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Abstract The anti-diabetic thiazolidinedione compound
pioglitazone, a peroxisome proliferator-activated receptor-
gamma agonist, and selective cyclooxygenase-2 inhibitors
are clinically used in patients with advanced malignancies.
Several previously published in vivo and in vitro studies
showed growth inhibitory effects on different cancer cell
lines. However, the underlying mechanisms are fairly
unclear. Here, we analyzed the effects of pioglitazone in
combination with other drugs in a three-dimensional mul-
ticellular tumor spheroid culture system (MCTS) generated
from the two prostate carcinoma cell lines PC3 and
LNCaP. As expected, pioglitazone also inhibited tumor cell
proliferation in the MCTS system. Further studies revealed
that pioglitazone lowered the pH of the culture medium,
decreased oxygen consumption and increased lactate
secretion in both tumor cell lines. Other glitazones, trog-
litazone and ciglitazone, had similar effects. The combi-
nation of pioglitazone with 2-deoxyglucose, a potent

E. Gottfried (D<)

Department of Hematology and Internal Oncology,
University Medical School, Franz-Josef Strauss Allee 11,
93042 Regensburg, Germany

e-mail: eva.gottfried @klinik.uni-regensburg.de

S. Rogenhofer
Department of Urology, University Medical School,
Bonn, Germany

H. Waibel - A. Reichle - M. Wehrstein - A. Peuker - K. Peter -
G. Hartmannsgruber - R. Andreesen - M. Kreutz

Department of Hematology and Internal Oncology,

University Medical School, Regensburg, Germany

L. A. Kunz-Schughart
OncoRay—Center for Radiation Research in Oncology,
Dresden University of Technology, Dresden, Germany

inhibitor of glycolysis, had an additive effect on the inhi-
bition of cell proliferation and led to MCTS disintegration.
Our data propose a new mechanism of growth inhibition
by pioglitazone through modulation of the tumor cell
metabolism.
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Introduction

Glitazones and non-steroidal anti-inflammatory drugs
(NSAIDs) have been reported to exert anti-neoplastic
effects on different tumor entities in vitro and in vivo
involving induction of differentiation, apoptosis and cell
cycle arrest as well as inhibition of angiogenesis and
metastasis [1].

Pioglitazone belongs to the class of glitazones or thia-
zolidinediones, a series of oral anti-diabetic drugs.
Pioglitazone acts as a ligand for peroxisome proliferator-
activated receptor y (PPARy), which serves as a
transcription factor belonging to the nuclear receptor
superfamily. After heterodimerization with the retinoid X
receptor, PPARy binds to PPARy-response elements
(PPRE) [2] and regulates target genes involved in adipo-
cyte differentiation, lipid storage and glucose homeostasis
[3]. In type II diabetes mellitus, it exerts glucose-lowering
effects via increasing glucose uptake and metabolism [4].
These changes in the metabolic activity are linked to the
induction of numerous PPARy-regulated genes such as
glucose transporters Glut-2 and Glut-4 [3, 5, 6].

Several effects of glitazones may contribute to their
anti-neoplastic activity. Inhibition of proliferation by
PPARy-agonists has been shown for many tumor cell lines
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[1] but did not always correlate with PPARy-receptor
expression [7]. In addition, pro-apoptotic effects such as
the decrease of bcl, or increase in caspase activation have
been described [8—10]. However, anti-proliferative effects
of glitazones vary depending on the compound and cell line
used [9, 10]. Ohta et al. [11] found condensation of the
nucleus and chromatin fragmentation in thyroid carcinoma
cells treated with troglitazone but no effect on blc-2 or bax
expression. More recently, the anti-proliferative effect of
glitazones could also be demonstrated in primary cultures
generated from thyroid carcinoma [12], whereas normal
human thyroid follicular cells were not affected by the drug
[13].

