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Leukemia cells demonstrate a different metabolic perturbation
provoked by 2-deoxyglucose
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Abstract. The shift in energy metabolism from oxidative
phosphorylation to glycolysis can serve as a target for the
inhibition of cancer growth. Here, we examined the metabolic
changes induced by 2-deoxyglucose (2-DG), a glycolysis
inhibitor, in leukemia cells by metabolome analysis. NB4 cells
mainly utilized glucose as an energy source by glycolysis and
oxidative phosphorylation in mitochondria, since metabolites
in the glycolytic pathway and in the tricarboxylic acid (TCA)
cycle were significantly decreased by 2-DG. In THP-1 cells,
metabolites in the TCA cycle were not decreased to the same
extent by 2-DG as in NB4 cells, which indicates that THP-1
utilizes energy sources other than glucose. TCA cycle metabo-
lites in THP-1 cells may be derived from acetyl-CoA by fatty
acid (3-oxidation, which was supported by abundant detection
of carnitine and acetylcarnitine in THP-1 cells. 2-DG treat-
ment increased the levels of pentose phosphate pathway (PPP)
metabolites and augmented the generation of NADPH by
glucose-6-phosphate dehydrogenase. An increase in NADPH
and upregulation of glutathione synthetase expression resulted
in the increase in the reduced form of glutathione by 2-DG
in NB4 cells. We demonstrated that a combination of 2-DG
and inhibition of PPP by dehydroepiandrosterone (DHEA)
effectively suppressed the growth of NB4 cells. The replenish-
ment of the TCA cycle by fatty acid oxidation by carnitine
palmitoyltransferase in THP-1 cells, treated by 2-DG, might
be regulated by AMPK, as the combination of 2-DG and
inhibition of AMPK by compound C potently suppressed the
growth of THP-1 cells. Although 2-DG has been effective in
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preclinical and clinical studies, this treatment has not been
fully explored due to concerns related to potential toxicities
such as brain toxicity at high doses. We demonstrated that a
combination of 2-DG and DHEA or compound C at a rela-
tively low concentration effectively inhibits the growth of NB4
and THP-1 cells, respectively. These observations may aid in
the identification of appropriate combinations of metabolic
inhibitors at low concentrations which do not cause toxicities.

Introduction

One of the fundamental changes that occurs in cancer cells
is the shift in energy metabolism from the generation of ATP
from oxidative phosphorylation to glycolysis even in the
presence of sufficient oxygen (Warburg effect) (1,2). Several
agents that specifically inhibit glycolytic metabolism, such as
2-deoxy-D-glucose (2-DG), have been used as effective anti-
cancer agents in cellular systems and in animal models (3.4).
Similar to glucose, 2-DG is taken up through glucose trans-
porters (GLUTs) and is phosphorylated by hexokinase (HK) to
form 2-DG-6-phosphate (2-DG-6-P). 2-DG-6-P accumulates
within the cell and is not metabolized further. Then, 2-DG-6-P
induces cell growth arrest and cell death by inhibiting 2 glyco-
lytic enzymes, HK and phosphoglucose isomerase (PGI) (5,6).

Although 2-DG has been undergoing clinical trials for treat-
ment of several types of cancers, its efficacy as a monotherapy
is limited by systemic toxicity at high doses (7-9). However,
2-DG can sensitize tumors to other chemotherapeutic agents
or radiotherapy (10,11).

Here, we examined the metabolic changes induced by
2-DG in leukemia cells by metabolome analysis, and aimed to
identify the critical metabolic pathway which can be targeted
in conjunction with glycolysis inhibition.

