produced as described in our previous study
(25) were fixed in 2.5% glutaraldehyde in 0.1 M sodium cacody-

late buffer, post-fixed in 1.0% OsO4, dehydrated with ethanol,
and transitioned into propylene oxide for infiltration and
embedding into EPON/Araldite epoxy resin. Thin sections
were cut onto grids, stainedwith uranyl acetate and lead citrate,
examined with a Hitachi H-7650 transmission electron micro-
scope, and digitally photographed. Archival human OS epoxy-
embedded tissue blocks were thin-sectioned and photo-
graphed. Mitochondrial morphology was assessed, and the
number of mitochondria in normal orthodox conformation
and in swollen conformation was counted. An orthodox con-
formation is characterized by an electron-dense and crista-rich
matrix, and a swollen conformation is characterized by an
increased surface area and a less electron-dense matrix with
fewer cristae. A total of 30 cells/sample were analyzed. Three
samples of xenografted OS or archival human OS were used.
Mitochondrial Membrane Potential Assay—To measure

mitochondrial membrane potential (��m), we used flow
cytometry and a potentiometric fluorescent probe, 3,3�-dihexy-
loxacarbocyanine iodide (DiOC6(3)), which was previously
found to be suitable for��m assay by flow cytometry (26). Cells
were incubated with DiOC6(3) at 20 nM for 30 min at 37 °C,
washed, lifted from plates using a cell scraper, resuspended
in Hanks’ balanced salt solution, and assayed using the
FACSCanto II flow cytometer (BD Biosciences). In negative
controls, ��mwas dissipated by incubating cells with carbonyl
cyanide p-trifluoromethoxyphenylhydrazone at 1 �M. Data
were verified using tetramethylrhodamine ethyl ester (TMRE)
and fluorescence microscopy, where cells were incubated with
TMRE at 10 nM for 30 min at 37 °C and visualized using the
abovementioned Axiovert imaging system.
MPT Assay—To assess the MPT, mitochondrial membrane

integrity wasmeasured using amethod of calcein quenching by
cobalt as described by Petronilli et al. (27). The assay is based on
the fact that calcein accumulated in the cytosol is quenched
after co-loading with cobalt, whereas calcein accumulated in
mitochondria is not accessible to cobalt and therefore not
quenched unlessmitochondrial membranes are permeabilized.
Cells were loaded with calcein acetoxymethyl ester at 1 �M in
the presence ofCoCl2 at 1mM for 30min at 37 °C,washed, lifted
from plates using a cell scraper, resuspended in Hanks’ bal-
anced salt solution, and assayed using the FACSCanto II flow
cytometer. In negative controls, calcein- and cobalt-loaded
cells were exposed to ionomycin at 1 �M, leading to permeabi-
lization of plasma membranes to external calcium, calcium
overload, loss of mitochondrial membrane integrity, and dissi-
pation of the calcein signal.
Cytochrome c Release and Active Caspase-3 Assays—To

measure CytC released from mitochondria to the cytosol, cells
were washedwith PBS, plasmamembranes were permeabilized
with digitonin at 0.01% in KCl-based buffer (125mMKCl, 2 mM

K2HPO4, 10 mM K-HEPES (pH 7.4), 1 mM MgCl2, 5 mM potas-
sium succinate, and 1 �M rotenone), and cytosolic fractions
were collected and spun down. These cytosolic fractions were
then subjected to CytC ELISA. To measure active caspase-3,
cell lysates were mixed with the caspase-3-specific fluorogenic
substrate acetyl-DEVD-7-amino-4-methylcoumarin (Calbio-
chem) at 20�M in a total volume of 0.2ml in a 96-well plate and
incubated for 30 min at 37 °C. The fluorescence at 440 nm
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(excitation at 380 nm) from the 7-amino-4-methylcoumarin
tag cleaved by caspase-3wasmeasured in a BioTek plate reader.
Immunoblotting—Cell lysates at 25 �g/sample were electro-