Warburg proposed many years ago that tumor cells
mainly depend on glucose metabolism and are character-
ized by an accelerated glycolysis [14]. In the meantime, it
is known that hypoxia or oncogenic transformation leads to
the upregulation of glycolytic enzymes such as lactate
dehydrogenase (LDH) and thereby induce this “glycolytic
switch” [15, 16]. Furthermore, tumor cell metabolism is
altered in many other ways, e.g. an increased expression of
cyclooxygenase (COX) has been described for several
tumors. While COX-1, an enzyme which is responsible for
the formation of prostanoids, is constitutively expressed in
almost all tissues, its isoenzyme COX-2 is rapidly induced
by certain inflammatory cytokines, growth factors and
oncogenes [17]. Based on these findings, much attention is
focused on COX-2 as a potential target for tumor therapy.
COX-2 inhibitors have been shown to exert anti-prolifer-
ative and pro-apoptotic effects in vitro [17]. In addition,
COX inhibitors such as indomethacin also target the
PPARy signaling pathway [18]. Based on the anti-neo-
plastic action of glitazones and COX-2-inhibitors as well as
the interrelationship between their pathways, several in
vitro and in vivo studies analyzed a possible synergistic
effect of both drugs. The proliferation of a breast carci-
noma cell line was synergistically inhibited and apoptotic
rates were markedly increased by co-incubation of the
COX-2 inhibitor NS-398 with ciglitazone [19]. In addition,
Sun et al. [20] recently published a synergistic effect of
NS-398 and rosiglitazone on proliferation and apoptosis in
a pancreas carcinoma cell line. Clinical studies have
demonstrated an effect of COX-2 inhibitors and PPARy
agonists in glioma [21] and melanoma [22].

In contrast, the anti-proliferative effect of pioglitazone
on prostate carcinoma cell lines in our three-dimensional
multicellular tumor spheroid (MCTS) culture system in
vitro was not enhanced by the addition of rofecoxib.
However, pioglitazone alone decreased the proliferation
and altered glucose metabolism as demonstrated by
acidification of the culture medium, decreased oxygen
consumption and increased lactate secretion. We suggest
that the growth inhibitory effect of pioglitazone is at least
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partially due to its effect on glucose metabolism. The
combination of pioglitazone with 2-deoxyglucose, a
potent inhibitor of glycolysis, had an additive effect on
the inhibition of cell proliferation and led to the disin-
tegration of tumor spheroids. These data suggest that
tumor cell metabolism is an important target for tumor
therapy.

Materials and methods
Chemicals

Pioglitazone and rofecoxib were kindly provided by Tak-
eda Pharma GmbH, Germany and MSD Sharp & Dohme
GmbH, Germany. Ciglitazone and troglitazone were
obtained from Sigma. DMSO or ethanol was used in equal
molarity as a control. 2-Deoxyglucose (Sigma) was used at
a final concentration of 10 mM in medium, rotenone
(Sigma) was used at 1 pM.

Cell culture

The prostate carcinoma cell lines LNCaP and PC3 (ATCC)
were cultured in RPMI 1640 supplemented with 10% fetal
calf serum (both from PAA), 2 mM glutamine, 50 U/ml
penicillin/50 pg/ml streptomycin, 0.4% vitamins and 1%
non-essential amino acids (all from Gibco) in a humidified
5% CO, atmosphere at 37°C. Multicellular tumor spher-
oids (MCTS) were generated by the liquid-overlay
technique [23]. In brief, a suspension of subconfluent
monolayer-cultured tumor cells was seeded at a density of
5,000 cells/well in agarose-coated 96-well plates. After
4 days, three-dimensional MCTS had formed and were
harvested and analyzed.

For light microscopy, spheroids were documented using
an imaging processing system consisting of an inverted
microscope (AxioVert 200) equipped with a digital camera
(AxioCam MRc) and software (KS300) (all from Carl
Zeiss, Gottingen, Germany).

Determination of cell proliferation

For proliferation assays, MCTS were generated in 96-well
plates as described earlier. After 4 days, half of the med-
ium was exchanged for medium with various drugs and
DMSO as control. After incubation for 48 h, [3H]thymi—
dine was added and counts were analyzed after further
incubation of 24 h. Spheroid experiments were done in six
replicates and repeated at least three times.

For proliferation assays in monolayer culture, cells were
seeded in 96-well plates in a density of 3 x 10* cells/well.
After 2 h, drugs were added for 48 h. Thereafter, cells were
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labelled with 0.5 uCi/well [*H]thymidine for 24 h and
counts were detected after solubilizing. Each experiment
was done in quadruples and repeated at least three times.

