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Abstract 

Background: Although iron chelation has garnered attention as a novel therapeutic strategy for cancer, higher levels 
of efficacy need to be achieved. In the present study, we examined the combinatorial effect of deferoxamine (DFO), 
an iron chelator, and α-cyano-4-hydroxy cinnamate (CHC), a suppressor of lactate excretion, on the proliferation of 
cancer cell lines.

Methods: We established a deferoxamine (DFO)-resistant cell line by culturing HeLa cells in media containing 
increasing concentrations of DFO. Metabolome and gene expression analyses were performed on these cells. Syner-
gistic effect of the drugs on the cells was determined using an in vitro proliferation assay, and the combination index 
was estimated.

Results: DFO-resistant HeLa cells exhibited enhanced glycolysis, salvage cycle, and de novo nucleic acid synthesis 
and reduced mitochondrial metabolism. As DFO triggered a metabolic shift toward glycolysis and increased lactate 
production in cells, we treated the cancer cell lines with a combination of CHC and DFO. A synergistic effect of DFO 
and CHC was observed in HeLa cells; however, the same was not observed in the human liver cancer cell line Huh7. 
We hypothesized that the efficacy of the combination therapy in cancer cells depends on the degree of increase in 
lactate concentration upon DFO treatment.

Conclusion: Combination therapy involving administration of DFO and CHC is effective in cancer cells wherein DFO 
treatment results in an elevation in lactate levels. Our findings illustrate that the DFO-induced enhanced glycolysis 
provides specific targets for developing an efficient anticancer combinatorial therapy involving DFO. These findings 
will be beneficial for the development of novel cancer chemotherapeutics.
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Introduction
Iron is an essential trace element for the body, and several 
iron-containing proteins, such as HIF-hydroxylase, a 
member of the 2-oxoglutarate dioxygenase family, and 
collagen hydroxylase, and other enzymes involved in 
carnitine synthesis are garnering attention [1].
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The mechanism of iron metabolism and iron-derived 
oxidative stress in cancer has been analyzed in detail 
in recent years, highlighting the value of regulating 
iron metabolism [2, 3]. High concentrations of iron are 
required by rapidly growing neoplastic cells; therefore, 
iron removal has been considered a novel therapeutic 
strategy for cancer. The most well-known iron chelator, 
deferoxamine mesylate (DFO), is derived from 
Streptomyces pilus; DFO is a hexadentate siderophore 
with high affinity to iron [4]. Administration of DFO 
and the subsequent chelation of iron inside cells 
result in the inhibition of iron-dependent enzyme 
activities. Metabolic changes of particular interest 
occurring in iron-deprived cells include mimicking 
of a hypoxia-like condition via HIF1α accumulation. 
This occurs as a result of reduced activity of the prolyl 
hydroxylase domain-containing (PHD) protein, which 
is responsible for the hydrolysis of HIF1α, and growth 
inhibition mediated by the reduced activity of the 
iron-dependent ribonucleotide reductase [5]. We have 
previously demonstrated DFO-mediated suppression 
of the growth of preneoplastic lesions in rat liver [6]. 
Additionally, the clinical efficacy of iron chelators 
has been demonstrated in pilot studies involving 
advanced hepatocellular carcinoma patients [7, 8], and 
the efficacy of the orally administered iron chelator 
deferasirox (DFX) for pancreatic cancer has also been 
reported [9].

Thus far, it has been reported that a combinatorial 
anticancer drug therapy using an iron chelator, 
specifically DFO, and arsenic trioxide, shows a 
synergistic effect in leukemia cells, without any adverse 
effects [10]. It has also been shown in several cell 
lines that the combination of DFX with doxorubicin, 
cisplatin, or carboplatin inhibits cell growth and 
induces apoptosis [11, 12]. We have reported that 
a combination of DFX and gemcitabine is effective 
against pancreatic cancer cell lines [13]. However, 
previous studies have primarily investigated the 
combinations of DFO with frequently used anticancer 
drugs, and there have been no reports on the metabolic 
changes caused by DFO in different cancer cells.

As many iron-containing proteins may serve as tar-
gets of iron chelation, it is difficult to evaluate in detail 
the precise effect of DFO. Additionally, it is necessary 
to know which targets are important in each cell type. 
Therefore, in this study, we generated a DFO-resistant 
strain of HeLa cells that has not been reported thus 
far and analyzed the metabolic changes occurring in 
these cells in the presence and absence of DFO. We 
also aimed to evaluate the changes caused by DFO 
administration in nonresistant strains and identify 

which therapeutic target is important for the survival 
of cancer cells.