phoresed and electroblotted onto PVDFmembranes (Bio-Rad).
Blots were blocked in 5% nonfat dry milk in PBS and 0.05%
Tween 20, probed with a primary antibody at 1 �g/ml and then
with the correspondingHRP-conjugated secondary antibody at
0.2 �g/ml, developed using SuperSignal West Pico chemilumi-
nescent substrate (Pierce), and photographed. Blots were
stripped in ReBlot Plus stripping buffer (Chemicon) and rep-
robed with anti-�-actin antibody to verify equal loading.
Statistical Analysis—Experimentswere repeated three to five

times. Data were analyzed using Prism 5.01 (GraphPad Soft-
ware). Means � S.E. were calculated, and the statistical signifi-
cance was established using either Student’s t test or one-way
analysis of variance, as appropriate. Data with p � 0.05 were
considered statistically significant.

RESULTS

Presence of the Warburg Effect in LM7 and 143B Osteogenic
Sarcoma Cells—To minimize variability due to different
genetic, signaling, and microenvironmental backgrounds, we
studied normal and cancerous cells of similar (mesenchymal)
origin, such as noncancerous osteoblasts (hFOB) and OS cell
lines (Saos2, LM7, HOS, and 143B). These OS cell lines have
been extensively characterized by our group, as evident from
our previous studies (8, 25, 28). Importantly, the LM7 cell line is
an invasive and metastatic subtype of the parental Saos2 cell
line (29), and the 143B cell line is an invasive and metastatic
subtype of the parental HOS cell line (30). To detect the pres-
ence of theWarburg effect in these cells, wemeasured the anti-
mycin A-sensitive (i.e. mitochondrial) OCR and glycolytic
ECAR due to lactate production using the Seahorse XF24 appa-
ratus. Fig. 1 shows that while Saos2 and HOS cells had OCRs
similar to that found in hFOB cells, LM7 and 143B cells have
significantly lower OCRs. Meanwhile, the glycolysis rates
(ECARs) were significantly increased in LM7 and 143B cells
(Fig. 1). Therefore, we observed suppression of mitochondrial
function and up-regulation of glycolysis in LM7 and 143B cells
compared with Saos2 and HOS cells and noncancerous hFOB
cells under aerobic conditions. This indicates the presence of
theWarburg effect in LM7 and 143B osteogenic sarcoma cells.
Mitochondrial Swelling in LM7 and 143B Cells in Vitro, OS

Xenografts in Vivo, and OS Clinical Specimens—The focus of
our study was the mechanism of mitochondrial dysfunction in
cancer cells showing the Warburg effect. To elucidate such a
mechanism, we first assessedmitochondrial morphology in the
above cell lines in vitro. To avoid possible artifacts during cell
fixation and embedding, we performed live cell imaging using
high-resolution fluorescence microscopy after staining with
MTG, a mitochondrion-specific fluorescent probe. Fig. 2A
demonstrates that actively respiring noncancerous hFOB cells
and Saos2 and HOS OS cells had elongated mitochondria,
whereas LM7 and 143B OS cells with the Warburg effect had
many rounded organelles. This indicates mitochondrial swell-
ing in LM7 and 143B cells. It should be noted that the MTG
signal in LM7 and 143B cells was significantly weaker, although
this is not shown in Fig. 2A because the image brightness

was adjusted to better visualize mitochondrial morphology.
Because MTG is to some extent a potential-sensitive probe
(24), this decrease in signal could be due to mitochondrial
depolarization, whichwas later verified usingmore appropriate
potential-sensitive probes. The swelling of mitochondria in
LM7 and 143B OS cells showing the Warburg effect was veri-

FIGURE 1. Assessment of cellular bioenergetics in osteoblasts and OS
cells. Cells were seeded in Seahorse XF24-compatible 24-well plates. After
24 h, the cell medium was replaced with DMEM/XF24 medium, and the basal
OCR (upper panel) and ECAR (lower panel) were assayed as measures of mito-
chondrial function and glycolysis, respectively, using the Seahorse XF24
apparatus. Afterward, cells were trypsinized and counted. Rates were normal-
ized to cell numbers. Data are means � S.E. (n � 5). *, p � 0.05 versus hFOB
values. mpH, milli-pH (pH � 10�3).