Cell cycle analysis

For cell cycle analysis in monolayer culture, PC3 and
LNCaP were seeded at a concentration of 2.5 x 10° cells/
flaks, and 2 h later, pioglitazone or DMSO as a control was
added for 2 days. For analysis in MCTS cultures, pre-
formed spheroids at day 4 were incubated with pioglitaz-
one or DMSO as a control for 48 h.

Thereafter, cells were harvested by mild enzymatic
digestion, washed twice in PBS and counted with a Casy 1
cell analyzer system (Schaerfe, Reutlingen, Germany).
Cells were fixed in 70% methanol (Merck, Darmstadt,
Germany) at 4°C overnight at a concentration of 1 x 10°
cells/ml. Methanol-permeabilized cells were stored at 4°C
for a maximum of 3-4 weeks. For propidium iodide
staining, single cell suspensions were again washed,
resuspended in PBS (1 x 10° cells in 425 pl) and pre-
incubated for 20 min at 37°C with RNase by adding 50 pl
of a 1 mg/ml stock solution (Sigma). Then, propidium
iodide was added at a concentration of 50 pg/ml (stock:
1 mg/ml PI, Sigma). After 5 min, cell suspensions were
transferred on ice and DNA histograms were recorded
using a FACSCalibur flow cytometer. For each sample,
2.5 x 10* cells were recorded. Pulse processing was turned
on to record signal height, area and width for adequate
doublet exclusion. High-quality cell cycle analysis was
performed with the MultiCycle software package (Phoenix
Flow Systems, San Diego, CA, USA).

Determination of pH and oxygen consumption

The SDR SensorDish® Reader (PreSens Precision Sensing
GmbH, Regensburg, Germany), a small, 24-channel
oxygen and pH meter was used to determine pH and
oxygen consumption. The corresponding optical sensors
for oxygen (OxoDish®) or pH (HydroDish®) are inte-
grated at the bottom of each well of 24-well multidishes
(PreSens Precision Sensing GmbH, Regensburg, Ger-
many). The sensors are luminescent dyes embedded in an
analyte-sensitive polymer. The luminescence lifetime of
these dyes depends on the amount of analyte. The sensors
are read out non-invasively through the bottom of the
multidish by the SensorDish® Reader. The resulting sig-
nal is converted automatically to the respective parameter
(dissolved oxygen or pH) using calibration parameters
stored in the software. The SensorDish® Reader was used
in the incubator for the whole duration of the cultivation
and measurements were performed in user-defined
intervals.
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Fig. 1 Inhibition of cell proliferation in PC3 and LNCaP multicel-
lular tumor spheroid cultures. PC3 (a) and LNCaP (b) multicellular
tumor spheroids (MCTS) were generated for 4 days and then
incubated for additional 2 days in the presence of pioglitazone (pio,
50 uM), rofecoxib (rofe, 20 M), a combination of both drugs
(pio+rofe) or DMSO (control). 3H] thymidine was added, and its
incorporation was determined after additional 24 h. Given is the
mean + SEM of five independent experiments, *P < 0.02. ¢ Cell
cycle inhibition by pioglitazone was analyzed in PC3 and LNCaP.
Preformed MCTS at day 4 were treated with pioglitazone (pio,
50 uM) or DMSO (control) and incubated for 48 h. After harvesting
and permeabilization, cells were treated with propidium iodide and
the percentage of cells in S-phase was recorded using a FACSCalibur
flow cytometer. Given is the mean & SEM of at least three
independent experiments

For the determination of pH and oxygen consumption of
multicellular tumor spheroid cultures, spheroids were
generated as described previously and harvested. Nineteen
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spheroids, corresponding to about 2 x 10° cells, were
given into one well in 1 ml medium and analyzed as
described earlier.

Determination of lactate in tumor cell supernatants

For lactate determination in MCTS supernatants, PC3 and
LNCaP MCTS were set up. At day 4, medium was changed
and cells were incubated for additional 2 days in the pres-
ence of pioglitazone. For lactate determination in monolayer
culture, cells were seeded with and without pioglitazone,
troglitazone or ciglitazone. Lactate in the supernatant was
measured after 48 h. The analysis was performed by a
routine procedure with a ADVIA 1650 (Bayer, Terrytown,
NY, USA) and specific reagents (Department of Clinical
Chemistry, University of Regensburg). Given is the mean of
at least three independent experiments, =SEM.

