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a b s t r a c t

Recently, targeting deregulated energy metabolism is an emerging strategy for cancer therapy. In the
present study, combination of DCA and metformin markedly induced cell death, compared with each
drug alone. Furthermore, the expression levels of glycolytic enzymes including HK2, LDHA and ENO1
were downregulated by two drugs. Interestingly, HIF-1a activation markedly suppressed DCA/
metformin-induced cell death and recovered the expressions of glycolytic enzymes that were
decreased by two drugs. Based on these findings, we propose that targeting HIF-1a is necessary for
cancer metabolism targeted therapy.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Cancer cells are known to have different metabolic properties
than normal cells. Cancer cells are well documented to rewire
cellular metabolism and energy production networks to demand
rapid proliferation [1e3]. Cancer cells become heavily dependent
on aerobic glycolysis, fatty acid synthesis and glutaminolysis [4].
Thus, targeting metabolic dependence might be an effective way of
targeting cancers.

Metformin, an oral drug widely used in the treatment of type 2
diabetes, is associated with a decreased risk of cancer in diabetic
patients using this drug. Metformin inhibits complex I of mito-
chondrial electron transport chain and cellular respiration [5e7]. In
hwoo@kcch.re.kr (W.C. Noh).
ually to this study.
cancer cells, metformin inhibits cell proliferation in the presence of
glucose but induces cell death upon glucose starvation [8].
Dichloroacetate (DCA) was shown to decrease glucose uptake and
inhibit glycolysis, thus inducing cell injury in cancers of the breast,
prostate, lung, medullary thyroid, endometrial cancers, myelomas
and glioblastoma multiforme [9e16]. DCA, a synthetic PDK inhib-
itor, was shown to reverse glycolysis by oxidative phosphorylation
through PDH activation [17]. However, not all studies found
apoptosis induction with DCA alone at clinically relevant concen-
trations when tested in vitro [18]. Results of recent studies have
indicated that DCA-mediated reprogramming of glucose meta-
bolism enhances metformin-cytotoxicity in cancer cells [19].

In addition to metabolic alterations, tumor hypoxia and activa-
tion of hypoxia pathways appears to be strongly associated with
aggressive malignancy [20]. Hypoxia inducible factor (HIF) is a
transcription factor mediating responses to hypoxia, and HIF target
genes overlap strongly with genes implicated in dysregulated tu-
mor metabolism. Importantly, hypoxia has been associated with
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the resistance of cancer cells to radiation therapy and anticancer
drugs [21]. Cancer cells can survive under hypoxic conditions by
metabolic reprogramming to achieve a high level of glycolysis,
which contributes to the development of chemoresistance [22].
Therefore, targeting hypoxic conditions in human tumors may be
an effective cancer therapy.

In this study, we observed that co-treatment with DCA and
metformin led to a dramatic induction of cell death in MCF-7 breast
cancer cells and H1299 lung cancer cells. HIF-1a activationwas able
to recover cell death induced by DCA/metformin via an up-
regulation of glycolytic enzymes. Our results strongly suggest that
inhibiting hypoxia may be an effective strategy in metabolism-
targeted cell death for cancer cells.
2. Materials and methods

2.1. Cell cultures and reagents

MCF-7, H1299, HDF and MCF-10A cell lines were obtained from
the American Type Culture Collection (Manassas, VA, USA). MCF-7
and HDF cells were maintained in DMEM and H1299 cells in
RPMI1640 (Invitrogen, Carlsbad, CA, USA) supplemented with 10%
FBS. MCF-10A cells were cultured in DMEM/F12 Ham's Mixture
supplementedwith 5% horse serum, 20 ng/ml EGF,10 mg/ml insulin,
0.5 mg/ml hydrocortisone, and 100 ng/ml cholera toxin. Cell lines
were cultured in air with 5% CO2 at 37 �C. For culture under hypoxic
conditions, cells were incubated in a hypoxic chamber (Forma
Anaerobic System; Thermo Scientific, MA)with 5% CO2/1.0% O2 and
94.0% N2 (all v/v), respectively. DCA and metformin, phenformin
were purchased from SigmaeAldrich (St Louis, MO, USA).
2.2. Measurement of cell viability