FIGURE 2. Mitochondrial morphology in osteoblasts and OS cells. A, cells
plated on glass coverslips 1 day before were stained with MTG as described
under “Experimental Procedures” and mounted on microscopy chambers,
and live cell fluorescent images were taken. The right panels are magnified
regions of the cells shown in the left panels. Images are representatives of
20 –30 cells/cell line. B, electron micrographs of hFOB, LM7, and 143B cells.
Images are representatives of 20 cells/cell line.
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fied using EM. Fig. 2B shows that compared with hFOB cells,
LM7 and 143B cells had enlarged and rounded mitochondria
with a less electron-dense matrix, an indication of organelle
swelling. Thus, both high-resolution fluorescence microscopy
and EM showed the presence of mitochondrial swelling in
poorly respiring LM7 and 143B OS cells.
To confirm that mitochondrial swelling is not just an in vitro

phenomenon, we performed EM with tissue samples of 143B
xenografts inmice prepared in our previous study (8) and archi-
val OS clinical specimens and evaluated the mitochondrial

morphology. Fig. 3A shows whole cell images of a 143B xeno-
graft and an OS clinical specimen in which both orthodox
(arrows) and swollen (arrowheads) conformations of mito-
chondria were present. Higher magnification images show
examples of orthodox and swollen mitochondria characterized
by an increased size and a less electron-dense and crista-free
matrix in these samples (Fig. 3B, upper panels). In addition, we
examined mitochondrial morphology in archival human OS
diagnostic biopsy specimens using EM. The analysis revealed a
significant number of mitochondria in a swollen conformation

FIGURE 3. Mitochondrial morphology in OS xenografts and clinical biopsy specimens. A, representative electron micrographs of 143B xenografts in mice
(upper panel) or human OS clinical biopsy specimens (lower panel) showing mitochondria in either orthodox (arrows) or swollen (arrowheads) conformation. B,
higher magnification electron micrographs of orthodox or swollen mitochondria in tumor samples. Arrowheads indicate mitochondria. C, quantitation of
mitochondrial morphology in electron micrographs. Values are a percentage of the total number of mitochondria from 30 cells.
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(Fig. 3, A and B, lower panels). It should be noted that to avoid
morphological changes associated with tumor necrosis, we
made sure to include only necrosis-free tumor areas in our anal-
ysis. Fig. 3C presents the quantitation of our EM analysis. In OS
xenografts or humanOS tumor specimens, 76 and 35% ofmito-
chondria, respectively, had a swollen conformation. Impor-
tantly, these were untreated OS xenografts in mice or diagnos-
tic biopsies of naive human OS tumors before any treatments
that could affect mitochondrial morphology were done. Thus,
our data indicate that mitochondrial swelling is not solely a
phenomenon observed in OS cells in vitro but is a feature pres-
ent in mouse OS tumormodels in vivo and in actual humanOS
tumors.
MitochondrialMembraneDepolarization and Permeabiliza-

tion in LM7 and 143B Cells—To further assess mitochondrial
function in the cells studied, wemeasuredmitochondrialmem-
brane potential and integrity. We assessed mitochondrial
membrane potential using the DiOC6(3) dye and flow cytom-
etry. Although not without flaws, this fluorescent probe is opti-
mal for flow cytometry, as was determined earlier by Kroemer
and co-workers (26). Fig. 4A shows a significant decrease in
DiOC6(3) signal intensity in LM7 and 143B cells, indicating
mitochondrial depolarization. We verified our data using
TMRE and fluorescence microscopy in intact attached cells.
Fig. 4B shows that similar to the DiOC6(3) signal, the TMRE
signal was significantly weaker in LM7 and 143B cells, indicat-
ing decreased membrane potential.
We then examined the integrity of the mitochondrial mem-

brane using a previously establishedmethod of calcein quench-

ing by cobalt (27). Briefly, when cells are co-loaded with calcein
and CoCl2, the calcein signal is quenched in the cytosol by
cobalt and remains only in intact mitochondria that are not
readily permeable to cobalt unless the mitochondrial mem-
brane integrity is compromised. Flow cytometry analysis (Fig.
4C) revealed a significant decrease in calcein signal in LM7 and
143B cells, indicative of permeabilization of the mitochondrial
membrane. In summary, all of the above changes (mitochon-
drial swelling, depolarization, and loss of membrane integrity)
are clear indicators of the increased activity of theMPT in LM7
and 143B OS cells showing the Warburg effect (18, 31).
Release of Cytochrome c in LM7 and 143B Cells Is Not Suffi-