Methods
Cell culture
HeLa cells (JCRB9004) and Huh7 cells (JCRB0403) 
were obtained from the Japanese Collection of Research 
Bioresources (Osaka, Japan) and cultured in Dulbecco’s 
Modified Eagle’s Medium (DMEM) (Gibco, Japan) 
supplemented with 10% fetal bovine serum (SAFC, MO, 
USA). The DFO-resistant cell lines were established by 
gradually increasing the DFO concentration (started 
from 3 μM) over a duration of approximately 6 months. 
Cells (2000~6000/well) were seeded in 96-well plates 
and treated with different concentrations (0~100 μM) 
of DFO, and cell proliferation was determined by 
measuring the area of the cells using the Incucyte HD 
imaging system (Essen BioScience, Ann Arbor, MI). 
The combination activity of the drugs was estimated 
with the CalcuSyn software program (Biosoft, Ferguson, 
MO). Briefly, this program determines the combination 
index (CI), a quantitative measure of the degree of 
drug interactions. The information related to drugs is 
provided in Supplemental Table 1.

Western blotting
Western blotting was performed using standard methods 
[14]. Briefly, cells were lysed in lysis buffer (62.5 mM 
Tris-HCl (pH 6.8), 4% sodium dodecyl sulfate (SDS), 
and 200 mM dithiothreitol). SDS-PAGE was performed 
on a 12% acrylamide gel by loading 20 μg of sample 
protein per well; this was followed by electrotransfer 
of the proteins onto polyvinylidene fluoride (PVDF) 
membranes (BioRad, Tokyo, Japan) and blocking of 
nonspecific epitope binding using 5% skim milk. Then, 
membranes were probed using primary antibodies (1 h) 
at room temperature. Information on primary antibodies 
is provided in Supplementary Table 1.

Lactate measurement
Lactate in cell culture supernatant (24 h after DFO 
administration) was measured using a lactate pro2 sensor 
(Arkley, Kyoto, Japan) and corrected using CyQUANT 
(Life Technologies). Intracellular lactate concentration 
(24 h after DFO administration) was measured from cell 
extracts and corrected using protein concentration.

Metabolome analysis
Metabolome and statistical analyses were conducted 
at Metabolon as described previously [15]. Briefly, cell 
pellets were subjected to methanol extraction; the extract 
was then divided into aliquots for analysis by ultrahigh 
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performance liquid chromatography/mass spectrometry 
(UHPLC/MS) in the positive, negative, or polar ion 
mode and by gas chromatography/mass spectrometry 
(GC/MS). Metabolites were identified by comparing ion 
features to a reference library of chemical standards using 
an automated method, followed by visual inspection for 
quality control. For statistical analyses and data display, 
any missing values were assumed to be below the limits of 
detection; these values were imputed with the compound 
minimum.

Total RNA isolation
Total RNA was isolated from cerebellums of each 
individual sample using TRIzol Reagent (Life 
Technologies) and purified using SV Total RNA Isolation 
System (Promega) according to the manufacturer’s 
instructions. RNA samples were quantified on an 
ND-1000 spectrophotometer (NanoDrop Technologies, 
Wilmington, DE), and RNA quality was confirmed using 
the Experion System (Bio-Rad Laboratories, Hercules, 
CA).

Serial analysis of gene expression (SAGE)
Ion AmpliSeq Transcriptome Human Gene Expression 
Kit (Life Technologies) was used for library creation 
[16]. An Ion Proton next-generation sequencer library of 
analysis beads was created, and an Ion PI IC 200 Kit (Life 
Technologies) and Ion PI Chip Kit v2 BC were used for 
sequencing on an Ion Proton next-generation sequencer. 
The results of metabolome analysis and SAGE were 
integrated by ingenuity pathways analysis (IPA).

Oxygen consumption rate (OCR) measurements
OCR measurements were performed using a Seahorse 
Biosciences XF96 Extracellular Flux Analyzer. Cells 
were seeded at a density of 10,000 cells/well in XF96 
microplates (Seahorse Biosciences). After a 24-h incu-
bation, the growth medium was replaced by XF assay 
medium (Seahorse Biosciences) supplemented with 
25 mM glucose (Sigma-Aldrich). OCR measurements 
were made over 5-min periods following a 3-min 
mix period. Cells were treated by sequential addi-
tion of 1 μg/mL oligomycin (Sigma-Aldrich), 300 nM 

carbonylcyanide-p-trifluoromethoxyphenylhydrazone 
(FCCP; Sigma-Aldrich), and 2 μM rotenone (MP Bio-
medicals). The spare respiratory capacity and coupling 
efficiency were calculated in accordance with the Sea-
horse Bioscience instructions, and the basal OCR was 
normalized to the cell number.

