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Background: Glioblastoma is the most prevalent brain tumor with the poorest prognosis.

Results: Methylene blue enhances oxygen consumption, reduces lactate production, and inhibits glioblastoma cell proliferation.
Conclusion: Reversal of the Warburg effect could inhibit glioblastoma cell proliferation.

Significance: Modulation of cancer cell bioenergetics and reversal of Warburg effect might provide a novel therapy for

glioblastoma.

Glioblastoma multiforme (GBM), like most cancers, pos-
sesses a unique bioenergetic state of aerobic glycolysis known as
the Warburg effect. Here, we documented that methylene blue
(MB) reverses the Warburg effect evidenced by the increasing of
oxygen consumption and reduction of lactate production in
GBM cell lines. MB decreases GBM cell proliferation and halts
the cell cycle in S phase. Through activation of AMP-activated
protein kinase, MB inactivates downstream acetyl-CoA carbox-
ylase and decreases cyclin expression. Structure-activity rela-
tionship analysis demonstrated that toluidine blue O, an MB
derivative with similar bioenergetic actions, exerts similar
action in GBM cell proliferation. In contrast, two other MB
derivatives, 2-chlorophenothiazine and promethazine, exert no
effect on cellular bioenergetics and do not inhibit GBM cell pro-
liferation. MB inhibits cell proliferation in both temozolomide-
sensitive and -insensitive GBM cell lines. In a human GBM
xenograft model, a single daily dosage of MB does not activate
AMP-activated protein kinase signaling, and no tumor regres-
sion was observed. In summary, the current study provides the
first in vitro proof of concept that reversal of Warburg effect
might be a novel therapy for GBM.

Glioblastoma multiforme (GBM)? is the most common brain
tumor with a median survival rate between 1 and 2 years (1).
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Despite the development of modern diagnostic modalities, sur-
gical procedures, and adjuvant therapies, the prognosis of GBM
has remained largely unchanged over the last several decades
(2). Current treatments emphasize surgery followed by radia-
tion and chemotherapy with temozolomide (TMZ) (3, 4). This
combination therapy extends the median survival up to 8
months depending on the location and genetic background of
the tumor (5, 6).

GBM, like most cancers, presents a unique metabolic state
known as the Warburg effect, where cancer cells utilize aerobic
glycolysis as the primary supplier of ATP (7). The concepts for
cancer cell metabolism identified by Warburg have undergone
substantial revisions over the last 90 years; however, the advan-
tage the metabolic transformation confers to cancer cells
remains unclear (8, 9). Recently, the discovery of the connec-
tion between oncogenes and metabolic processes has led to a
resurgence of interest in Warburg’s work. There is increasing
evidence indicating that the adaption of aerobic glycolysis by
cancer cells might facilitate biomass accumulation; hence, can-
cer proliferation (9). Cancer metabolism has been under exten-
sive exploration in the hope of discovering new effective thera-
pies for cancer.

Methylene blue (MB), synthesized in 1876, has been in clin-
ical application for more than a century in diagnostic proce-
dures and as a treatment of multiple disorders such as methe-
moglobinemia, malaria, ifosfamide neurotoxicity, and cyanide
poisoning (10, 11). There is mounting evidence that MB
enhances brain metabolism and exerts neuroprotective effects
in multiple neurodegenerative disease models including Par-
kinson, Alzheimer, and Huntington disease (12—16). MB has
long been known as an electron carrier, which is best repre-
sented by MB ability to increase the rate of cytochrome c reduc-
tion in isolated mitochondria (17). We have recently docu-
mented that MB functions as an alternative mitochondrial

cin; OCR, oxygen consumption rate; ECAR, extracellular acidification rate;
TB, toluidine blue O; 2-C, 2-chlorophenothiazine; Pro, promethazine.
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electron transfer carrier between mitochondria complexes I
and III, increases cellular oxygen consumption, and decreases
lactate production in murine hippocampal cells (12). In the cur-
rent study we tested the hypothesis that reversal of the Warburg
effect by MB inhibits GBM cell proliferation. We determined
the effect of MB on GBM cell proliferation using multiple GBM
cell lines and dissected its underlying signaling mechanisms.

EXPERIMENTAL PROCEDURES

Cell Culture and Other Reagents—U87 MG (U87), A172, and
T98G cell lines were obtained from American Type Culture
Collection (ATCC). Cells were grown on 10-cm culture plates
(Greiner) in DMEM high glucose with pyruvate (Hyclone) and
10% EBS. Cells were cultured from passages 5 to 25 with media
changed every 2-3 days. Human primary astrocyte cultures
were gifts from Dr. Anuja Ghorpade (University of North Texas
Health Science Center) and cultured as described previously
(18). MB was purchased from American Regent. Toluidine Blue
O, promethazine, 2-chlorophenothiazine, rotenone, carbonyl
cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP), oligo-
mycin, EDTA, MgSO,, NaCl, 2.5 mm CaCl,, NaNj, and crystal
violet were purchased from Sigma. Propidium iodide was pur-
chased from Calbiochem.

Cellular Bioenergetics Analysis—U87 or other GBM cells
were plated at a density of 30,000/well in an XF24 plate. Cells
were allowed to grow overnight, and the media were exchanged
1 h before the assay for XF24 media. Rotenone, FCCP, and
oligomycin were diluted into XF24 media and loaded into the
accompanying cartridge to achieve final concentrations of 100
nM, 300 nM, and 1 pg/ml, respectively. Injections of the drugs
into the medium occurred at the time points specified. Oxygen
consumption and extracellular acidification rates were moni-
tored using a Seahorse Bioscience XF24 Extracellular Flux
Analyzer.

Growth Curve Assay—US87, A172, and T98G cells were
seeded into 12-well culture plates (Greiner) at a concentration
of 25,000 cells/well in 0.5 ml of DMEM with pyruvate (10%
FBS). Drugs were added to each well to obtain the desired con-
centration in a final volume of 1 ml per well. Day of seeding was
considered day 0. Plates were incubated in a humidified incu-
bator at 37 °C and 5% CO.,. Cells were harvested on each indi-
cated day using 0.25% trypsin-EDTA (Invitrogen) and counted
using an inverted phase contrast Zeiss Invertoskop microscope.