Materials and methods

Cell lines. Two acute myelogenous leukemia (AML) cell
lines were used in this study. NB4, a t(15;17) APL cell line,
was provided by Dr M. Lanotte (Saint Louis Hospital, Paris,
France). THP-1, a monocytic AML monocytic cell line
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Figure 1. NB4 or THP-1 cells were cultured in RPMI-1640 containing 3% FCS with or without the glycolysis inhibitor, 2-DG (0.5 mM), for 24 h. The cells
were subsequently analyzed for intracellular metabolite levels of the glycolytic pathway and TCA cycle by capillary electrophoresis time-of-flight mass
spectrometry (CE-TOFMS). Data are expressed as the concentration of the metabolite (pmol/mm?®). Dotted line indicates the mitochondrial membrane; the

lower section represents inside the mitochondria. 0, control; m, 2-DG treatment.

was obained from the Cell Resource Center for Biomedical
Research (Tohoku University, Japan). Cell lines were grown
in RPMI-1640 medium containing 10% fetal calf serum (FCS,
Thermo Electron, Melbourne, Australia) in a humidified atmo-
sphere of 5% CO, and 95% air at 37°C.

Metabolome analysis. The cell lines were cultured in
RPMI-1640 containing 3% FCS with or without the glycolysis
inhibitor, 2-DG (0.5 mM), for 24 h. Then, 5x10° cells were
centrifuged and washed in 5% mannitol. After centrifugation
and removal of mannitol, cells were suspended in methanol.
The samples were analyzed by capillary electrophoresis time-
of-flight mass spectrometry (CE-TOFMS) (12).

Glutathione measurement. After a 24-h culture with or
without 2-DG, cells were collected and assayed for glutathione
(GSH) content using a GSSG/GSH quantification kit (Dojindo,
Japan).

Cell cultures. Cell lines were cultured in RPMI-1640 containing
3% FCS with the glycolysis inhibitor, 2-DG (0.5 mM), the inhib-
itor of G6P dehydrogenase [first step of the pentose phosphate
pathway (PPP)], dehydroepiandrosterone (DHEA) (20 M),
AMPK inhibitor compound C (1 uM), or in combination for
48 h. MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium] (Promega,
Madison, WI, USA) was then added to each culture. After
3 additional hours of incubation, absorbance at 490 nm was
measured by an ELISA plate reader. Cell lines were also cultured
in RPMI-1640 containing 3% FCS with or without DHEA
(20 uM) and the GSH synthesis inhibitor, buthylsulfoximine
(BSO) (20 uM) for 48 h. Then, MTS assay was also carried out.

Quantitative real-time PCR. Total RNA was isolated using
the RNeasy Mini kit (Qiagen, Germany). Random hexamer
priming and PrimeScript reverse transcriptase (Takara, Japan)
were used to generate cDNA. Real-time reverse transcriptase
polymerase chain reaction (RT-PCR) was carried out using a
StepOne Plus Real-Time PCR system (Applied Biosystems,
USA). Primers for PCR were as follows: glutathione synthe-
tase forward, 5'-CCCTGCCCGAGTGGTCCAGT-3"; reverse,
5'-CACTCCCGCTGCCACACCAC-3" and 18S rRNA (as a
control gene) forward, 5'-CGGCGACGACCCATTCGAAC-3}
reverse, 5'-GAATCGAACCCTGATTCCCCGTC-3". The rela-
tive gene expression level was determined by comparison with
18S rRNA.

Statistical analysis. Statistical analysis was carried out by the
t-test to examine the difference in growth of the cell lines,
GSH content or glutathione synthetase mRNA expression.