Results
Pioglitazone inhibits tumor cell proliferation

Several in vitro studies described growth inhibiting effects
of the PPARy agonist pioglitazone and COX-2 inhibitors
on tumor cells. In contrast to these investigations in
monolayer cultures, we analyzed drug effects in multicel-
lular tumor spheroid (MCTS) cultures. This three-dimen-
sional cell culture model better mimics the in vivo situation
found in a tumor with respect to growth kinetics, extra-
cellular matrix production, nutrient gradients, oxygen ten-
sion and pH [24, 25]. PC3 and LNCaP, both prostate
carcinoma cell lines, were seeded for MCTS generation.
We have chosen these two cell lines because they show
differences in the expression of PPARy. Whereas PC3
exhibits a strong expression of PPARy, PPARy levels are
very low in LNCaP [26]. After 4 days, the preformed
MCTS were incubated for additional 2 days with pioglit-
azone and/or rofecoxib and *[H] thymidine incorporation
was determined after additional 24 h. Pioglitazone alone as
well as in combination with rofecoxib significantly inhib-
ited the proliferation of PC3 and LNCaP MCTS indicating
that the effect is at least partially PPARy-independent.
Rofecoxib alone had no effect on tumor cell proliferation
(Fig. 1a, b).

Apoptosis induction is one possible reason for the
growth inhibitory effect of pioglitazone. Therefore, we
analyzed PC3 and LNCaP cultures by Annexin-V/PI
staining after incubation with pioglitazone. When com-
pared to camptothecin, a known inducer of apoptosis in
prostate carcinoma cells [27], we could not find a
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Fig. 2 Acidification of the culture medium and oxygen consumption
in tumor cells after incubation with pioglitazone. a The pH of the cell
culture medium was recorded by the SDR SensorDish® Reader. PC3
and LNCaP MCTS were generated as described before, harvested
after 4 days, and 19 spheroids (corresponding to about 2 x 10° cells)
were given into one well of the SensorDish® plate. Pioglitazone
(50 uM) or DMSO as a control was added, and the pH was recorded
over 24 h. One representative example is given for PC3 and LNCaP
comparing control and pioglitazone treatment. b The oxygen
consumption in PC3 and LNCaP MCTS cultures was recorded with
the SDR SensorDish® Reader (PreSens Precision Sensing GmbH,
Regensburg, Germany) using the same experimental settings as
described in (a)
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Fig. 3 Pioglitazone increases lactate secretion. a PC3 and LNCaP
MCTS were generated for 4 days and then incubated for additional
2 days in the presence of pioglitazone. b PC3 and LNCaP monolayer
cultures were set up at a concentration of 2.5 x 10° cells/well with
and without pioglitazone (50 uM). ¢ Furthermore, we analyzed the
effect of three different glitazones (pioglitazone, troglitazone, ciglit-
azone) in a concentration range between 5 and 50 uM on PC3
monolayer cultures. All supernatants were harvested after 48-h
incubation for lactate determination. Given is the mean of at least

significant induction of cell death in the presence of
pioglitazone or rofecoxib (data not shown).

To further investigate the growth inhibitory effect, cell
cycle analyses were performed in MCTS cultures. As shown
in Fig. lc, pioglitazone led to a significant reduction in the
number of cells in S-phase in PC3, whereas in LNCaP
MCTS, no significant reduction was found. Rofecoxib again
did not exert an inhibitory effect on PC3 and LNCaP
spheroid cultures (data not shown). As rofecoxib did not
show an inhibitory effect in cell proliferation assays in our
MCTS cultures, we omitted this drug in further experiments.
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three independent experiments, =SEM. PC3 MCS: **P = 0.0075,
PC3 ML: *P = 0.0322, LNCaP MCS: ns, LNCaP ML: *P = 0.0212.
d To analyze the effect of different glitazones on oxygen consump-
tion, PC3 monolayer cultures were treated with different concentra-
tions of pioglitazone, troglitazone and ciglitazone. The oxygen
consumption was recorded over a period of 24 h with the SDR
SensorDish® Reader (PreSens Precision Sensing GmbH, Regensburg,
Germany)