Liquid Colony Formation Assay—Cells were seeded into
6-well culture plates (Greiner) at a concentration of 50 cells/
well in 1 ml of DMEM with pyruvate (10% FBS). Drugs were
added to each well to obtain the desired concentration in a final
volume of 2 ml per well. Plates were incubated for 4 weeks
undisturbed. Colonies were stained with crystal violet as fol-
lows. Culture plates were numbered for identification and
placed on ice; colonies were gently washed 2X with ice-cold
PBS; colonies were then fixed with ice-cold methanol for 10
min; methanol was aspirated from the wells, and the plates were
moved to the bench-top where the colonies were stained with
0.5% crystal violet in 25% methanol for 10 min; the crystal violet
solution was removed, and the plates were washed by immers-
ing in a bucket of cold tap water until the water ran clear; plates
were then inverted on an absorbent pad and allowed to dry
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overnight. Stained colonies were counted, and the number and
size were recorded.

Soft Agar Assay—The soft agar colony anchorage independ-
ent assay was performed as described previously (19). U87 cells
at a density of 5000 cells/well were seeded into 6-well plates in a
0.6% agar DMEM solution containing vehicle or MB at the
specified concentrations for a total media volume of 1.5 ml.
The cells were incubated at 37 °C and 5% CO, for 3 weeks. The
number of cells/well was determined by an independent
researcher using an inverted phase contrast Zeiss Invertoskop.
Colony diameter was determined by imaging colonies with a
Zeiss Observer Zland calculating the diameter of the colonies
with Zeiss AxioVision software.

ATP Measurements—ATP kit was purchased from Invitro-
gen. U87 cells were seeded into 6-well plates at a density of
200,000 cells/well. Cells were allowed to attach overnight.
Media were removed and replaced with fresh media containing
specified concentrations of MB. The cells were incubated at
37 °Cand 5% CO, for 24 h. Then the cells were trypsinized for 5
min and placed in a 1.5-ml Eppendorf tube, centrifuged at
1200 X gfor 5 min at 4 °C, and washed with PBS. The cells were
centrifuged and washed with PBS twice more and finally lysed
with 200 ul of ATP assay buffer (500 mm Tricine buffer, pH 7.8,
100 mm MgSO,, 2 mm EDTA, and 2 mM sodium azide) contain-
ing 1% Triton X-100. 10-ul cell lysate was added in triplicate to
a white 96-well plate along with an ATP standard curve. Before
reading the plate, 100 wl of ATP reaction buffer (30 wg/ml p-lu-
ciferin, 20 um DTT, and 25 ug/ml Luciferase) was added to
each well. Luminescence was measured using a Tecan Infinite
F200 plate reader. Protein concentration was measured simul-
taneously using the Pierce 660 nm Protein Assay (660 nm
absorbance), and ATP production was normalized to protein
content of the samples.

Glucose and Lactate Measurements—Glucose was quantified
using a manufactured kit from Sigma. In brief, 200,000 U87
cells were seeded into 6-well plates and allowed to attach over-
night. The following morning the media were replaced with 2
ml of fresh DMEM high glucose (4.5 g/liter glucose) containing
the indicated concentrations of MB. After the allotted time,
medium was removed and added to a 96-well plate proportion-
ately (1:3) with glucose assay buffer containing glucose oxidase,
horseradish peroxidase, and O-dianisidine. The reaction was
allowed to proceed for 30 min at which point the enzymes were
denatured with 12 N sulfuric acid. Absorbance was measured
with a Tecan Infinite F200 plate reader at 540 nm. Lactate con-
centration in the media was measured by GEM 3000 analyzer
(Instrumentation Laboratory Co., Bedford, MA).

NADP*/NADPH Quantification—NADP* and NADPH
were determined with an enzymatic cycling reaction assay (Bio-
Vision, Mountain View, CA). The assay was performed accord-
ing to the manufacturer’s instructions. Briefly, U87 cells were
washed with PBS and extracted with NADP"/NADPH extrac-
tion buffer by homogenization. First, total NADP was measured
with extract. Second, NADP from extract was decomposed by
heating at 60 °C for 30 min in a heating block. Then, following
the manufacturer’s protocol, NADP™ and NADPH were de-
tected at 450 nm and quantified with a standard curve. Values
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presented are the ratio of NADPH to total NADP (NADPH +
NADP™).

Cell Cycle Analysis—Cells were plated at a density of 200,000
cells/well and attached overnight. The following day, the cells
were deprived of FBS overnight to standardize the cell cycle
followed by fresh DMEM containing 10% FBS and the indicated
concentration of MB. At the specified times, cells were har-
vested using 0.5% trypsin (Invitrogen) and washed with wash
buffer (0.1% FBS in PBS) twice to remove trypsin. Cells were
fixed in ice-cold 70% ethanol for 45 min at 4 °C. Ethanol was
removed by washing twice with PBS, and the cells were incu-
bated with propidium iodide (PI) (40 wg/ml) and RNase (10
pg/ml) for 30 min at 37 °C. Samples were analyzed using Beck-
man Coulter FC500 Flow Cytometry Analyzer.

Western Blot—U87 cells were plated at a density of 200,000
cells/well in a 6-well plate. Cells attached overnight, and indi-
vidual drugs were added to the cells in fresh media the following
day at the indicated concentrations. Cells were grown for the
indicated times and lysed in radioimmune precipitation assay
buffer with protease and phosphatase inhibitors. Cell lysate was
loaded onto a 6% (acetyl-CoA carboxylase (ACC) and mamma-
lian target of rapamycin (mTOR)) or 10% polyacrylamide gel
and transferred onto nitrocellulose. After blocking with 5%
milk for 1 h, nitrocellulose membrane was incubated with pri-
mary antibody overnight at 4 °C at the indicated concentrations
(AMPKe, Cell Signaling, 1:500; P-AMPKe, Cell Signaling, 1:
500; AMPKp, Cell Signaling, 1:500; P-AMPKp, Cell Signaling,
1:500; ACC, 1:500, Cell Signaling; p-ACC, Cell Signaling, 1:500;
mTOR, Cell Signaling, 1:500; P-mTOR, Cell Signaling, 1:500;
Cyclin A2, Cell Signaling, 1:500; Cyclin B1, Cell Signaling,
1:750; Cyclin D1, Cell Signaling, 1:750; Cyclin E1, Cell Signal-
ing, Santa Cruz Biotechnology, 1:1000; B-Actin, Santa Cruz
Biotechnology, 1:1000). Secondary antibody linked to horse-
radish peroxidase (Jackson ImmunoResearch) was incubated
for 2 h at room temperature (1:2000). Chemiluminescence was
detected with a UVP Biospectrum 500.