Cell viability was determined by measuring the mitochondrial
conversion of 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium
bromide (MTT) to a colored product. After treatment the medium
was removed and serum-free medium containing the MTT reagent
(0.5 mg/ml) was added. After 1 h at 37 �C, the medium was
removed, the formazan crystals in the cells were dissolved in
dimethyl sulfoxide (DMSO), and the absorbance of the formazan
solution was measured by an ELISA reader at a wavelength of
595 nm.
2.3. Evaluation of cell death

Cells were stained with Annexin V-FITC and propidium iodide
(PI) for the assessment of cell death, as described previously [23].
2.4. Synergy determination by isobologram analysis

The synergy between two agents was determined by their iso-
bolograms [24]. Cells were treated with different concentrations of
metformin (0e50 mM) and DCA (0e45 mM). Combinations
yielding 50 ± 5% cell viability were plotted as the percentage of
each single agent alone versus the equivalent level of cell viability
(fractional inhibitory concentration (FIC): concentration of each
agent in the combination/concentration of each agent alone).When
the sum of the FIC was ¼ 1, the combination was additive and the
graph was expressed as a straight line. When the sum was < 1, the
combination was synergistic and the graph had a concave shape.
When the sum was > 1, the combination was antagonistic and the
graph had a convex shape.
2.5. siRNA transfection

HIF-1a (sequence: GGGAUUAACUCAGUUUGAACUAACUdTdT)
[25] and control (sequence: CCUACGCCACCAAUUUCGUdTdT) siR-
NAs were synthesized by Bioneer (Daejeon, Republic of Korea).
Transfection experiments with siRNAs were transiently performed
using Lipofectamine RNAi MAX™ according to the manufacturer's
instructions (Invitrogen).

2.6. Western blot analysis

Cell lysates were separated via SDSePAGE and transferred to a
nitrocellulose membrane, followed by immunoblotting with the
specified primary and horseradish peroxidase-conjugated second-
ary antibodies. Immunoreactive bands were visualized with
SuperSignal West Pico chemiluminescent substrates (Thermo Sci-
entific Pierce, Rockford, IL, USA). The following antibodies were
used: Lactate dehydrogenase A (LDHA) (#3582), Enolase 1 (ENO1)
(#3810), Hexokinase 2 (HK2) (#2867), and cleaved PARP (#9541)
obtained from Cell Signaling Technology (Beverly, MA, USA), HIF-1a
(610958) from BD Biosciences (San Diego, CA, USA) and b-actin
(#A5361) from SigmaeAldrich.

2.7. Statistical analysis

Data are presented as the means ± standard deviations. Com-
parisons between groups were made using Student's t-test. Aster-
isks (***P < 0.001, **P < 0.01, *P < 0.05) indicate statistical
significance.

3. Results

3.1. DCA and metformin synergistically enhance cell death

We first investigated the effect of DCA or metformin on MCF-7
breast cancer cell death. MCF-7 cells were incubated with various
concentrations of DCA or metformin for 48 h, and cell death was
determined by Annexin V/PI-positive staining. Less than 20% cell
death was observed despite the presence of high concentrations of
20 mM DCA [9] and 20 mM metformin (Fig. 1A and B) [26]. We
examined the combined effects of 10 mM DCA and 10 mM met-
formin in subsequent experiments. As shown in Fig. 1C, treatment
with DCA or metformin induced 7% or 6% cell death, respectively.
However, co-treatment with DCA and metformin led to a dramatic
induction of apoptosis (Fig. 1C and E). Combination of DCA and
phenformin, a lipophilic analog of metformin also resulted in an
increased apoptosis compared with drug alone (Fig. 1DeE). The
combination treatment of DCA and metformin was synergistic ac-
cording to isobolographic analysis (Fig. 1F). A synergistic induction
of cell death by the two drugs was also observed in H1299 lung
cancer cells (Fig. 1G). However, no significant cell death was
observed in normal cells, such as MCF-10A (non-tumorigenic
immortalized breast epithelial cells) and HDF (human dermal fi-
broblasts), suggesting that a combination of DCA and metformin
induces greater cell death in cancer cells than in normal cells
(Fig. 1H and I).