Results

Metabolome analysis of the leukemia cell lines. Metabolites
in the glycolytic pathway (pyruvic acid and lactic acid) were
abundantly detected in the NB4 cells. However, these were
greatly decreased by 2-DG treatment (Fig. 1). Metabolites of
the tricarboxylic acid (TCA) cycle were comparably detected
in both cell lines. The amounts of TCA cycle metabolites
in the THP-1 cells were not obviously influenced by 2-DG
as in the NB4 cells. This finding indicates that TCA cycle
metabolites in the THP-1 cells were derived from non-glucose
materials such as amino acids or fatty acids. Metabolites of
PPP (Ru5P, R5P, PRPP) were abundantly detected in both
NB4 and THP-1 cells, particularly when treated with 2-DG
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Figure 2. (A) Intracellular metabolite levels of the pentose phosphate pathway (PPP) in the NB4 and THP-1 cells as analyzed by CE-TOFMS. (B) Intracellular
levels of carnitine and acetylcarnitine, used for fatty acid incorporation into mitochondria, in the NB4 and THP-1 cells as analyzed by CE-TOFMS. O, control;

m, 2-DG treatment.
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Figure 3. Growth inhibition of the leukemia cell lines (NB4, THP-1) by
2-DG (glycolysis inhibitor), DHEA (G6P dehydrogenase inhibitor), com-
pound C (AMPK inhibitor) or in combination. MTS counts following a 48-h
culture with treatment divided by the MTS counts of the control (average
of triplicate experiments) are shown. Simultaneous addition of 2-DG and
DHEA inhibited the growth of NB4 cells (“P<0.01), while simultaneous
addition of 2-DG and compound C inhibited the growth of THP-1 cells more
effectively than that of the NB4 cells ("P<0.05).

(Fig. 2A). Carnitine and its acetylated form, acetylcarnitine
are important for incorporation of fatty acids into mitochon-
dria. Consistent with our previous observation that THP-1
depends on fatty acid oxidation for energy production (13),
carnitine and acetylcarnitine were abundantly detected in
THP-1 cells even with 2-DG treatment (Fig. 2B).

Synergistic effect of the inhibition of glycolysis and PPP or
AMPK. The addition of 2-DG (0.5 mM), DHEA (20 uM) or
compound C (1 M) did not effectively inhibit the growth of
both cell lines. However, simultaneous addition of 2-DG and
DHEA synergistically inhibited the growth, particularly in the
NB4 cells (P=0.0011), while simultaneous addition of 2-DG
and compound C inhibited the growth of THP-1 cells more
effectively than that of NB4 cells (P=0.0319) (Fig. 3).
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Figure 4. Content of the reduced form of GSH was measured after a 24-h
culture with or without 2-DG (0.5 mM). The reduced form of GSH was
upregulated following 2-DG treatment only in the NB4 cells (‘P<0.05).

Activation of PPP by 2-DG treatment leads to reduction in
GSH. The first step of PPP is triggered by G6P dehydrogenase,
which produces NADPH. Since NADPH is utilized for GSH
reduction, the content of the reduced form of GSH in the cell
lines treated with or without 2-DG was determined. As shown
in Fig. 4, the reduced form of GSH was upregulated following
2-DG treatment only in the NB4 cells (P=0.0494).

BSO inhibits the synthesis of GSH. DHEA inhibits G6P dehy-
drogenase, resulting in decreased NADPH and the reduced
form of GSH. As shown in Fig. 5, the growth of NB4 cells was
greatly inhibited by the addition of BSO (P=0.033), DHEA
(P=0.0254) or in combination (P=0.0001) when compared
with the effect in THP-1 cells.

Expression of glutathione synthetase is upregulated by 2-DG
in NB4 cells. Glutathione synthetase (GS) catalyzes the conden-
sation of y-glutamylcysteine and glycine to form glutathione.
As shown in Fig. 6, real-time quantitative RT-PCR study
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Figure 5. Growth inhibition of the leukemia cell lines (NB4, THP-1) by
DHEA (G6P dehydrogenase inhibitor), BSO (GSH synthesis inhibitor) or in
combination. MTS counts following a 48-h culture with treatment divided by
the MTS counts of the control (average of triplicate experiments) are shown.
For each treatment, the growth of NB4 cells was more potently inhibited than
that of the THP-1 cells ("P<0.05, ““P<0.001).
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Figure 6. Real-time quantitative RT-PCR study reveales that expression of
glutathione synthetase (GS) is upregulated by 2-DG treatment in NB4 cells
(""P<0.001).

revealed that expression of GS was upregulated following
2-DG treatment in NB4 cells (P=0.0007). This may explain
the finding that the reduced form of GSH was upregulated by
2-DG in NB4 cells and that the growth of NB4 cells was more
effectively inhibited by BSO.