cient to Induce Apoptosis—Mitochondrial swelling and per-
meabilization of the outer mitochondrial membrane may lead
to the release of CytC to the cytosol, subsequent activation of
caspases, and initiation of apoptosis. We therefore measured
the presence of CytC in the cytosol and activation of caspase-3.
Fig. 5A (upper panel) shows that the cytosolic CytC contentwas
lower in Saos2 and HOS cells with active mitochondria com-
pared with noncancerous hFOB cells as measured by ELISA of

FIGURE 4. Mitochondrial membrane potential and membrane integrity in
osteoblasts and OS cells. A, mitochondrial membrane potential was mea-
sured using DiOC6(3) and flow cytometry. RFU, relative fluorescence units. B,
DiOC6(3) data were verified via TMRE staining of live cells grown on coverslips
and fluorescence microscopy. C, mitochondrial membrane integrity was
measured by the calcein signal in the presence of cobalt. Values in A and C are
means � S.E. (n � 4). *, p � 0.05 versus hFOB values.

FIGURE 5. Cytochrome c release and caspase-3 activity in osteoblasts and
OS cells. A, CytC in cytosolic fractions (upper panel) and caspase-3 (casp-3)
activity in cell lysates (lower panel) were measured by ELISA and fluorogenic
substrate cleavage assay, respectively. Values are means � S.E. (n � 3). *, p �
0.05 versus hFOB values. B, Bcl-2 levels in cell lysates were assayed by immu-
noblotting. Blots were reprobed for �-actin to verify equal loading. The num-
bers under the upper panel indicate the relative intensities of each band as
measured by densitometry. Blots are representatives of three.
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cytosolic fractions. The cytosolic CytC content was higher in
poorly respiring LM7 and 143B cells showing signs of theMPT
compared with Saos2 and HOS cells but was not significantly
higher than in noncancerous hFOBcells. It should benoted that
the total CytC expression in all of these cell lines was not differ-
ent (data not shown). Caspase-3 activity was not significantly
increased in LM7 and 143B cells as measured using a fluoro-
genic substrate cleavage assay (Fig. 5A, lower panel). These data
indicate that in OS cells not showing theWarburg effect, CytC
was retained better in mitochondria likely due to overexpres-
sion of Bcl-2 (Fig. 5B), whereas in LM7 and 143BOS cells show-
ing the Warburg effect and the MPT, cytosolic CytC was
increased but did not exceed the level found in the noncancer-
ous osteoblasts. As a consequence, caspase-3 activity was not
higher than in hFOB cells, and thus, the basal rates of apoptosis
were not increased.

Mitochondrial Dysfunction and the Warburg Effect Are
Reversed in LM7 and 143B Cells after Treatment with the MPT
Inhibitor SfA—As stated above, mitochondrial dysfunction in
LM7 and 143B cells is associated with markers of the MPT. To
further confirm the involvement of the MPT, we studied the
effect of the MPT inhibitor SfA on mitochondrial morphology
and function in these cells. We preferred SfA to the more com-
monly used cyclosporin A because SfA was shown to be more
specific and less immunosuppressive (32).We treated LM7 and
143B cells with SfA for various times (data not shown) and
found that a 7-day incubation produced themost stable effects.
Fig. 6A shows that after a 7-day treatment of LM7 and 143B
cells with SfA, we could no longer observemitochondrial swell-
ing. Both mitochondrial membrane potential and integrity
were significantly increased as indicated by an increase in
DiOC6(3) signal and calcein signal in the presence of cobalt,