3.2. Hypoxia condition reduces cell death from DCA/metformin

Regions of tumor hypoxia are common in themicroenvironment
of many solid tumors [27,28]. Hypoxia is associated with increased
tumor resistance to radiation treatment and chemotherapy [27].
Therefore, we investigated the effect of hypoxia in cells with DCA
and metformin. As shown in Fig. 2A and B, hypoxia (1% O2)
increased the expression of HIF-1a and attenuated cell death



Fig. 1. DCA and metformin synergistically induce cell death in cancer cells. (aeb) MCF-7 cells were treated with the indicated concentrations of DCA or metformin for 48 h (c, e)
MCF-7 cells were treated with or without 10 mM DCA or/and 10 mM metformin for 48 h (d-e) MCF-7 cells were treated with or without 10 mM DCA or/and 50 mM phenformin for
48 h (f) MCF-7 cells were treated with DCA (0e45 mM) in combination with metformin (0e50 mM) for 48 h and were examined for synergy by isobologram analysis as described in
the Materials and Methods. (gei) H1299, HDF and MCF-10A cells were treated with or without 10 mM DCA or/and 10 mM metformin for 48 h. Cell death was evaluated via flow
cytometry after Annexin V and PI staining (a-d, g-i). Data are presented as the means of triplicate samples and error bars reflect standard deviation (SD). Levels of the indicated
proteins were measured by Western blot analysis (ced). The blot is representative of three independent experiments. Cell morphology images were obtained under a microscope
(e). ***p < 0.001 vs. DCA or metformin-treated group (c, g), ***p < 0.001 vs. DCA or phenformin-treated group (d). Met; Metformin, Phen; Phenformin.
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induced by DCA and metformin. We simulated hypoxic conditions
with cobalt chloride (CoCl2) to further investigate the effect of
hypoxia in cells with DCA and metformin. CoCl2 also increased HIF-
1a protein expression in a dose-dependent manner and recovered
the cell death phenotype induced by DCA/metformin in MCF-7
(Fig. 2CeE) and H1299 (Fig. 2F and G) cells. These data indicate
that hypoxia condition induces resistance to DCA/metformin in
cancer cells.

3.3. Resistance to DCA/metformin-induced cell death in hypoxia is
HIF-1a dependent

Hypoxia-inducible factor-1-alpha (HIF-1a) is a subunit of a
heterodimeric transcription factor of HIF-1 that is a critical regu-
lator of cellular and systemic responses to hypoxia [20]. Thus, to
assess the role of HIF-1a in hypoxia-induced resistance to DCA/
metformin, HIF-1a expression was suppressed by siRNAs (Fig. 3C).
As shown in Fig. 3AeC, HIF-1a knock-down further induced cell
death by DCA and metformin. These data suggest that resistance to
DCA/metformin-induced cell death in hypoxia is HIF-1a dependent.

3.4. HIF-1a is involved in hypoxia-induced resistance to DCA/
metformin by regulating metabolic enzymes

Recent findings highlighted metabolic enzymes as direct mod-
ulators of cell death pathways [29e31]. Therefore, we investigated
several key glycolytic enzymes that are involved in MCF-7 cells
using DCA and metformin. As shown in Fig. 4A, expression levels of
HK2, ENO1 and LDHA were markedly down-regulated upon treat-
ment with both DCA and metformin, compared to DCA and met-
formin alone. We investigated whether hypoxia condition recovers
the protein expression of glycolytic enzymes reduced by DCA/
metformin. MCF-7 cells were pre-treated with hypoxia condition
(1% O2 or CoCl2), followed by DCA/metformin. Hypoxic conditions