Statistical analysis
The results were analyzed using either the two-tailed 
unpaired Student’s t-test or Welsh’s two-factor t-tests; 
data are presented as mean ± standard deviation, with 
significance level established at p < 0.05. One-way 
ANOVA, followed by the Tukey–Kramer or Steel-Dwass 
test, was used for comparison of more than two groups. 
The significance of metabolome analysis was determined 
with Array Studio (OmicSoft) or “R” to compare protein-
normalized data between experimental groups; p < 0.05 
was considered significant. ANOVA contrasts were used 
to identify biochemicals that differed significantly between 
experimental groups.

Results
Treatment of HeLa cells with DFO reduces growth 
and mitochondrial activity
We evaluated the impact of DFO on cell growth using 
HeLa cells, which are widely used in cancer research. 
DFO suppressed cell growth in a concentration-depend-
ent manner. In particular, remarkable growth suppression 
was observed at 100 μM or higher concentrations of DFO 
(Fig. 1A). Evaluation of oxygen consumption rate (OCR), 
using a flux analyzer, revealed a decrease in OCR with 
increased DFO concentration (Fig. 1B). In addition, eval-
uation of the extracellular acidification rate (ECAR)/OCR 
ratio indicated a tendency towards glycolytic metabolism 
and overall reduced metabolism with increasing DFO 
concentrations (Fig. 1C). The changes in gene expression 
in response to DFO treatment were evaluated with SAGE 
and IPA. The results indicated that iron chelation was an 
upstream event that led to the accumulation and activa-
tion of HIF1α and downregulation of EGLN (Egl nine 
homolog) (Fig.  1D). Pathway analysis identified changes 
in EIF2 signaling, tRNA charging, suggesting decreased 

(See figure on next page.)
Fig. 1 Evaluation of the impact of DFO on HeLa cells. A Measurement of the effect of DFO on cell proliferation. **Indicates p < 0.01 compared to 
control group (one-way ANOVA followed by Tukey’s post hoc test). Cell proliferation was determined by measuring the area of the cells using the 
Incucyte HD imaging system. B Evaluation of OCR using a flux analyzer. 1 μM oligomycin, 0.5 μM FCCP, 1 μM antimycin, and 1 μM rotenone were 
added to the wells. C Metabolic phenogram. Basal OCR and ECAR rates were plotted in response to a 48-h DFO treatment in HeLa cells. The top-left 
corner of the figure indicates aerobic, bottom-right corner indicates glycolytic, top-right corner shows activated metabolism, and bottom-left 
corner shows reduced metabolism. Values represent mean ± SD. D A list of top five and bottom five upstream regulators. Presumed activated 
regulators are shown in brown, whereas those presumed inhibited are shown in blue. Cells were treated with 30 μM of DFO for 2 days. E Pathway 
ranking by IPA analysis. Reciprocal display of p-value calculated using the IPA software; magenta line is the ratio of genes included in each pathway. 
Cells were treated with 30 μM of DFO for 2 days
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Fig. 1 (See legend on previous page.)
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protein synthesis, and in processes related to cell prolif-
eration, such as cell cycle checkpoint regulation, mito-
chondrial dysfunction, and oxidative phosphorylation, in 
addition to hypoxia signaling (Fig. 1E).

Enhanced salvage cycle, de novo nucleic acid synthesis, 
and glycolysis and reduced mitochondrial metabolism are 
beneficial for HeLa cell survival under DFO treatment
As various types of enzymes require iron for their 
activity, it is difficult to evaluate in detail the effect of 
DFO on cells. We generated a DFO-resistant HeLa 
strain and analyzed the underlying mechanisms of DFO 
resistance. The DFO-resistant HeLa cell line was estab-
lished by gradually increasing the DFO concentration 
(starting from 3 μM) over a duration of approximately 6 

months (Fig. 2A). Metabolome analysis was performed 
to evaluate metabolic changes in the parent strain and 
the DFO-resistant strain with and without treatment 
with 100 μM DFO. PCA analysis clearly distinguished 
four groups, comprising the parent DFO non-treated 
group (parent Veh), parent 100 μM DFO-treated group 
(parent DFO), resistant DFO non-treated group (resist-
ant Veh), and resistant 100 μM DFO-treated group 
(resistant DFO) (Fig.  2B). Furthermore, hierarchical 
clustering also identified clear variations among the 
four groups (Fig. 2C). In addition, we performed IPA of 
the gene expression data from SAGE analysis, in com-
bination with that from metabolome analysis, to com-
pare the parent Veh and resistant Veh groups. Pathways 
related to purine and pyrimidine salvage cycles, de 

