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2-Deoxy-D-glucose enhances the anti-cancer effects of idarubicin
on idarubicin-resistant P388 leukemia cells
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Abstract. Cancer cells switch from mitochondrial oxidative
phosphorylation to glycolysis, even in the presence of normal
oxygen concentrations. Inhibition of the glycolytic pathway is
therefore a critical strategy in cancer therapy. A non-metabolic
glucose analog, 2-deoxy-D-glucose (2-DG), has been the focus
of research on glycolytic inhibitors for use in cancer treatment.
The current study examined the anti-cancer effects of 2-DG on
idarubicin (IDA)-resistant P388 (P388/IDA) leukemia cells.
P388/IDA cells were established following continuous expo-
sure of IDA to P388 cells. Characterization of P388/IDA cells
revealed increased lactate production and glucose consump-
tion compared with P388 parent cells. The results of a cell
viability assay determined that 2-DG induces higher toxicity
in P388/IDA cells compared with P388 cells. Although 2-DG
also exhibits endoplasmic reticulum (ER) stress-inducing
activity, the cytotoxic effect of the ER stress inducer, tunica-
mycin, on P388/IDA cells was lower than that of P388 cells. A
combination of 2-DG and IDA enhanced P388/IDA cell death
compared with each agent alone. The results indicated that
P388 cells activated glycolysis after acquiring IDA resistance
and therefore, inhibition of the glycolytic pathway via 2-DG
might be a useful strategy for cancer therapy against IDA-
resistant leukemia cells.
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Introduction

Anthracycline anticancer drugs, such as doxorubicin (DOX),
daunorubicin (DNR), and idarubicin (IDA), are broadly
used in the treatment of various cancers, including acute
leukemia (1-3). These drugs mediate cancer cell death
through intercalation between DNA base pairs and inhibition
of topoisomerase II (1-3). One of the limitations associated
with DOX and DNR therapy is the development of drug
resistance through overexpression of the drug transporter
such as P-glycoprotein (P-gp) (4-6). On the other hand,
IDA, which is used in acute myelogenous leukemia (AML)
and acute lymphoblastic leukemia (ALL) therapy, is highly
lipophilic compared to DOX and DNR, and is imported into
cells faster than the aforementioned anthracyclines, as well
as less affected by P-gp-mediated drug efflux (7,8). However,
AML and ALL therapy with IDA also face the limitation of
drug resistance.

One of the characteristics of cancer cells is their metabolic
alteration, known as the Warburg effect (9,10). The rapidly
proliferating cancer cells predominantly use the less efficient
aerobic glycolytic pathway for ATP synthesis, resulting in
high glucose demand in cancer cells. Therefore, inhibition of
glycolysis is expected to have a stronger impact on cancer cells
than on normal cells. Much research has focused on glycolysis
inhibition as a strategy for cancer therapy (11,12).

The non-metabolic glucose analog 2-deoxy-D-glucose
(2-DG) is a glycolysis inhibitor (12). 2-DG is trans-
ported into the cells and metabolized by hexokinase to
2-deoxy-D-glucose-6-phosphate, which is not further
metabolized and accumulates in the cells (12). The structure
of 2-DG is similar to that of mannose, which is important for
N-glycosylation in proteins and normal protein folding in the
endoplasmic reticulum (ER). It has been reported that inhibi-
tion of N-glycosylation by its inhibitor Tunicamycin (Tm)
induced ER stress (13). Inhibition of N-glycosylation by 2-DG
also increases misfolded proteins in the ER and results in ER
stress-induced cell death (14). It has been thought that this dual
effect of 2-DG provokes cell death and suppresses cell prolif-
eration in cancer cells. Therefore, it is relevant to understand
the potential of 2-DG in the mitigation of IDA-resistance in
the context of leukemia therapy. In this study, the cytotoxic
effect of 2-DG on in-house established IDA-resistant P388
(P388/IDA) leukemia cells was evaluated.
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Figure 1. Characterization of P388/IDA cells. P388 and P388/IDA cells were treated with IDA (0-5 uM). (A) Cell viability was determined by measuring dehydro-
genase activity. P388 and P388/IDA cells are represented by empty and filled circles, respectively. (B) Cleaved PARP and cleaved caspase-3 protein expressions
were determined via western blot analysis. Data are presented as the mean + standard deviation (n=4). IDA, idarubicin; PARP, poly(ADP-ribose) polymerase.

Materials and methods

Materials. P388 mouse leukemia cells (P388 cells), which has
been used for model of leukemia cells (15-17), were provided by
Daiichi Pharmaceutical Co., Ltd. (Tokyo, Japan). RPMI-1640
medium was purchased from Nissui Pharmaceutical Co.,
Ltd. (Tokyo, Japan). 2-DG (D6134) and tunicamycin (Tm;
T7765) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). IDA was obtained from Wako (Tokyo, Japan). The Cell
Counting Kit-8 (CK04), Lactate Assay Kit-WST (L256), and
Glucose Assay Kit-WST (G264) were purchased from Dojindo
(Kumamoto, Japan). Anti-caspase-3 (19677-1-AP), anti-Poly
(ADP-ribose) polymerase (PARP; 9542), and anti-f-actin
(A5441) antibodies were purchased from Proteintech
(Rosemont, IL, USA), Cell Signaling Technology (MA, USA),
and Sigma-Aldrich, respectively.