Fig. 2. Hypoxia condition reduces MCF-7 cell death induced by DCA and metformin. (a) MCF-7 cells were exposed to hypoxia (1% O2) or kept in normoxia for 7 h (b) MCF-7 cells
were treated with or without 10 mM DCA and 10 mMmetformin followed by hypoxia (1% O2) or normoxia for 48 h (cee) MCF-7 cells were pretreated with or without the indicated
concentrations of CoCl2 for 30 min, followed by a 48 h treatment with or without 10 mM DCA and 10 mM metformin. (feg) H1299 cells were pretreated with indicated con-
centrations of CoCl2 for 30 min, followed by a 48 h treatment with or without 10 mM DCA and 10 mM metformin. Cell morphology images were obtained under a microscope (c, f).
Cell death was evaluated via flow cytometry after Annexin V and PI staining (b, d, g). Data are presented as the means of triplicate samples and error bars reflect SD. Levels of the
indicated proteins were measured byWestern blot analysis (a, b, e). The blot is representative of three independent experiments. ***p < 0.001 vs. DCA and metformin-treated group
under normoxia condition (b), ***p < 0.001 vs. DCA and metformin-treated group (d, g).
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significantly recovered the protein expression of HK2, ENO1 and
LDHA reduced by DCA/metformin (Fig. 4B and C). However, down-
regulation of HIF-1a significantly decreased glycolytic enzyme
protein expression after DCA/metformin treatment in the presence
of CoCl2 (Fig. 4D), suggesting that HIF-1a is involved in hypoxia-
induced resistance to DCA/metformin by regulating glycolytic
enzymes.
4. Discussion

Cancer cells reprogram their metabolic machinery to meet the
bioenergetic and biosynthetic demands for growth and prolifera-
tion [32]. Metabolic pathways promoting cancer cell survival and
growth have been linked to therapeutic resistance. Thus, targeting
metabolic dependence might be an effective way of targeting
cancers.

Metformin is widely used in the treatment of type 2 diabetes.
Metformin has been shown to inhibit cell proliferation and induce



Fig. 3. HIF-1a is an essential factor in hypoxia-induced DCA/metformin resistance. (aec) MCF-7 cells were transiently transfected with HIF-1a or control siRNA for 6 h and pre-
treated with or without 300 mM CoCl2 for 30 min, followed by a 48 h treatment with or without 10 mM DCA and 10 mM metformin. Morphology images were obtained under a
microscope (a). Cell death was evaluated via flow cytometry after Annexin V and PI staining (b). Levels of the indicated proteins were measured by Western blot (c). The blot is
representative of three independent experiments. Data are presented as the means of triplicate samples and error bars reflect SD. ***p < 0.001 vs. siCTL/CoCl2/DCA/metformin-
treated group (b).

Fig. 4. HIF-1a alters the metabolic protein expression of DCA and metformin-treated MCF-7 cells.(a) MCF-7 cells were treated with or without 10 mM DCA or/and 10 mMmetformin
for 48 h (b) MCF-7 cells were treated with or without 10 mM DCA and 10 mM metformin followed by hypoxia (1% O2) or normoxia for 48 h (c) MCF-7 cells were pretreated with or
without 300 mM CoCl2 for 30 min, followed by a 48 h treatment with or without 10 mM DCA and 10 mM metformin. (d) MCF-7 cells were transiently transfected with HIF-1a or
control siRNA for 6 h and pretreated with or without 300 mM CoCl2 for 30 min, followed by a 48 h treatment with or without 10 mM DCA and 10 mM metformin. Levels of the
indicated proteins were measured by Western blot (aed). The blot is representative of three independent experiments.
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cell death in cancer [8]. However, we observed limited apoptotic
cell death (Fig. 1B) in MCF-7 and H1299 cells, despite high con-
centrations of metformin (�10 mM). In our experiments, MCF-7 or
H1299 cells were incubated in media containing 25 or 11 mM
glucose, respectively. When glucose was increased to 10 mM or
greater, breast cancer cells became less responsive to metformin,
suggesting that lowering the glucose potentiates metformin-
induced cell death by reducing metformin-stimulated glycolysis
[33]. DCA is a well-characterized inhibitor of PDK that can inacti-
vate pyruvate dehydrogenase. PDK inhibition increases the flux of
pyruvate into the mitochondria, promoting glucose oxidation over
glycolysis. However, glycolysis inhibitors, such as 2-DG, 3-BrPA and
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DCA, did not induce apoptosis when used as monotherapy because
the high doses required to achieve therapeutic efficacy are often
associated with toxicity [18]. According to the previous report, a
combination of DCA and metformin synergistically induced cell
death in breast cancer cells [34]. We also observed that DCA and
metformin led to a dramatic induction of apoptosis in MCF-7 and
H1299 cells compared to normal cells, such as MCF-10A and HDF
cells (Fig. 1). Recent studies showed that glycolysis inhibition by
lactate export inhibitors also enhances the cancer cells sensitivity
to metformin or penformin [35e37].