Discussion

Metabolome analysis revealed that NB4 cells mainly utilized
glucose as an energy source by glycolysis and oxidative phos-
phorylation in mitochondria, as metabolites in the glycolytic
pathway and in the TCA cycle were significantly decreased
by 2-DG, a glycolysis inhibitor. In THP-1 cells, metabolites in
the TCA cycle were not decreased to the same extent by 2-DG
as in the NB4 cells, which indicates that THP-1 cells utilized
an energy source other than glucose. TCA cycle metabolites
in THP-1 cells may be derived from acetyl-CoA by fatty acid
[-oxidation, which was supported by abundant detection of
carnitine and acetylcarnitine in the THP-1 cells (Fig. 2B).
Our previous observation (13) that THP-1 depends on fatty
acid oxidation for energy production also corroborates of this
finding. 2-DG treatment increased the PPP metabolites in both
cell lines. After entering the cell, 2-DG is phosphorylated
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Figure 7. Following 2-deoxy-D-glucose (2-DG) treatment, the pentose phos-
phate pathway (PPP) is activated and NADPH production is upregulated by
G6P dehydrogenase in both NB4 and THP-1 cells. Since glutathione syn-
thetase (GS) is upregulated by 2-DG only in NB4 cells, the content of the
reduced form of GSH is increased by 2-DG only in NB4 cells. We revealed
that the combination of 2-DG and inhibition of PPP by DHEA or GS inhibi-
tion by buthylsulfoximine (BSO) effectively suppresses the growth of NB4
cells. In contrast, AMPK is activated by 2-DG treatment in THP-1 cells,
resulting in activation of fatty acid oxidation to replenish the tricarboxylic
acid (TCA) cycle. Use of both 2-DG and AMPK inhibitor, compound C,
effectively inhibits the growth of THP-1 cells.

by hexokinase to form 2-DG-6-phosphate, which cannot be
further metabolized, and its accumulation leads to inhibition of
the glycolytic pathway and shunting through the PPP (5,14,15).
This PPP flux augments the generation of NADPH by glucose-
6-phosphate dehydrogenase (G-6-PDH). One of the uses of
NADPH is to prevent oxidative stress by reducing glutathione
(from GSSG to GSH). As shown in Fig. 4, an increase in the
reduced form of GSH following 2-DG treatment was noted
only in the NB4 cells. Upregulation of GS expression may
explain the increase in the reduced form of GSH by 2-DG in
the NB4 cells. We demonstrated that the combination of 2-DG
and inhibition of PPP by DHEA effectively suppressed the
growth of NB4 cells.

It has been reported that AMPK inhibits fatty acid synthesis
and activates fatty acid oxidation (16,17). We previously
demonstrated that 2-DG treatment activates AMPK in THP-1
cells (13), which may explain the replenishment of the TCA
cycle by fatty acid oxidation by carnitine palmitoyltransferase.
Then, the combination of 2-DG and inhibition of AMPK by
compound C potently suppressed the growth of THP-1 (Fig. 3).

Although 2-DG has been effective in preclinical and
clinical studies, this treatment has not been fully explored due
to concerns related to potential toxicities such as brain toxicity
at high doses (8.,9). It is important to determine the appropriate
combination of metabolic inhibitors at low concentrations
which do not cause toxicities. Here, we demonstrated that
the combination of 2-DG and DHEA or compound C at a
relatively low concentration effectively inhibited the growth
of NB4 and THP-1 cells, respectively (Fig. 7). Further studies
are warranted to ascertain the efficacy and safety of these
combinations.
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