Annexin V/PI Cell Viability—Annexin V kit was purchased
from BD Biosciences. U87 cells were seeded at a density of
200,000 cells/well in 6-well plates. The cells were treated with
MB at the indicated concentrations for 3 days at which time the
cells were harvested with 2 mm EDTA in PBS. Cells were resus-
pended in binding buffer (10 mm HEPES, 140 mm NaCl, 2.5 mm
CaCl,) containing biotin-labeled annexin V (1:20 dilution).
Cells were washed and resuspended in binding buffer contain-
ing streptavidin-labeled FITC and PI at a final concentration of
5 pg/ml. After 20-min incubation in the dark, cells were ana-
lyzed with a Beckman Coulter FC500.

Tumor Xenografts Model—All animal procedures conformed
to Institutional Animal Care and Use Committee and National
Institute of Health guidelines. Female athymic mice (nu/nu
genotype, Balb/c background, 6 — 8 weeks old) were used for all
antitumor studies. The following patient-derived adult human
glioblastoma xenografts, maintained at the Preston Robert
Tisch Brain Tumor Center at Duke, were used, and for the
xenografts studies, D-08-0430 MG and D-09-0326 MG were
used. For studies, subcutaneous xenografts passaged in athymic
mice were excised from host mice under sterile conditions in a
laminar flow containment hood. The xenograft was homoge-
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nized with the use of a tissue press/modified tissue cytosieve
(BioWhittaker Inc., Walkersville, MD). The tumor homogenate
was then loaded into a repeating Hamilton syringe (Hamilton,
Co., Reno, NV) dispenser and injected subcutaneously into the
right flank of the athymic mouse at an inoculation volume of 50
wl with a 19-gauge needle (20). Subcutaneous tumors were
measured twice weekly with handheld vernier calipers (Scien-
tific Products, McGraw, IL). Tumor volumes, V, were calcu-
lated with the following formula: (width® X length)/2 = V/
(mm?).

For MB treatment, groups of mice randomly selected by
tumor volume were treated when the median tumor volumes
were on average 150 mm?® and compared with control animals
receiving vehicle (saline). MB (10 and 50 mg/kg/day) or vehicle
were administered via gavage once a day until the tumor vol-
ume reach a volume 5 times greater than that measured at the
start of the treatment (~4 weeks) and was at least 1000 mm?.
The response of sc xenografts to treatment was assessed by
delay in tumor growth and by tumor regression. Growth delay,
expressed as T-C, is defined as the difference in days between
the median time required for tumors in treated (T) and control
(C) animals to reach a volume five times greater than that meas-
ured at the start of the treatment. Tumor regression is defined
as a decrease in tumor volume over two successive measure-
ments. Statistical analysis was performed using a SAS statistical
analysis program, the Wilcoxon rank order test for growth
delay, and Fisher’s exact test for tumor regression as previously
described (20, 21).

Statistic Analysis—All data are presented as the mean * S.E.
The significance of differences among groups with one inde-
pendent variable was determined by one-way ANOVA with a
Tukey’s multiple comparisons test for planned comparisons
between groups when significance was detected. The signifi-
cance of differences among groups where two independent
variables were present was determined by two-way ANOVA
with a Bonferroni post-test for planned comparisons between
groups when significance was detected. For all tests, p < 0.05
was considered significant.

RESULTS

MB Decreases Aerobic Glycolysis in U87 Cells—The cellular
oxygen consumption rate (OCR) and extracellular acidification
rate (ECAR) of U87 cells, a glioblastoma cell line originated
from a human female patient, were compared with primary
female human astrocytes to determine the differences in cellu-
lar metabolism between cancerous and healthy cells. We
observed that U87 cells have a 2-fold higher OCR when com-
pared with primary astrocytes under normal culture condi-
tions. However, when maximum cellular OCR capacity was
induced by FCCP (i.e. mitochondria membrane uncoupler),
both U87 cells and human primary astrocytes attained a similar
OCR (Fig. 14). ECAR, an indirect measurement of lactate pro-
duction, was 3-fold higher in U87 cells compared with human
astrocytes (Fig. 1B).

We tested the effect of MB on metabolism at a dose range of
100 nm to 10 um in U87 cells. Significantly increased OCR was
observed with 1 uM MB, and a 2-fold increase occurred with 10
M MB treatment (Fig. 1, C and E). In concurrence with the

JOURNAL OF BIOLOGICAL CHEMISTRY 9155



Reversing Warburg Effect for Glioblastoma Treatment

>

-«- U87 cells = Female Human Astrocytes B"‘ U&7 cells = Human Female Astrocytes

z 150 = 80 :
E E ok
8 1004-F-g..x} z 60
é; E a0
2 5 ©
o« g 20
8 P ﬁ Fo
& L& S &
o® . o® ol
Time (min) Time (min)

-=- Control 1M MB D -e- Control 1M MB

= 100 nM MB -~ 10 \M MB = 100 nM MB -~ 10 pM MB
E 2504 fg
£ 2004 5
@ &
8 150 3
= 100 5
™
o 4 <
8 50 B

0

[N

Time (min)

M
a
g

ECAR (% baseline)

g

50

FIGURE 1. MB increases OCR and decreases ECAR in U87 cells. A, OCR of
human female primary astrocytes and U87 glioma cells is shown. Although
U87 cells have a higher base-line OCR, both were able to obtain a similar
maximum OCR upon FCCP treatment. B, ECAR of female primary astrocytes
and U87 glioma cells is shown. U87 cells maintained a greater ECAR com-
pared with human female astrocytes. C, effects of MB at concentrations of 100
nm, 1 um, and 10 um on U87 cell OCR are shown. D, effects of MB at concen-
trations of 100 nm, T um, and 10 um on U87 cell ECAR are shown. E, MB signif-
icantly increased U87 cell OCR at concentrations of 1 and 10 um. F, MB signif-
icantly decreased U87 cell ECARs at concentrations of 1 and 10 um. * indicates
p < 0.05 by 1-way ANOVA and Tukey's post-hoc test.

changes observed to cellular OCR, 1 and 10 uM MB significantly
decreased ECAR, with 10 um MB reducing ECAR up to 90%
compared with control (Fig. 1, D and F).