Fig. 2 Analysis of DFO-resistant HeLa cells. A Evaluation of the degree of resistance of DFO-resistant cell lines. The statistical differences are 
indicated by **< 0.01 (Student’s t-test). B Principal component analysis-normalized metabolic data. Percentage values indicated on the axes 
represent the contribution rate of the first (PC1) and second (PC2) principal components to the total amount of variation. Cells were collected on 2 
days after DFO treatment and analyzed. C Heat map of the hierarchical cluster analysis. The rows show the normalized levels of each metabolite. The 
dendrogram for each heatmap shows the relatedness of the normalized metabolite level patterns. D Pathway ranking by IPA. Reciprocal display of 
p-value calculated using the IPA software; magenta line is the ratio of metabolites included in each pathway
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novo synthesis, and tRNA charging were identified 
as the top canonical pathways (Fig.  2D). Metabolome 
analysis to compare the metabolites related to glycoly-
sis among parent Veh and resistant Veh groups showed 
that the levels of glucose-6-phosphate, 3-phosphoglyc-
erol, acetyl-CoA, pyruvate, and lactate increased in the 
resistant Veh group (Fig.  3A). Furthermore, both par-
ent and resistant strains showed accumulation of TCA 
cycle metabolites upon DFO treatment. Comparison of 
the parent DFO and resistant DFO groups revealed sig-
nificant decrease in the levels of citrate, cis-aconitate, 
and isocitrate in the resistant DFO group (Fig.  3B). 
Additionally, with respect to purine- and pyrimidine-
related metabolites, the resistant DFO group showed 

increased TMP, UMP, and UDP levels and decreased 
thymidine, thymine, and uridine levels (Fig. 3C).

DFO and lactate excretion inhibitor exhibit a synergistic 
effect in HeLa cells
As it had been suggested that enhanced glycolysis in 
response to DFO treatment is a compensatory mecha-
nism operating in cells to improve the survival rate under 
conditions of DFO challenge, we also evaluated the 
changes in lactate concentration in response to various 
concentrations of DFO. A significant increase in lactate 
levels was observed in the culture medium upon treat-
ment with DFO (Fig.  4A). As DFO triggers a metabolic 
shift toward glycolysis and increased lactate production, 

Fig. 3 Changes in metabolites related to glycolysis, TCA cycle, and purine/pyrimidine metabolism of DFO-resistant HeLa cells. A Changes in 
glycolytic metabolites according to metabolome analysis (shown on the right). Schematic representation of the glycolytic pathway on the left. Cells 
were collected 2 days after DFO treatment and analyzed. The statistical differences between parent VEH vs parent DFO100, parent VEH vs resistant 
VEH, and resistant VEH vs resistant DFO100 are shown by *< 0.05 and **< 0.01 (ANOVA contrasts). B Changes in TCA cycle metabolites according to 
metabolome analysis. C Changes in purine and pyrimidine metabolism according to metabolome analysis
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we employed combinatorial treatment with DFO and 
α-cyano-4-hydroxy cinnamate (CHC), which suppresses 
extracellular excretion of lactate, and found that com-
binatorial treatment with DFO and CHC suppressed 
cell proliferation (Fig.  4B). Furthermore, experiments 
using varying concentrations of CHC and DFO revealed 
that the combination of CHC and DFO considerably 
increased the anticancer effect relative to the monothera-
pies (Fig.  4C–E). Furthermore, the combination index 
(CI) was less than 1.0, suggesting that DFO and CHC 
act in a synergistic manner (Fig. 4F–H). Intracellular lac-
tate level was increased by treating with CHC (Fig.  4I). 
Western blotting revealed that the combined use of DFO 
and CHC resulted in synergistic increase in the levels of 
cleaved PARP and activated caspase-3 proteins, which 
are proteins associated with apoptosis (Fig. 4J).