Interestingly, several glycolytic enzymes including HK2, ENO1
and LDHA were markedly down-regulated by DCA and metformin,
compared to DCA and metformin alone (Fig. 4A). Glycolytic en-
zymes have frequently been found to be overexpressed in malig-
nant tumors and thus targeted for cancer treatment. Knock-down
of HK2, ENO1 or LDHA using siRNA uncovered several interesting
effects on transformed cells, including cell cycle delay and
increased apoptosis (HK2) [29], decreased cell invasion and
migration (ENO1) [30] and increased sensitivity to hypoxia (LDHA)
[31].

Solid tumors frequently encounter hypoxic stress because of
structurally disorganized blood vessels and rapidly proliferating
cancer cells. Hypoxic conditions lead to anticancer chemotherapy
and radiotherapy resistance, as well as a predisposition for
increased tumor metastases [27]. The hypoxia condition (1% O2 or
CoCl2) recovered DCA/metformin-induced cell death in MCF-7
(Fig. 2AeE) and H1299 cells (Fig. 2F and G). In addition, as shown in
Fig. 4B and C, hypoxia condition (1% O2 or CoCl2) led to significantly
increased protein expression of HK2, ENO1 and LDHA that was
reduced by DCA/metformin. These data suggest that hypoxia can
cause resistance to apoptosis by DCA/metformin in cancer cells.

The transcription factor HIF-1 are a major regulators of cellular
adaptation to hypoxic stress. HIF-1 regulates a number of genes,
including those involved in glucose metabolism, cell survival,
erythropoiesis, stem cell maintenance, angiogenesis and resistance
to chemotherapy and radiation therapy [38]. Specially, HIF-1a in-
duces over-expression and increased activity of several glycolytic
proteins, including transporters (GLUT1, GLUT3) and enzymes
(HK1, HK2, PFKL, ALDA, ALDC, PGK1, ENOa, PYKM2, LDHA, PFKFB3)
in cancer cells [39]. As shown in Fig. 3AeC and Fig. 4D, knock-down
of HIF-1a further led to decreased protein expression of HK2, ENO1
and LDHA that and induced cell death after DCA/metformin treat-
ment in the presence of CoCl2. These data suggest that HIF-1a is
involved in hypoxia-induced drug resistance to DCA/metformin by
regulating glycolytic enzymes.

In summary, hypoxic conditions block MCF-7 cells from cell
death induced by DCA and metformin. Treatment with DCA and
metformin decreased HK2, ENO1 and LDHA protein expression.
HIF-1a activation recovers the decreased metabolic protein
expression induced by DCA and metformin. These results indicate
that HIF-1a protein expression plays a role in protecting MCF-
7 cells against DCA and metformin. Based on these results, we
strongly suggest that targeting hypoxia may be an essential pre-
requisite for cell sensitivity to drug combinations targeting cancer
cell metabolism.
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