To determine the long term effect of MB on cellular bioen-
ergetics of glioma cells, we treated U87 cells with 10 um MB for
1 or 2 days and then measured the bioenergetic parameters of
OCR, ECAR, and ATP production. Chronic treatment of 10 um
MB increased OCR after 1 day. OCR returned to control levels
after 2 days (Fig. 2, A and C). U87 cells treated with MB were less
responsive to mitochondria modulating drugs (oligomycin,
FCCP, and rotenone) than vehicle-treated U87 cells. Similar to
acute MB treatment, ECAR levels were depressed compared with
control for both day 1 and day 2 (Fig. 2, B and D). ATP levels were
increased on days 1 and 2 compared with control cells (Fig. 2E).
Consistent with the ECAR result, a decrease of lactate production
upon MB treatment was observed at day 3 (Fig. 2F).

MB Inhibits Tumor Growth in Vitro—To understand how
MB alterations to cellular bioenergetics affect glioma prolifer-
ation, we measured cell growth and anchorage-dependent and
-independent colony formation. MB effects on tumor growth
were initially characterized in vitro using the glioblastoma cell
lines U87 and A172, originated from a human female patient

9156 JOURNAL OF BIOLOGICAL CHEMISTRY

As B

G S
= -+ Control = 1Day MB =+ 2 Day MB Z - Control « 1Day MB - 2 Day MB
3 1000 . . .g 150 : : :
1=l =]
i 800] =
& < 100
z 600 £
E E
5 400 I 50
s ﬁ*: g
g 200 £
2 o , Z o ; ; .
o QR @ N o AN S &
< N > o N
8 6\* QO(I ) N w o@‘\ Q(a \z(\
O N ) 9
WO Q€ o <&
O Time (min)
Time (min)
C 3 D

5 800 £ 80

K s

600 & 60

= =

E 400 E 40

2 T

2 200 520

z «

2 0

£ 3

° w

§5

£ _ 12
§4 g0
a33 £,
° 2
<22 S 6
5, 8 4
I3 -
o 2
L= :

FIGURE 2. Chronic MB treatment alters cellular bioenergetics. A, shown
are OCRs of U87 cells treated for 1 and 2 days with 10 um MB. MB was with-
drawn 1 h before analysis. B, shown are ECARs of U87 cells treated for 1 and 2
days with 10 um MB. MB was withdrawn 1 h before analysis. C, 10 um MB
decreased OCR in U87 cells after 1 and 2 days of treatment. D, 10 um MB
decreased ECARs in U87 cells after 1 and 2 days of treatment. * indicates p <
0.05 by one-way ANOVA and the Tukey’s post-hoc test. £, MB increased cell
ATP after 2 days of treatment. F, MB reduced lactate production. * indicates
p < 0.05 by unpaired t test.

and a male patient, respectively. Concentrations of 1 and 10 um
MB significantly reduced U87 cell growth compared with vehi-
cle control (Fig. 3A). Furthermore, the inhibitory action of MB
on U87 growth was observed when media were replaced every
other day (Fig. 3C). On the other hand, no inhibitory action of
MB on primary human astrocyte growth curve was observed
(Fig. 3B). We determined the effect MB on glucose consump-
tion. Media glucose was measured in U87 cells treated with
vehicle or MB at concentrations of 100 nm, 1 uMm, and 10 um.
MB did not increase glucose consumption rate as glucose con-
centrations in the media remained similar at day 1 and day 2 in
vehicle- and MB-treated U87 cells. At day 3, glucose concen-
trations in MB-treated U87 cells were significantly higher than
that of vehicle treated cells (Fig. 3D). Similarly, A172 cell growth
was reduced by 1 and 10 um MB (data not shown). To confirm the
effects observed on cell growth, we employed an anchorage-de-
pendent liquid colony culture (i.e. liquid colony formation) for 4
weeks, at the end of which the number and size of colonies was
quantified. Consistently, MB at concentrations of 1 and 10 um
reduced both the average size and the number of colonies (Fig. 3,
E-G). These results were further verified in an anchorage-inde-
pendent (i.e. soft agar) colony growth assay, where 10 um MB
reduced the size and number of colonies (Fig. 3, H and I).
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days. No significant effect of MB on primary astrocyte growth curve was observed. C, shown is the growth curve of U87 cells treated with 1 and 10 um MB for
5 days with media changes on days 2 and 4. D, shown is media glucose quantification of U87 cells treated with 100 nm, 1 um, or 10 um MB at the indicated
durations. DMEM contained 4.5 g/liter glucose. E and F, shown is a liquid colony formation assay of U87 cells treated with 100 nm, T um, and 10 um MB. 1 um
decreased the size (E) and number (F) of colonies. G, shown are representative images of the liquid colonies. H and /, anchorage independent soft agar colony
formation assay of U87 cells treated with 100 nm, 1 um, and 10 um MB is shown. MB significantly decreased the size (H) and number (/) of colonies. * indicates
p < 0.05 by 1-way ANOVA and Tukey's post-hoc test.
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FIGURE 4. MB causes S phase arrest. Cell cycle analysis of U87 cells treated
with MB for 1 day (A), 2 days (B), and 3 days (C). MB significantly decreased the
number of cells in G, phase and increased the number of cells in S phase on
day 3. D, shown is a representative cell cycle image of media (dashed) and 10
uMm MB-treated U87 cells (solid) after 3 days of MB exposure. E, shown are
MB-treated U87 cells stained with annexin V and Pl after 3 days of exposure.
MB, at 10 wm, increased the number of cells staining for Pl-positive and Pl-and
annexin V-positive while simultaneously decreasing the number of healthy
cells. F, shown are representative Western blots of cyclins A2,B1,D1,and E1 of
U87 cells treated for 1, 2, or 3 days with 10 um MB. MB decreased cyclin A2, B1,
and D1 expression. CT, control. * indicated p < 0.05 by 1-way ANOVA and
Tukey's post-hoc test.