FIGURE 6. Effect of SfA on mitochondria in LM7 and 143B OS cells. Cells were treated with SfA at 0.5 �M for 7 days, and mitochondrial morphology and
function were assessed. A, cells plated on glass coverslips were stained with MTG, and live cell fluorescent images were taken. The right panels are magnified
regions of the cells shown in the left panels. Images are representatives of 30 cells/cell line. B, mitochondrial membrane potential was measured by DiOC6(3)
signal and flow cytometry as described in the legend for Fig. 4A. C, mitochondrial membrane integrity was measured by the calcein signal in the presence of
cobalt and flow cytometry as described in the legend for Fig. 4B. The cellular OCR (D) and ECAR (E) were measured using a Seahorse XF24 machine. Data in B–E
are expressed as a percentage of the control in the absence of SfA. Values are means � S.E. (n � 4). *, p � 0.05 versus control values.
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respectively (Fig. 6,B andC). These data indicate that SfA effec-
tively inhibited MPT in the cells studied.
Next, we examined whether inhibition of the MPT can

improve mitochondrial function and reverse metabolic repro-
gramming in LM7 and 143B OS cells. Fig. 6 shows a significant
increase in cell respiration (panel D) and a decrease in cell gly-
colysis rate (panel E) as measured by the OCR and ECAR,
respectively. These data indicate that inhibition of the MPT
with SfA improved mitochondrial function and reversed meta-
bolic reprogramming and the Warburg effect in the OS cells
studied. Altogether, our work indicates that in the studied OS
cells showing the Warburg effect and metabolic reprogram-
ming, mitochondrial dysfunction is associated with the
increasedMPT activity and that inhibition of theMPT leads to
the reversal of the Warburg effect in these cells.

DISCUSSION

In this work, we studied an array of cell lines of similar origin,
such as normal osteoblasts and four cancerous OS cells. Two of
the four OS cell lines (Saos2 and HOS) are actively respiring,
whereas the other two (LM7 and 143B) are poorly respiring and
highly glycolytic, indicating the presence of theWarburg effect
in these cells. We performed various assays of mitochondrial
structure and function and found that LM7 and 143B OS cells
showing the Warburg effect had a large number of swollen
mitochondria. Importantly, the mitochondrial swelling found
in LM7 and 143B OS cells in vitro was also seen in mouse OS
tumor models in vivo and in human OS tumors. This suggests
that the described phenomenon is not restricted toOS cell lines
in vitro but is also found in OS in vivo. Consistent with our
finding, mitochondrial swelling was previously detected in
other tumor types by EM(33, 34). Further analysis ofmitochon-
drial function indicated depolarization andmembrane permea-
bilization in LM7 and 143B cells. Together, these markers
(mitochondrial swelling, depolarization, and membrane per-
meabilization) indicate the presence of theMPT. Furthermore,
the use of SfA, a knownMPT inhibitor, reversedmitochondrial
swelling, depolarization and membrane permeabilization in
LM7 and 143B cells. This is further proof that the MPT may
play a role in the suppression of mitochondrial function in the
OS cells studied. Importantly, reversal of the abovementioned
MPTmarkerswith SfAwas concomitantwith increased oxygen
consumption and decreased glycolysis in LM7 and 143B cells,
indicating reversal of the Warburg effect. We therefore con-
cluded that the MPT plays a possible role in the suppression of
mitochondrial function in these OS cell lines showing theWar-
burg phenotype.
An important question is how LM7 and 143B cells tolerate

the MPT, which has been attributed to both apoptotic and
necrotic death signaling (22). The role of the MPT in apoptosis
is still debated, and CypD knock-out mouse studies indicate
that the MPT is not involved in the regulation of apoptosis.
Nevertheless, the MPT flickering or prolonged opening in only
a portion of cell mitochondriamay lead tomitochondrial swell-
ing, rupture of the outer mitochondrial membrane, and release
of CytC, leading to programmed cell death without significant
ATP depletion, which would preclude the progression of apo-
ptosis (35). Indeed, in our poorly respiring LM7 and 143B OS