Pioglitazone shifts glucose metabolism to glycolysis

Interestingly, during the incubation of several cell lines
with pioglitazone, we noted a strong acidification of the
culture medium when compared to control cultures. We
started to analyze this acidification in detail using the SDR
SensorDish® Reader (PreSens Precision Sensing GmbH,
Regensburg, Germany), a small, 24-channel pH meter with
luminescent dyes as sensors. Medium pH was continuously
determined every 30 s over a period of 24 h in MCTS
cultures in the absence or presence of pioglitazone. During

@ Springer



Cancer Chemother Pharmacol (2011) 67:117-126

122

Fig. 4 Su.ppressmn of oxygen 7 rotenone
consumption and proliferation B4

by rotenone. a To determine the - 5 -F,

effect of rotenone on oxygen -g 4 '\_1‘

consumption, PC3 and LNCaP £ 3. e

were seeded at a concentration b Bt SN, o

of 2 x 10° cells/well into © 21 VA
SensorDish® plates with or 11 PC3 control

without 1 uM rotenone. Oxygen

concentration in the culture was

0
0 2 4 6 6

10 12 14 16 18 20 22

recorded over 24 h by the SDR time (h)
SensorDish® Reader. One 7
representative example is given rotenone
for PC3 and LNCaP. b For 6 B
proliferation analysis, PC3 and g 54 T e
LNCaP were seeded at a E‘J 44
concentration of 3 x 10%well - 34 control
with or without 1 uM rotenone. o 24
After 48 h, >[H] thymidine was
added and its incorporation 11 LNCaP
determined after additional 0 LI B B B B B B N B B B N B B E B B N B B B B
24 h. Given is the mean of three 0 2 6 8 ‘ID. 12 14 16 18 20 22
independent experiments, +=SD time (h)
B
140.000 4
= 500004 =
£ PC3 € 120.000- LNCaP
= 40000 1 = 100.000-
c c
.% 30000 4 g 80.000 1
©
$ 20000 & 900001 J
et e
= = 40.000
€ 10000+ + 2
o Q. 20.0004
0+ :
control rotenone control rotenone

this 24-h incubation period, we determined a slight
decrease in the medium pH in the control cultures. The
addition of pioglitazone accelerated acidification of the
PC3 culture medium, and differences were detectable after
about 10 h (Fig. 2a).

As acidification is most likely linked to a shift from
respiration to glycolysis, we analyzed the oxygen con-
sumption of MCTS cultures in the SDR SensorDish®
Reader using oxygen sensor dishes (PreSens Precision
Sensing GmbH, Regensburg, Germany). The oxygen
concentration in the culture medium was again recorded
every 30 s for 24 h. The oxygen concentration in the
culture medium is representative for the oxygen con-
sumption of the cells. As shown in Fig. 2b, the oxygen
consumption was strongly decreased in the presence of
pioglitazone when compared to the control. The effect was
already detectable after 2—4 h in PC3 cultures indicating
that inhibition of cell proliferation is not responsible for
this effect (Fig. 2b). To analyze the effects of pioglitazone
on non-cancer cells, we measured the oxygen consump-
tion of primary human monocytes. Monocytes showed a
significant oxygen consumption, however, pioglitazone
had only a marginal effect on oxygen consumption
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indicating that the effect is specific for tumor cells (data
not shown).

Once oxygen consumption is reduced and glucose
metabolism 1is shifted to glycolysis, increased amounts of
lactate, the end product of glycolysis, should be secreted
into the culture medium. In line with this assumption,
pioglitazone significantly increased lactate secretion in
PC3 MCTS and monolayer cultures, whereas in LNCaP, a
significant increase was only found in monolayer cultures
(Fig. 3a, b). As cell proliferation was inhibited by piog-
litazone, it has to be taken into account that in the presence
of pioglitazone, less cells secreted even higher amounts of
lactate. Furthermore, the weaker effects that we detected in
LNCaP may in part be due to lower expression levels of
PPARy. Similar effects on lactate production were obtained
for two other glitazones, ciglitazone and troglitazone. The
effects were dose-dependent for pioglitazone and ciglitaz-
one, whereas troglitazone showed a maximal response
already at 5 pM (Fig. 3c). In contrast, when we analyzed
oxygen consumption of the three different compounds, all
glitazones showed a dose-dependent effect with nearly
complete inhibition of oxygen consumption at 50 pM
(Fig. 3d).
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Our data suggest that glitazones shifts glucose metabo-
lism from respiration to glycolysis which may be the rea-
son for the decreased cell proliferation. Therefore, we
analyzed proliferation and oxygen consumption in the
presence of rotenone, an inhibitor of oxidative phosphor-
ylation that interferes with the electron transport chain in
mitochondria. As shown in Fig. 4, rotenone completely
suppressed oxygen consumption in both cell lines and
strongly inhibited cell proliferation (Fig. 4a, b).