Cell culture and establishment of IDA-resistant P388 cells.
P388 leukemia cells were grown in RPMI-1640 medium that
contained 50 yM 2-mercaptoethanol and 10% fetal bovine
serum, under 5% CO, at 37°C. To establish P388/IDA cells, at
first, P388 cells were cultured with 0.001 M IDA for 1 week
in 12-well plates. Cells underwent culture with increasingly
higher concentrations (1.5 to 2-fold) of IDA every 1-2 weeks.
Finally, P388/IDA cells were maintained in RPMI-1640
medium with 0.1 M IDA. In total, the establishment of the
drug-resistant cells took more than 6 months. When the cells
were used for analyses, the cells were cultured in drug-free
medium for more than 3 days.

Measurement of pH, lactic acid production, and glucose
consumption. P388 or P388/IDA cells (1.0x10° cells/ml) were
cultured in RPMI-1640 medium for 24 h in 6-well plates.
The pH of each medium was measured by LAQUAtwin
(Horiba, Ltd., Kyoto, Japan). The pH of RPMI-1640 medium
before culturing was 7.9. Lactic acid production and glucose
consumption were measured by Lactate Assay Kit-WST
and Glucose Assay Kit-WST, respectively, according to the
manufacturer's instructions. In brief, cultured media were
centrifuged at 10,000 x g for 3 min and the supernatants
were used for analysis. The respective reaction buffers were
incubated with the supernatants for 30 min at 37°C, and then

the absorbance was measured at 450 nm. Lactic acid concen-
trations were calculated using a lactic acid standard and then
normalized to cell number. Glucose concentrations in culture
media were calculated using a glucose standard. To determine
relative glucose consumption per cell, glucose concentration
after culturing was subtracted from that before culturing and
then normalized to cell number.

Cell viability. P388 or P388/IDA cells (1.5x10° cells/ml) were
cultured in RPMI-1640 with IDA (0-5 pM), 2-DG (0-500 uM),
or Tm (0-1 ug/ml) for 48 h in 96-well plates. Cell viability was
measured by Cell Counting Kit-8 according to the manufac-
turer's instructions.

Western blot analysis. P388 or P388/IDA cells (1.5x10° cells/ml)
were treated with IDA (0-5 M) and/or 2-DG (250 uM) for
24 h in 12-well plates. Western blot analysis was performed as
previously described (18). In brief, proteins were separated on
7.5% or 15% acrylamide gels for SDS-PAGE and transferred
to nitrocellulose membranes. Membranes were incubated
with anti-caspase-3 (1:1,000), anti-PARP (1:1,500), and
anti-f-actin (1:5,000) antibodies. Membranes were revealed
with horseradish peroxidase-conjugated secondary antibodies
(anti-mouse or anti-rabbit IgG).

Statistical analysis. Data are presented as the mean + standard
deviation and were analyzed using a Student's t-test or One-way
ANOVA (post hoc test, Tukey Kramer method). BellCurve for
Excel version 3.20 was used for statistical analysis (Social
Survey Research Information Co., Ltd.). P<0.05 was consid-
ered statistically significant.

Results

Characterization of IDA-resistant P388 leukemia cells. To
compare the sensitivity of P388 and P388/IDA cells to IDA, a
cell viability assay was performed 48 h after IDA treatment in
both cell lines. The ICs, of IDA on P388 was 0.05+0.02 uM,
whereas on P388/IDA cells was 0.66+0.18 uM (P<0.05). IDA
sensitivity of P388/IDA cells was approximately 10-fold lower
than that of P388 cells (Fig. 1A). Western blot analysis showed
that the apoptosis markers cleaved caspase-3 and cleaved



SPANDIDOS ONCOLOGY LETTERS 20: 962-966, 2020

A 20 - B 25 -
g
S | £ 20
3 g
EL g 15
g 10 4 ;
"o 2 1.0
2 =
;E 05 A 2
é 05
0.0 - 0.0
P388 P388/IDA P388 P388/IDA

Figure 2. Metabolic alterations in P388/IDA cells. (A) The concentration of lactic acid in culture medium (presented as relative lactic acid production) and
(B) glucose consumption (presented as relative glucose consumption) in cells were measured 24 h following culture. Data are presented as the mean + standard
deviation (n=3). “P<0.01 vs. P388. IDA, idarubicin.
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Figure 3. 2-DG and Tm cytotoxicity in P388 and P388/IDA cells. Cell viability in P388 (black circles) and P388/IDA (white circles) cells was determined fol-
lowing treatment with (A) 2-DG and (B) Tm for 48 h. Data are presented as the mean + standard deviation (n=4). 2-DG, 2-deoxy-D-glucose; Tm, Tunicamycin;
IDA, idarubicin.
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Figure 4.2-DG and IDA combined treatment in P388/IDA cells. P388/IDA cells were treated with 2-DG (250 M) and/or IDA (0.5 uM) for 48 h. (A) Cell viability
was analyzed. (B) Western blot analysis of cleaved PARP and cleaved caspase-3 protein expression. Data are presented as the mean + standard deviation (n=4).
“P<0.001 vs. 2-DG or IDA treatment alone. 2-DG, 2-deoxy-D-glucose; IDA, idarubicin; PARP, poly(ADP-ribose) polymerase.
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PARP were detected in P388/IDA cells undergoing treatment
with high concentrations of IDA (Fig. 1B).