cells showing theMPT,we detected increasedCytC in cytosolic
fractions compared with the actively respiring Saos2 and HOS
cells not showing the MPT. It should be noted that cytosolic
CytC in Saos2 and HOS cells was significantly lower than in
noncancerous hFOB cells, which can likely be attributed to the
overexpression of Bcl-2 and which needs further investigation.
Anti-apoptotic Bcl-2 proteins, such as Bcl-2 itself, limit CytC
release frommitochondria via a mechanism that is not yet fully
understood (36, 37). Although the release of CytC from mito-
chondria was increased in LM7 and 143B OS cells, it did not
exceed the levels found in noncancerous hFOB cells and was
likely insufficient to induce any significant activation of
caspase-3. Further extensive studies are needed to validate
these hypotheses and are the subject of our future research
efforts. As for the necrotic death,massive prolonged opening of
the MPT pore in noncancerous cells causes cessation of oxida-
tive phosphorylation, ATP depletion, and cell demise due to
bioenergetic collapse (35). In our model system, LM7 and 143B
OS cells use primarily the glycolytic pathway and are less
dependent onmitochondrial ATP production, therefore avoid-
ing the MPT-mediated ATP depletion and necrotic death.
Thus, the death-inducing effect of the MPT may be negated in
the OS cells studied due to the reasons described above. The
results from this study are also in agreement with previous data
from our group (38) and from other laboratories (39, 40)
describing a pro-oncogenic role of a major positive regulator of
the MPT, CypD, which contradicts the pro-death effect of the
MPT. CypD overexpression found in different tumors should
sensitizemitochondria to theMPT, but despite that, no signs of
increased apoptosis or necrosis were found in these tumors
(39). If theMPT is needed to shut downmitochondrial function
for bioenergetic reprogramming and establishing theWarburg
effect in cancer, the pro-oncogenic role of CypD can be easily
explained.
Another important question raised by our study is what can

trigger the MPT in cancer cells. One possible trigger is the
increased oxidative stress and reactive oxygen species produc-
tion found in cancer cells (41). This oxidative stress may be
associated with the hypoxic tumor microenvironment found
frequentlywithin solid tumormasses and alsowithin bonemar-
row during hematologic malignancies (42). Moreover, repeti-
tive hypoxia interposed with reoxygenation, a mode of hypoxia
shown to cause the most pronounced mitochondrial dysfunc-
tion and theMPT in cardiovascular pathologies (43, 44), ismost
relevant to cancer because it was shown that a significantly
higher percentage of tumor cells are exposed to hypoxia-reoxy-
genation than to hypoxia alone (45, 46). Hypoxia-reoxygen-
ation is caused by irregular blood supply within tumors, an
immature and leaky vasculature, and an abnormal and con-
stantly changing vessel network architecture (47, 48). The
exposure of originally actively respiring cancer cells to hypoxia-
reoxygenation may eventually lead to MPT induction, mito-
chondrial dysfunction, and metabolic reprogramming. The
connection between hypoxia-reoxygenation and tumor cell
metabolism is also the subject of our ongoing studies.
Overall, our study suggests a novel mechanism of mitochon-

drial dysfunction in cancer cells showing the Warburg effect:
theMPT. These findings provide a rationale for elucidating the
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role of the MPT in other types of cancer and for further
attempts to use MPT inhibitors to reverse the Warburg effect.

Acknowledgments—We gratefully acknowledge Dr. Paolo Bernardi
(University of Padova) and Drs. Thomas Gunter and George Porter
(University of Rochester) for expertise and fruitful discussions. We
also thank Dr. Eugenie Kleinerman for providing LM7 cells.

REFERENCES
1. Warburg, O. (1956) On the origin of cancer cells. Science 123, 309–314
2. Warburg, O. (1930) The Metabolism of Tumours, Constable Press,

London
3. Gatenby, R. A., and Gillies, R. J. (2004) Why do cancers have high aerobic

glycolysis? Nat. Rev. Cancer 4, 891–899
4. Wenner, C. E. (2012) Targeting mitochondria as a therapeutic target in

cancer. J. Cell. Physiol. 227, 450–456
5. Ward, P. S., and Thompson, C. B. (2012) Metabolic reprogramming: a

cancer hallmark even Warburg did not anticipate. Cancer Cell 21,
297–308

6. Brandon,M., Baldi, P., andWallace, D. C. (2006)Mitochondrialmutations
in cancer. Oncogene 25, 4647–4662

7. Czarnecka, A. M., Czarnecki, J. S., Kukwa, W., Cappello, F., Scińska, A.,
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