MB Induces S-phase Cell Cycle Arrest—We investigated the
MB effect on cell cycle as a possible cause of the decreased
growth rate we observed in glioma cells. U87 cells were sub-
jected to overnight serum deprivation to synchronize cell cycle
and then treated with MB or vehicle for 3 days. No significant
effect of MB on cell cycle was observed on day 1 (Fig. 44).
However, on day 2, a trend of increased cell number in S phase
occurred at a dose of 10 um MB (Fig. 4B). By day 3, 10 um MB
significantly increased the number of cells in S phase and
decreased the number of cells in G, phase with no discernable
change in M phase (Fig. 4, C and D). In addition, an increase in
cell death occurred in the 10 um MB-treated group. To deter-
mine the effect of MB on glioma cell apoptosis, U87 cells were
treated with MB for 3 days, then stained with annexin V and PI
and analyzed by flow cytometry. We observed that MB, at 10
M, increased necrosis and late stage apoptosis in U87 cells
evidenced by the augmented number of PI-positive and PI
annexin V double-positive cells, respectively (Fig. 4E).
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FIGURE 5. MB activates AMPKa and inhibits ACC. A, Western blots are
shown of ACC, AMPKa, and mTOR after 1, 2, and 3 days of 10 um MB treatment
compared with control. MB increased the phosphorylation of AMPKa and
ACC while mildly decreasing that of mTOR. CT, control. B, Western blots of
AMPKea, ACC, and mTOR after 2 days of MB treatment at the indicated con-
centrations are shown. MB, at 10 um, increased AMPKa and ACC phosphory-
lation and mildly decreased mTOR phosphorylation. C, densitometry of
P-AMPK/AMPK ratio after 2 days of MB treatment is shown. 10 um MB signif-
icantly increased the ratio of P-AMPKa/AMPK. D, densitometry of p-ACC/ACC
ratio after 2 days of MB treatment is shown. 10 um MB significantly increased
the ratio of p-ACC/ACC. E, densitometry of P-mTOR/mTOR ratio after 2 days of
MB treatment is shown. MB had no effect on the ratio of P-mTOR/mTOR. F,
shown is the cellular NADPH to total NADP ratio. Concentrations of 1 and 10
M MB significantly decreased NADPH/Total NADP compared with control. *
indicated p < 0.05 by 1-way ANOVA and Tukey’s post-hoc test.

We determined the effect of MB on cyclin expression in U87
cells. Western blot analysis demonstrated that 10 um MB
decreased expression of cyclin A2 and B1 compared with con-
trol after 2 and 3 days of treatment (Fig. 4F). In addition, 10 um
MB reduced cyclin D1 expression while having little discern-
able effect on cyclin E1.

MB Activates AMPK and Its Downstream Targets—We
investigated the phosphorylation of AMPKu at its activation
site, Thr-172. Increased phosphorylation of AMPKa was
observed after 2 and 3 days of 10 um MB treatment (Fig. 5,
A-C). Next we confirmed the effects of increased AMPK acti-
vation on the downstream targets ACC and mTOR. Increased
phosphorylation of Ser-79 of ACC was observed in U87 cells
treated with 10 um MB for 2 and 3 days (Fig. 5, A, B, and D). On
the other hand, no changes to mTOR Thr-2448 phosphoryla-
tion (inhibition) were observed (Fig. 5, A, B, and E). A recent
study demonstrated that AMPK activation is associated with
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FIGURE 6. The effects of MB derivatives on AMPK« and its downstream
pathways. A, shown is U87 OCR after treatment with Pro, 2-C, TB, and MB. TB
and MB, both, significantly increased OCR. B, U87 ECAR is shown after treat-
ment with Pro, 2-C, TB, and MB. TB and MB, both, significantly decreased
ECAR. C, shown are the effects of Pro, 2-C, TB, and MB on phosphorylation of
AMPKa, ACC, and mTOR in U87 cells. TB and MB increased AMPKa and ACC
phosphorylation and had varying results on mTOR phosphorylation. D,
effects of Pro, 2-C, TB, and MB on cyclin expression in U87 cells are shown. TB
and MB decreased cyclin A2,B1,and D1 expression but had no effect on cyclin
E1.*indicated p < 0.05 by 1-way ANOVA and Tukey’s post-hoc test.

NADPH homeostasis (22). MB decreased NADPH as a percent-
age of total NADP ™ in U87 cells at 1 and 10 um (Fig. 5F).

Effect of MB Derivatives on Glioma Cell Proliferation—We
selected three MB derivatives to determine whether the inhib-
itory action of MB on glioma cell proliferation is associated with
the observed reversal of the Warburg effect. Toluidine blue O
(TB) has an exposed heterocyclic nitrogen and side chains on
carbons 3,7, and 9. 2-Chlorophenothiazine (2-C) contains only
the heterocyclic nucleus. Promethazine (Pro) is an antihista-
mine composed of a side chain blocking its heterocyclic
nitrogen.

We determined the effects of MB derivatives on OCR and
ECAR in US87 cells. TB dramatically increased OCR and
decreased ECAR, whereas no effect was found by 2-C and Pro
treatment (Fig. 6, A and B). We examined the effect of MB
derivatives on the AMPK pathway. Similar to MB, TB increased
phosphorylation of AMPKa at Thr-172 and ACC at Ser-79,
whereas no effect was observed upon treatment of 2-C or Pro
(Fig. 6C). Downstream of AMPKa, both MB and TB increased
ACC phosphorylation at serine 79, inhibiting ACC. Surpris-
ingly, Pro also increased ACC inhibition, but not AMPKa acti-
vation, which leads us to hypothesize that Pro acts on ACC
through an alternative pathway. Consistently, no significant
change of mTOR phosphorylation at Ser-2448 was found by the
treatment of TB (Fig. 6C). Both TB and MB reduced cyclin A2,
B1, and D1 expression while having no discernable effect on
cyclin E1 (Fig. 6D). We further evaluated the effects of MB
derivatives on U87 cell proliferation. Whereas Pro and 2-C had
no effect on U87 cell proliferation at concentrations of 100 nm,
1 um, and 10 uM in a growth curve assay (Fig. 7 A and B), TB
significantly inhibited U87 cell growth at concentrations of 1
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and 10 pm (Fig. 7C). We determined the effects of MB deriva-
tives on cell growth in the liquid colony formation assay. Con-
sistent with the growth curve analysis, neither 2-C nor Pro
affected the number or the size of the colonies in the liquid
colony formation assay (Fig. 7, D, E, G, and H). In contrast, TB
dramatically reduced both the number and size of U87 cell col-
onies at concentrations of 1 and 10 um (Fig. 7, F and ).