To examine the metabolism of IDA/P388 cells, we measured
the pH of culture media 24 h after incubation. The pH in P388
and P388/IDA cells was 7.4+0.1 and 6.9+0.1, respectively.
Lactic acid production in IDA/P388 cells was approximately
1.7-fold higher than that in P388 cells (Fig. 2A) and glucose
consumption in the IDA-resistant cell line increased about
1.9-fold relatively to the parent cell line (Fig. 2B).

Effect of 2-DG and Tm on cell proliferation. We next
compared the cytotoxicity of the glycolysis inhibitor 2-DG on
both cell lines. The ICs, of 2-DG on P388 was higher than the
tested concentrations (>500 M), while on P388/IDA cells was
392.6+41.1 uM (Fig. 3A). 2-DG both suppressed glycolysis and
induced ER stress. To examine the impact of ER stress on the
cells, the effect of Tm was assessed. The ICs, of Tm on P388
and P388/IDA cells was 9.2+1.6 and 16.8+2.4 ng/ml (P<0.05),
respectively (Fig. 3B). The effect of Tm on P388 cells was
about 1.8-fold higher than that in P388/IDA cells.

2-DG enhanced the cytotoxic effect of IDA on P388/IDA cells.
Simultaneous treatment of P388/IDA cells with 250 uM 2-DG
and 0.5 uM IDA enhanced cell death in comparison with each
agent alone (Fig. 4A). The expression of cleaved caspase-3 and
cleaved PARP was also increased in co-treated cells (Fig. 4B).

Discussion

IDA-resistance in acute leukemia poses a critical problem for
cancer chemotherapy. One of the reasons for the development
of resistance to anthracycline anticancer drugs is the overex-
pression of P-gp in cancer cells (4,5). We found that P-gp was
overexpressed in P388/IDA cells compared to P388 cells (data
not shown). However, the highly lipophilic drug IDA is less
affected by P-gp expression than other anthracyclines (7,8).
Therefore, targeting P-gp to overcome IDA-resistance in
leukemia is not an efficient strategy. Metabolic altera-
tion, such as through activation of the glycolysis pathway,
in drug-resistant cancers has been the focus of potential
cancer therapies (19). While it is known that the expression
of genes related to glucose metabolism are upregulated in
drug-resistant cancer cells compared to parent cells (19,20),
the effect of metabolic alteration on drug resistance is poorly
understood. In this paper, IDA-resistant P388 leukemia cells
increased their dependence on glycolysis for ATP production,
as demonstrated by the increased lactic acid production and
glucose consumption. Therefore, we expected the glycolysis
inhibitor 2-DG to positively affect IDA-resistant P388 cells.
It has been reported that 2-DG exerts synergistic cytotoxic
effects with other reagents (21). In P388/IDA cells, the
combination of IDA (0.1 M) with 2-DG (100 uM), which
are concentrations causing low levels of toxicity, could not
enhance cell death (data not shown). The cytotoxicity of this
combination is thought to be an additive effect, not a syner-
gistic effect.

Additionally, cytotoxicity of 500 M 2-DG on P388 cells
was low, but 2-DG elicited cytotoxic effects at lower concen-
trations on P388/IDA cells. On the other hand, the ER stress
inducer Tm induced higher cytotoxicity in P388 cells than in
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P388/IDA cells. These results suggest that P388/IDA cells
are resistant to ER stress, and the dominant effect of 2-DG
on P388/IDA cells is exerted through glycolysis inhibition.
Therefore, targeting the glycolytic pathway on IDA-resistant
leukemia cells could be a useful strategy to overcome
drug-resistance. However, clinical studies on the application
2-DG in cancers have reported that 2-DG administration
induces several side effects, such as fatigue and dizziness,
among others (22,23). Additionally, the effective concentration
of 2-DG on cancer cells has been found to vary across different
cancer cells (11,19,24,25). The underlying mechanism of such
differences is poorly understood and the administration of
high concentrations of 2-DG increases the risk of side effects.
To establish an effective cancer therapy strategy using glycol-
ysis inhibitors, further studies focusing on reliable markers
of effective cytotoxicity induced by glycolysis inhibition are
necessary.

In conclusion, this study demonstrated that the glycolysis
inhibitor 2-DG enhances IDA-induced cell death in P388/IDA
leukemia cells, in which glycolytic metabolism is increased. A
therapeutic combination of IDA and 2-DG might be a potential
strategy against IDA-resistant leukemia.
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