Pioglitazone alone partially blocked respiration but
never reached the inhibitory capacity of rotenone. There-
fore, we tried to improve the anti-tumor effect of pioglit-
azone by the addition of 2-deoxyglucose (2-DG), an
inhibitor of hexokinase, a key enzyme in glycolysis [28].
2-DG alone significantly inhibited proliferation in PC3, but
the inhibition was not significant for LNCaP. However, the
combination of both pioglitazone and 2-DG showed a
strong significant effect not only on PC3, but also on
LNCaP (Fig. 5).

Next, we analyzed morphological changes of MCTS
after the addition of pioglitazone, 2-DG or both. Similar to
our experimental setting used for proliferation assays, we
used pre-established MCTS cultures. On day 4 after seed-
ing, MCTS had formed in the culture and drugs were added
for another 2 days.

As shown in Fig. 6, each cell type formed MCTS of
a typical morphology. The incubation with pioglitazone,
2-DG or both led to morphological changes. A clearly
visible disintegration of spheroids was detected after
incubation of PC3 MCTS with pioglitazone in combination
with 2-DG. In LNCaP, the size of MCTS was clearly
diminished (Fig. 6). Furthermore, when the drugs were
added during the initial generation of MCTS, only fuzzy
spheroids were formed (data not shown).

Discussion

Glitazones, so-called peroxisome proliferator-activated
receptor-gamma (PPAR-y) agonists, have been reported to
exert anti-neoplastic effects on different tumor entities in
vitro and in vivo [29, 30]. However, the mechanisms
underlying these anti-neoplastic effects are still under
debate. Induction of differentiation, apoptosis and cell
cycle arrest has been described [1], but reports are con-
tradictory and seem to be at least in part cell line dependent
[9]. Most of the studies used monolayer cultures. However,
the situation in solid tumors is better mimicked by a three-
dimensional model, where oxygen and nutrient supply as
well as extracellular matrix generation and cell—cell con-
tact are more in vivo-like [24]. A recent publication also
demonstrated that glucose metabolism is different in three-
dimensional culture systems when compared to monolayer
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Fig. 5 Additive effect of 2-deoxyglucose and pioglitazone on cell
proliferation. PC3 and LNCaP MCTS were generated for 4 days and
then incubated for additional 2 days in the presence of 2-deoxyglu-
cose (10 mM, 2-DG), pioglitazone (50 M, pio), a combination of
pioglitazone and 2-DG (pio+2-DG) or DMSO as a control. 3[H]
thymidine was added and its incorporation determined after additional
24 h. Given is the mean of three independent experiments, +=SD

cultures [31]. Therefore, we performed our analyses in the
three-dimensional model system of multicellular tumor
spheroids (MCTS) generated from the two prostate carci-
noma cell lines, LNCaP and PC3. The anti-proliferative
effect of pioglitazone could be explained by neither the
induction of apoptosis nor the detected slight inhibition of
cell cycle. This is in line with Kubota et al. [32] who found
a significant inhibition of PC3 proliferation but no signif-
icant decrease in the number of tumors cells in S-phase of
the cell cycle.