MB Inhibits Both TMZ-sensitive and -insensitive Glioma Cell
Proliferation—We determined the effect of MB and TMZ in
U87 and T98G cells, a TMZ-sensitive and -insensitive cell line,
respectively. Growth curve analysis of U87 cells subjected to
MB alone, 200 uM TMZ, or a combination of the two exhibited
apredominant effect of MB as no significant difference between
MB alone and MB combined with 200 um TMZ was found (Fig.
8, A and B). A liquid colony formation assay using U87 cells
revealed that 200 um TMZ overwhelmed the effect of 100 nm
MB on colony number and size when combination therapy was
applied. In addition, a potential additive action of 1 um MB and
200 um TMZ was observed (Fig. 8, C and D). Cell cycle analysis
at 3 days after 200 um TMZ treatment demonstrated a signifi-
cant increase in the number of cells in M phase. Distinctly, we
observed a significant increase of cells in S phase upon combi-
nation treatment of 10 um MB and 200 um TMZ, with no major
effect on the number of cells in M phase (Fig. 8, E and F).

We determined the effect of MB on the proliferation of T98G
cells, a TMZ-insensitive cell line derived from human GBM.
MB significantly inhibited the growth of T98G cells at 1 um on
days 4 and 5 in the growth curve assay (Fig. 94). MB, at a con-
centration of 10 um, inhibited T98G cell growth on days 3, 4,
and 5 compared with control. Similar to U87 cells, cell cycle
analysis revealed an increase of T98G cells in S phase and a
corresponding decrease in G, phase on day 2 (Fig. 9B). T98G
cells, when treated with MB at concentrations of 100 nm, 1 um,
and 10 pM, exhibited a dose-dependent increase of OCR and
decrease of ECAR compared with control (Fig. 9, C and D).
Finally, Western blot analysis confirmed the activation of
AMPK pathway by MB treatment in T98G cells evidenced by
the increases of phosphorylation of AMPKea and inhibition of
ACC at concentrations of 1 and 10 um (Fig. 9E). No significant
change was observed in phosphorylation of mTOR Thr-2448 in
T98G cells subjected to MB (Fig. 9E).

A Single Daily Dose of MB Does Not Inhibit Tumor Progres-
sion in Human GBM Xenograft Model—We determined the
effect of MB in GBM using human GBM xenograft model. No
toxic death was induced by either of the MB dosages. However,
no tumor regression was found in both GBM xenografts upon
both low and high dose treatment of MB (Table 1). In the West-
ern blot analysis using the tumor specimens derived from the
xenograft model, no AMPK activation was observed upon the
single dose daily treatment (Fig. 10).

DISCUSSION

Given the bioenergetic and biosynthetic demands of the
rapid proliferation, it may not be surprising that tumor cells
often display fundamental changes in pathways of energy
metabolism (9). More than 90 years ago, Warburg hypothesized
that cancers may be caused by increased glycolysis and
impaired respiration based on observations that tumor tissue
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FIGURE 7. The effects of MB derivatives on glioma proliferation and colony formation. A, shown is the U87 growth curve with cells treated with 100 nm, 1
M, and 10 um Pro. B, shown is the U87 growth curve with cells treated with 100 nm, T um, and 10 um 2-C. G, shown is U87 cell growth with cells treated with 100
nm, T um, and 10 um TB. TB inhibited cell growth at concentrations of 1 and 10 um. * indicates p < 0.05 by 2-way ANOVA and Bonferroni post-hoc test. At
concentrations of 100 nm, 1 um, and 10 um, Pro had no effect on either number (D) or size of the colonies in liquid colony formation assay (G). Similarly, no effect
was observed upon 2-C treatment on either number (E) or size of the colonies (H). TB at 1 and 10 um significantly decreased both number (F) and size of the

colonies (/). * indicated p < 0.05 by 1-way ANOVA and Tukey’s post-hoc test.

actively metabolizes glucose and produces excessive lactic acid
while exhibiting a comparably low respiratory rate (7). Exten-
sive research has been conducted to explore cancer metabolic
pathways, and cancer metabolism has been considered as a pos-
sible target for cancer therapy (23). Recent findings suggest that
reinstating normal oxidative phosphorylation in cancer cells
may not only inhibit cell growth and proliferation but also
impair the metastatic capacity of malignant cells (24).

We compared the bioenergetics between U87 GBM cells and
human primary astrocyte cultures, both derived from females.
As predicted, U87 cells had a substantially higher ECAR than
primary astrocytes, indicating that U87 cells produce large
amounts of lactate regardless of the availability of oxygen.
Interestingly, U87 cells also have a higher OCR, which given its
higher proliferation rate compared with primary astrocytes, is
not surprising. In addition, the U87 cells and primary astrocytes
have a similar maximum mitochondrial oxidative phosphory-
lation capacity evidenced by their comparable OCR after FCCP
treatment. Nonetheless, acute MB treatment dramatically
increases OCR and decreases ECAR in U87 cells. Furthermore,
chronic MB treatment decreases ECAR but maintains OCR in
U87 cells. We predicted that the reduction of ECAR by MB was
mainly due to the inhibition of lactate production. Consistently,
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our lactate analysis indicated that MB treatment decreases lac-
tate production in U87 cells. Interestingly, the reversal of the
Warburg effect was associated with a reduction of U87 cell pro-
liferation, evidenced by the cell growth curve, liquid colony
formation, and soft agar colony formation assays.