Efficacy of the combination therapy depends 
on the degree of increase in lactate concentration by DFO 
treatment
In order to examine whether an effect, similar to that 
observed in HeLa cells, is also achieved in liver cancer 
cell lines, we used various concentrations of DFO, CHC, 
and DFO + CHC for treating Huh7 cells and examined 
the combinatorial effect of the two agents (Fig.  5A–C). 
The combination indices (CI) were not below 1.0, which 
meant that combinatorial treatment with DFO and CHC 
did not have any effect on Huh7 cells (Fig.  5D–F). The 
inefficacy of the combinatorial treatment with DFO and 
CHC can be attributed to the relatively low accumulation 
of lactate in Huh7 cells than in HeLa cells, although lac-
tate concentration did increase with increasing concen-
trations of DFO (Fig. 5G). Furthermore, Western blotting 
showed that HeLa cells exhibited marked accumulation 
of HIF1α and LDH with increasing DFO concentrations, 
whereas Huh7 cells exhibited reduced accumulation of 
HIF1α with no increase in LDH expression (Fig. 5H). We 
next evaluated the glycolysis dependency by assessing 
the IC50 of 2-DG and found that the IC50 of Huh7 was 
higher than that of HeLa, suggesting that the fact that 
Huh7 is less dependent on glycolysis than HeLa is one 
of the reasons for the lower expression of LDH and HIF1 
in Huh7 (Fig.  5I). Figure  6 summarizes the metabolic 

changes induced by DFO treatment as well as the target 
molecules of the mentioned inhibitors.

Discussion
In the present study, treatment of HeLa cells with DFO 
resulted in suppressed cell proliferation and reduced 
OCR. Gene expression analysis of cells revealed altered 
expression of genes involved in pathways related to mito-
chondrial dysfunction and cell cycle. It is known that 
enhanced glucose metabolism in the cytoplasm results 
in the rapid production of ATP—and other molecules—
required for cell proliferation, and that this glycolytic 
shift is responsible for the suppression of apoptosis, can-
cer growth, and metastasis [17]. A switch from glycolytic 
to mitochondrial metabolism is thought to reduce the 
likelihood of cancer cell growth and infiltration. The drug 
dichloroacetate has been used to induce a shift in glu-
cose metabolism from the cytoplasm (glycolysis) to the 
mitochondria (oxidative phosphorylation) [18, 19]. It is 
important to identify metabolic changes ensuing in cells 
in response to DFO treatment. Novel therapeutic targets 
may be identified based on these metabolic changes. In 
this study, we generated a hitherto unreported DFO-
resistant cell line and analyzed the changes in global gene 
expression and metabolism occurring in cells exposed to 
DFO. However, it is reported that although fermentative 
glycolysis has long been considered as one of the major 
metabolic pathways that allows energy production and 
provides intermediates for the anabolic growth of cancer 
cells, it has become now evident that in contrast to prior 
beliefs, mitochondria play a key role in tumorigenesis 
[20]; further studies are needed.

Until date, studies on combinatorial anticancer 
therapy using iron chelators suggest that a combina-
tion of DFO and radiation therapy may be useful for 
breast cancer [21]. Desferal (deferoxamine) controls 
the expression of human copper transporter 1 and 
transferrin receptor 1 via Sp1, and it exhibited syner-
gistic cytotoxicity in combination with oxaliplatin in 
human cervical cancer cells [22]. We have also previ-
ously reported the effect of a combinatorial therapy 
with an iron chelator and gemcitabine in pancreatic 
cancer cell lines and the potential of using DFO as a 
part of combination therapy [13]. As our experiment 

Fig. 4 Evaluation of the effect of combined DFO + CHC treatment in HeLa cells. A Evaluation of secreted lactate accumulation in the culture 
medium according to changes in DFO concentration (day 2). *Indicates p < 0.05 compared to control group (one-way ANOVA followed by 
Tukey’s post hoc test). B Changes observed in cell culture after DFO + CHC treatment — 72 h after administration. Scale bar, 300 μm. C Changes 
in cell confluence after DFO monotherapy. D Changes in cell confluence after CHC monotherapy. E Changes in cell confluence after DFO + CHC 
treatment. F Combination index of the DFO + CHC treatment. Fa, fraction affected; CI, combination index. G Dose-effective curve of the DFO + 
CHC treatment. H Mixture-algebraic estimate of the DFO + CHC treatment, CI > 1 indicates antagonism, CI = 1 indicates additive, CI < 1 indicates 
synergism. I. J Evaluation of protein expression upon treatment with varying concentrations of DFO + CHC, using WB analysis (day 3)