Interestingly, when we incubated tumor cells with
pioglitazone, we recorded an acidification of the culture
medium and a decreased oxygen consumption in the cell
cultures. In addition, we detected an increase in lactate in
the supernatants despite a decreased proliferation. These
findings indicate a shift of cellular glucose metabolism
from oxidative phosphorylation to glycolysis induced by
pioglitazone. This hypothesis is strengthened by the finding
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Fig. 6 Pioglitazone

in combination with
2-deoxyglucose leads

to disintegration of MCTS.
PC3 and LNCaP MCTS were
generated and at day 4
incubated with pioglitazone

(50 uM), 2-deoxyglucose

(10 mM, 2-DG), a combination
of both drugs (pio+2-DG), or
DMSO as a control. After 48 h,
photographs were taken at a
magnification of x50 (PC3) and
x 100 (LNCaP)

PC3 2-DG

LNCaP 2-DG

that glitazones reduce the activity of mitochondrial com-
plex I in tissue homogenates of skeletal muscle in vitro
[33]. Furthermore, an increased glucose uptake has been
demonstrated in the presence of glitazones in canine kidney
cells [34] and astrocytes [35]. These results imply that
PPARy agonists are important regulators of glucose
metabolism in different cell types. Therefore, we suggest
that the metabolic effects of glitazones may contribute to
the anti-proliferative activity in tumor cells. In line with
this hypothesis, Artwohl and colleagues have shown that an
increased lactate release after incubation with glitazones
correlated with an inhibition of microvascular and macro-
vascular cell proliferation. This effect was mimicked by

@ Springer

PC3 control

PC3 pioglitazone

PC3 pio + 2DG

LNCaP pioglitazone

LNCaP pio + 2DG

rotenone, a mitochondrial complex I inhibitor [36].
Accordingly, we found that pioglitazone increased lactate
production and inhibited proliferation in prostate carci-
noma cell lines. A similar effect was found by the addition
of rotenone although it had a much stronger effect on
oxygen consumption compared to pioglitazone.
Interestingly, the effect of pioglitazone on oxygen con-
sumption was only found in tumor cell lines but not in
primary monocytes. This is in line with findings by Anto-
nelli et al. [13] who demonstrated that only thyroid carci-
noma cells but not their normal counterparts were affected
by glitazone treatment. One might speculate that the
differences in sensitivity of normal primary cells and
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malignant cells are due to different levels of PPARy
receptor expression.

To enhance the anti-neoplastic activity of pioglitazone, a
combination of drugs targeting different metabolic path-
ways might be beneficial. In a phase II trial, the activity of
continuously administered pioglitazone and rofecoxib
combined with low-dose chemotherapy was analyzed in
patients with high-grade gliomas. A moderate activity was
detected, even though clinical responses did not correspond
with COX-2 and PPARy-receptor expression [21]. When
we used pioglitazone in combination with rofecoxib in
vitro, we did not find a stronger growth inhibiting effect on
tumor cell proliferation compared to that of pioglitazone
alone indicating that in vivo the combination may act not
only on the tumor cell itself, but also on the tumor stroma.

As pioglitazone accelerates glycolysis and supports the
so-called “Warburg effect”, targeting this glycolytic
pathway simultaneously seems to be promising for tumor
therapy. We, therefore, tested a combination of pioglitaz-
one and 2-DG, a known inhibitor of hexokinase and key
enzyme in glycolysis. In MCTS, which better represent
solid tumors when compared to monolayer cultures, we
found a clear disintegration when 2-DG was added in
combination with pioglitazone. In a first study by Singh
et al. [37], it has been shown that the use of 2-DG in
glioblastoma patients is save and no acute toxicity occur-
red, which makes it feasible for clinical use. Therefore, a
combination of drugs that shift cells toward glycolysis and
decrease oxygen consumption and drugs that block glucose
metabolism seems to be a conceivable approach for the
treatment of tumor patients.

Another aspect of low oxygen consumption by tumor
cells after incubation with pioglitazone is the possible
reoxygenation of the tumor environment. It has been shown
recently that NSAIDs decrease oxygen consumption, lead
to tumor oxygenation and in turn increase the radiosensi-
tivity of tumors [38]. In the light of these findings, piog-
litazone could also be used as a sensitizer for radiotherapy
of tumors.

In summary, targeting the tumor metabolism seems to
be a promising approach for anti-tumor therapy. Combi-
nation therapies of thiazolidinediones with drugs that
interfere with glucose metabolism or in combination with
radiotherapy represent possible new approaches that should
be considered for the treatment of cancer patients.
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