GBM cells, like other cancers, face two major metabolic chal-
lenges, bioenergetic and biosynthetic demands of rapid cell
proliferation. It has been proposed that the fundamental meta-
bolic switch may confer to cancer cells a selective advantage
during growth and proliferation (9, 25, 26). Glucose not only
provides the major fuel for ATP synthesis through glycolysis
and mitochondrial oxidative phosphorylation, but it also pro-
vides the backbone for intermediates needed in biosynthetic
pathways, including ribose sugars for nucleotides, glycerol and
citrate for lipids, nonessential amino acids, and NADPH
through the oxidative pentose phosphate pathway (25). Besides
serving as the major bioenergetic hub, mitochondria also pro-
vide metabolites for macromolecule synthesis to meet the bio-
synthetic demand of a proliferating cancer cell (26). Our previ-
ous study demonstrated that MB could accept electrons from
NADH at mitochondrial complex I and transfer them to cyto-
chrome ¢ providing an alternative mitochondrial electron
transfer pathway that decreases ECAR (12). We predict that
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FIGURE 8. MB and TMZ do not have additive effects. shown is U87 cell growth of co-treatment with 1 um (A) and 10 um (B) MB in the presence and absence
of 200 um TMZ. * indicates p < 0.05 by 2-way ANOVA and Bonferroni post-hoc test. A liquid colony formation assay of U87 cells treated with the indicated
concentrations of MB and TMZ is shown. Co-treatment with MB and TMZ had no additive effect to colony number (C) or size (D). E, day 3 cell cycle analysis of
TMZ and MB is shown. TMZ increased the number of cells in M phase while decreasing the number of cells in G, phase. When co-treated, the cell cycle was
halted in S-phase similar to MB alone. F, shown is representative day 3 cell cycle analysis for control (black), 10 um MB (red), 200 um TMZ (green), and 10 pum
MB + 200 um TMZ (blue). * indicated p < 0.05 by 1-way ANOVA and Tukey's post-hoc test.

MB reverses the Warburg effect and switches mitochondria
from a biosynthetic hub back to a predominantly bioenergetic
hub in GBM cells, thus decreasing metabolic intermediates and
inhibiting cancer proliferation. This notion is supported by our
data that MB increases ATP production, decreases NADPH,
and arrests cancer cells in S phase. Interestingly, the inhibitory
action of MB on lactate production is less dramatic as com-
pared with its action on ECAR. Thus, other mechanisms might
also contribute to the inhibitory action of MB on GBM cells.
Indeed, there is evidence that extracellular acidity per se boosts
the cancer progression (27).

Cell cycle is regulated by cyclins, which bind to cyclin-depen-
dent kinases to activate transcription of the necessary proteins
for the ensuing phase of the cell cycle. Of particular interest is
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cyclin A2, which is the key cyclin for progressing though S
phase and transitioning from G, to M phase (28). In addition to
cyclin A2, cyclin B1 controls the cell cycle transition from G, to
M phase (29). We observed that MB dramatically inhibits
expression of cyclin A2, Bl,and D1 while having less effect on
cyclin E1, which continues progression of S phase (30).
AMPK has been recognized as the major regulator of cellular
bioenergetics (31). AMPK is composed of two active subunits,
AMPKa and AMKA /v, with AMPKa being a key regulator of
protein synthesis, fatty acid oxidation, cell cycle progression,
and glucose uptake (32, 33). AMPKu is activated by Ca>"/cal-
modulin kinase kinase, a high AMP to ATP ratio, and/or its
upstream kinase, liver kinase B1 (LKB1) (34, 35). Because of its
control over essential and distinct metabolic pathways, activa-

JOURNAL OF BIOLOGICAL CHEMISTRY 9161



Reversing Warburg Effect for Glioblastoma Treatment

- Control -+ 1yMMB B GiG' G/M
"\ < 1000MMB ~ 10,M MB 250 Vs
g 1000001 S0 ¥
% 80000 ® Ctrl
“ 100 nM MB
S 00001 £ 190 = 1uMMB
g 40000 8 100 4 ® 10 yM MB
£ 20000
2 50
’ oltnt ==

10K40K 70|Fﬁ100K1 30K

O
O

. = 150
2 £

= 3

g @ 100
2 =

X s

- x 50
['4

g S

o w

E 200 uM TMZ
CT 01 1 10 CT 0.1 1 10uMMB
P-AMPKa | —.--——--.._.-...._-l
AMPKa l ~-~-——————--—-——I
P-ACC | R p— |
ACC ‘— e I B -— ’I

P-mTOR l—————-———l

mTOR

————————]

Actin I—

— R — — — — |

FIGURE 9. MB impairs TMZ-insensitive glioma cell proliferation. A, the
growth curve of T98G cells treated with 100 nm, 1 um, and 10 um MB is shown.
* indicates p < 0.05 by 2-way ANOVA and Bonferroni post-hoc test. B, repre-
sentative cell cycle analysis of T98G cells treated with media (black), 100 nm
MB (blue), 1 um MB (orange), or 10 um MB (green) for 2 days is shown. Both 1
and 10 um MB decreased G, phase while increasing S phase. C, OCR of T98G
cells treated with 100 nm, T um, or 10 um MB is shown. 10 um MB significantly
increased OCR compared with control. * indicated p < 0.05 by 1-way ANOVA
and Tukey's post-hoc test. D, ECAR of T98G cells treated with 100 nm, 1 um, or
10 um MB is shown. 10 um MB significantly decreased ECAR compared with
control. * indicated p < 0.05 by 1-way ANOVA and Tukey’s post-hoc test. E,
Western blot analysis of AMPKq, ACC, and mTOR is shown. Increased phos-
phorylation of AMPKa and ACC was observed with no discernable change in
mTOR phosphorylation. CT, control.