(See figure on next page.)
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Fig. 4 (See legend on previous page.)
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involving the treatment of HeLa cells with DFO indi-
cated a shift toward a glycolysis-predominant metabolic 
profile, which is advantageous for cell survival, we used 
the pan-monocarboxylic acid transport inhibitor CHC 
to suppress lactate excretion. It has been reported that 
suppression of lactate excretion reduces the intracellu-
lar pH and induces cell death, thereby effectively injur-
ing the side population and suppressing chemotaxis 
in multiple myeloma cells [23]. Aside from HeLa cells, 
the synergistic effect of CHC and DFO was observed in 
breast cancer cells (MCF7) as well (data not shown), but 

no synergistic effect was observed for these two agents 
in liver cancer Huh7 cells. This was due to the relatively 
low accumulation of HIF1α in Huh7 cells upon DFO 
treatment than that in HeLa cells. This result revealed 
that low amount of lactate was produced in Huh7 cells, 
and thus, the suppression of extracellular secretion 
of lactate did not yield a synergistic effect. Further-
more, we treated Huh7 cells with phenformin, which is 
known to cause enhanced lactate production as a side 
effect; however, it did not sufficiently increase the lac-
tate levels (data not shown). Furthermore, it has been 

Fig. 5 Evaluation of the effect of combined DFO + CHC treatment in Huh7 cells. A Changes in cell confluence observed after DFO monotherapy. B 
Changes in cell confluence observed after CHC monotherapy. C Changes in cell confluence observed after DFO + CHC treatment. D Combination 
index of DFO + CHC. Fa, fraction affected; CI, combination index. E Dose-effective curve of the DFO + CHC treatment. F Mixture-algebraic estimate 
of the DFO + CHC treatment. CI > 1 indicates antagonism, CI =1 indicates additive, CI < 1 indicates synergism. G Evaluation of lactate production 
upon varying DFO concentrations. Lactate concentration in the medium was measured by a lactose sensor (day 2). *Indicates p < 0.05 compared to 
control group (one-way ANOVA followed by Tukey’s post hoc test). H LDH expression in HeLa cells and Huh7 cells upon varying DFO concentrations 
(day3). I Cell viability assay of HeLa cells treated with 2-deoxyglucose (2-DG). IC50 values are 50% cell growth inhibitory concentrations of 2-DG on 
day 3. Cell viability was analyzed by MTS assay. IC50 was obtained from the following equation: IC50 = 10^[LOG(A/B) × (50-C)/(D-C) + LOG(B)]. A A 
higher concentration of two values that sandwich IC50. B A lower concentration of two values that sandwich IC50. C Cell viability (%) at (B). D Cell 
viability (%) at (A). Data are shown as mean ± SD
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reported that cells with low IC50 to 2-DG have high 
glucose dependency, and cells with low glucose depend-
ency take up glutamine and efficiently produce ATP in 
mitochondria [24]. We speculated that there was no 
significant increase in lactate production in Huh7 cells 
due to a reduced metabolic activity stemming from the 
suppressed cell proliferation and glucose dependency. 
Therefore, it is essential to pre-evaluate the extent of 
glycolytic enhancement—particularly with respect to 
lactate production and glycolysis dependency—to iden-
tify vulnerable cells in which combinatorial treatment 
with CHC and DFO will be effective.

When administered intravenously, DFO exhibits a 
short plasma elimination half-life of around 10 min, 
and it is subsequently excreted through urine and fecal 
matter. For this reason, studies on the sustained-release 
of DFO using biodegradable hydrogels are underway 
[25]. Uptake of DFO by cells proceeds via endocytosis 
after which the compound is primarily localized in the 
cytoplasm [26]. However, there are some iron chelators 
that localize in different cellular compartments, such 
as DFX, deferiprone, and Dp44mt, and reports indicate 
that combinatorial treatment with deferiprone and 
DFO results in a more effective removal of iron from 
cells [27]. We expect that an enhanced anticancer 
effect can be achieved by altering the method of DFO 
administration and using other types of iron chelators.

Conclusion
Taken together, we established a DFO-resistant cell 
line and delineated the mechanisms underlying DFO 
resistance by using metabolome and gene expression 
analyses. The combination therapy of DFO and CHC 
is effective in HeLa cells where DFO treatment results 
in elevated lactate levels. Our results illustrated that 
the components of the glycolytic pathway may serve 
as specific targets for developing an efficient anticancer 
combinatorial therapy using DFO. These findings 
will be beneficial for the development of novel cancer 
chemotherapeutics.
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