TABLE 1
Effect of MB on GBM in human xenograft model
P Toxic
Group T-C Value Regressions deaths
Days
10 mg/kg group
D-08-0430 MG 0.04 <0.389 00of10 00of10
D-09-0326 MG —1.14 <0.241 00f10 00of10
50 mg/kg group
D-08-0430 MG 0.15 <0.232 0o0f10 00of 10
D-09-0326 MG 0.619 <0.241 00of10 00of10
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FIGURE 10. Western blots of p-AMPK¢a, AMPK¢, p-ACC, and ACC depict
that single dose treatment of MB in GBM xenograft model does not acti-
vate AMPK pathway. CT, control.

tion of AMPK is thought to be an ideal drug target for cancer
therapy (36). Downstream of activated AMPK, a multitude of
pathways alter cell bioenergetics including mTOR, ACC, and
cyclins A2 and B1 (37, 38). Activation of the AMPK pathway by
metformin and 5-aminoimidazole-4-carboxamide 1-B-D-ribo-
furanoside has been shown to be an effective treatment in in
vitro cell models for multiple forms of cancer, including those
of breast, prostate, and lung (39-41). Cyclins A2 and B1 are
regulated by human antigen R, upstream of which is the energy
control protein AMPK (42). The inhibitory action of MB on
cyclins A2 and Bl indicated that MB might activate AMPK
signaling. Indeed, we observed that MB, likely through its bio-
energetic effects, is capable of activating AMPK. The action of
MB on the AMPK pathway was further confirmed by the acti-
vation of AMPK downstream signaling. ACC is a key enzyme in
fatty acid synthesis catalyzing the carboxylation of acetyl-CoA
to form malonyl-CoA (43). Inactivation of ACC by AMPK is
achieved through phosphorylation of Ser-79 and/or Ser-1200
of ACC (44). Consistently, our results indicate a robust inhibi-
tion (i.e. increased phosphorylation) of ACC by MB corre-
sponding to increased AMPK phosphorylation.

mTOR regulates ribosomal protein S6 kinase 8-1 (p70) and
eukaryotic translation initiation factor 4E-binding protein
1(4eBP1), which control protein synthesis (45, 46). Inhibition of
mTOR by AMPK is achieved by phosphorylation of mTOR
Thr-2448 by raptor, an intermediate kinase directly activated
by AMPK (47, 48). AMPK inhibition of protein synthesis via
mTOR in cancer has been demonstrated in lung and breast
cancer cells with a reported 50 —60% decrease in mTOR Thr-
2448 phosphorylation in breast cancer cells (49). Our results
demonstrated no significant change of dephosphorylation of
mTOR upon MB treatment, indicating that MB might selec-
tively activate AMPK downstream signaling.

We speculated that the action of MB on AMPK signaling and
cyclins is secondary to its direct action on metabolism. Our
bioenergetics analysis demonstrated that MB enhances oxygen
consumption rate and extracellular acidification rate in glioma
cells immediately after treatment. On the other hand, the effect
of MB on cell cycle, AMPK signaling, and cyclin was not evident
until days 2 and 3 after treatment. AMPK has been shown to be
activated in response to multiple stresses with or without an
increase of intracellular AMP/ATP ratio (50). Further studies
are needed to determine the mechanism underlying the action
of MB on AMPK signaling. Nonetheless, the secondary action
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of MB on AMPK signaling and downstream cyclins might play
a critical role in its inhibitory effect on GBM proliferation.

Our structure-activity relationship analysis using MB and its
derivatives provided further evidence that the inhibitory effect
of MB on GBM cell proliferation is likely due to its action of
metabolic transformation. Similar to MB, TB dramatically
increased OCR and decreased ECAR, activated AMPK signal-
ing, reduced expression of cyclins A2, B1, and D1, and inhibited
U87 cell proliferation. On the other hand, two MB derivatives
which have no effect on cellular OCR or ECAR had no effect on
either U87 cell proliferation or the AMPK signaling pathway.

TMZ is currently one of the primary chemotherapies for
GBM. TMZ is a pro-drug that decomposes into 3-methyl-(tria-
zen-1-yl)imidazole-4-carboxamide, which disrupts GBM cell
division by heavily alkylating and methylating DNA (6). Resist-
ance to TMZ develops when cells increase expression of the
enzymes O-6-methylguanine-DNA methyltransferase or O-6-
alkylguanine-DNA alkyltransferase (51). We tested the effect of
MB on both TMZ-sensitive and TMZ-resistant GBM cell lines,
U87 and T98G, respectively. As predicted, TMZ arrests U87
cell cycle at M phase. MB induced cell cycle arrest in S phase
and inhibited cell proliferation of both U87 and T98G cells.
Similarly, MB increased OCR, decreased ECAR, and activated
the AMPK signaling pathway in T98G cells. These data sug-
gested that MB might be effective in both TMZ-sensitive and
-resistant GBMs. Our study indicated that MB and TMZ arrest
GBM cells at different stages of the cell cycle; thus, an additive
effect on GBM proliferation might be achievable with a combi-
nation therapy of MB and TMZ. In both growth curve and cell
cycle assays, we observed a predominant MB effect on GBM cell
proliferation and cell cycle arrest even with a concentration of
20-200-fold less than TMZ, which possibly submerged the
minor effect of TMZ. A slight additive action was indeed
observed in the combination therapy of MB and TMZ in the
liquid colony formation assay; therefore, we predict that com-
bination therapy of MB and TMZ might be able to decrease the
necessary dose of each drug, reducing the side effects while still
achieving the maximal inhibitory effect on GBM progression.

We tested the action of MB in a human xenograft model.
Surprisingly, we did not observe any inhibitory action of MB.
We speculated that the lack of action of MB in the xenograft
model was due to the inability of MB to reach and maintain a
high concentration upon treatment. Indeed, the inhibitory
action of MB in vitro was in the low M range, and its action on
bioenergetics disappeared rapidly after MB removal from the
media. Consistently, a single daily treatment of MB was unable
to activate AMPK pathway as suggested in the Western blot
analysis. Future studies are warranted to determine if other MB
treatment paradigms could reach the desired concentration
and, hence, inhibit GBM proliferation without severe side
effects in vivo.

In summary, our current study demonstrated that MB exerts
profound action on GBM bioenergetics. MB inhibits GBM cells
proliferation and arrests the cell cycle in S phase. The effect of
MB on GBM proliferation intertwined with the activation of
AMPK and its downstream signaling of ACC and cyclin expres-
sion. Furthermore, our structure-activity relationship analysis
indicated a direct link between the inhibitory action of MB on
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GBMs and its bioenergetic effects. By reversing the Warburg
effect, MB switches the mitochondria from a biosynthetic hub
to bioenergetic hub and inhibits GBM cell proliferation.
Although the inhibitory action of MB on cancer proliferation
needs further verification in vivo using different treatment par-
adigms, our in vitro data provide the proof of concept that
reversal of Warburg effect might be a novel therapy for GBM.
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