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Abstract

The incidence of acute myeloid leukemia (AML) is rising and the outcome of current therapy, 

which has not changed significantly in the last 40 years, is suboptimal. Cellular oxidative state is a 

credible target to selectively eradicate AML cells, because it is a fundamental property of each cell 

that is sufficiently different between leukemic and normal cells, yet its aberrancy shared among 

different AML cells. To this end, we tested whether a short-time treatment of AML cells, 

including cells with FLT3-ITD mutation, with sub-lethal dose of dichloroacetate (DCA) (priming) 

followed by pharmacologic dose of arsenic trioxide (ATO) in presence of low-dose DCA could 

produce insurmountable level of oxidative damage that kill AML cells. Using cellular cytotoxicity, 

apoptotic and metabolic assays with both established AML cell lines and primary AML cells, we 

found that priming with DCA significantly potentiated the cytotoxicity of ATO in AML cells in a 

synergistic manner. The combination decreased the mitochondrial membrane potential as well as 

expression of Mcl-1 and GPx in primary AML cells more than either drug alone. One patient with 

AML whose disease was refractory to several lines of prior treatments was treated with this 

combination, and tolerated it well. These data suggest that targeting cellular redox balance in 

leukemia may provide a therapeutic option for AML patients with relapsed/refractory disease.
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Introduction

Arsenic trioxide (ATO) is approved by the U.S. Food and Drug Administration (FDA) for 

treatment of patients with acute promyelocytic leukemia (APL) whose disease failed to 

respond to or relapsed following all-trans retinoic acid/anthracycline therapy1. In APL, ATO 

induces both differentiation and apoptosis of leukemic cells2. It is reported that ATO can 

open the permeability transition pore complex (PTPC) in mitochondrial membranes by 

directly binding to thiol groups in the PTPC. This decreases mitochondrial membrane 

potential (ΔΨm), which activates caspase pathways, and results in induction of apoptosis3. 

Additionally, inhibition of the reactive oxygen species (ROS)-related enzymes glutathione 

peroxidase and glutathione reductase by ATO may potentiate intracellular ROS 

accumulation and enhance apoptosis4,5. ATO has shown promising clinical activity when 

used for treatment of non-APL acute myeloid leukemia (AML) combined with low-dose 

cytarabine in patients aged ≥ 60 years6 or as a priming agent before use of cytarabine and 

idarubicin in patients aged < 60 years7. Higher concentrations of ATO (0.5 to 2.0 μM) is 

required to induce apoptosis in leukemia cells in vivo compared to lower concentrations (0.1 

to 0.5 μM) to induce differentiation8,9. This appears to be a limiting factor for clinical use of 

ATO for treatment of patients with non-APL AML, because increasing the dose of ATO to 

achieve plasma concentration of > 0.5 μM will cause severe treatment-related adverse 

events.

In both normal and neoplastic cells, glucose, via glycolysis, is converted to pyruvate. When 

oxygen is available, pyruvate is converted to acetyl-CoA by pyruvate dehydrogenase (PDH) 

in the mitochondrion and further metabolized through the tricarboxylic acid cycle. When 

oxygen is limited, for example in bone marrow microenvironment, transcription factor 

hypoxia inducible factor-1α (HIF-1α) induces pyruvate dehydrogenase kinase (PDK), which 

phosphorylates and inactivates PDH10. Dichloroacetate (DCA) binds to the active site of 

PDK and inactivates its kinase activity11, hence, shunts more pyruvate into mitochondrion 

and away from conversion to lactate. DCA, administered at 12.5–50 mg/Kg body weight, 

has been tested clinically for the treatment of lactic acidosis in children and adults12–16. 

Inhibition of PDK also can decrease ΔΨm of hyperpolarized mitochondria in cancer cells 

resulting in augmented ROS production and induction of apoptosis17,18. Several in vitro 
studies report on anti-neoplastic activity of single agent DCA in a variety of cancer cell lines 

with IC50 values ranging from 17 to 40 mM after 48 hours exposure19–22. Orally 

administered DCA has shown anti-tumor effects in a xenograft model of human non-small 

cell lung carcinoma in rats23. A few case reports have shown DCA activity in refractory non-

Hodgkin’s lymphoma and hepatocellular carcinoma24,25. DCA also has shown promising 

anti-neoplastic activity in a clinical trial involving patients with glioblastoma multiforme26. 

High dose DCA can be toxic to neuromuscular cells that are heavily dependent on 

glycolysis; however, at a dose of 6.25 mg/kg orally twice daily which anti-neoplastic activity 

still can be exerted, no patients with brain tumor experienced clinically significant peripheral 

neuropathy26.

The combination of DCA and ATO has been tested against breast cancer cells and has shown 

to be more detrimental to cell survival than either drug alone27. AML is genetically very 

heterogeneous which has contributed to many failed attempts for targeting any particular 
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mutation28; hence, targeting fundamental cellular property such as reductive-oxidative 

(RedOx) state independent of any specific genetic aberrancy appears to be a reasonable 

hypothesis to test. In this study, we attempted to take advantage of metabolic dysregulation 

of leukemia cells to kill them more effectively with less required dose of ATO and DCA. We 

hypothesized that “priming” mitochondria by directing more pyruvate into oxidative 

phosphorylation and away from glycolysis, with DCA, followed by addition of ATO would 

have synergistic anti-leukemic effect.

Materials and Methods

AML cell lines and primary AML cells from patients

AML cell lines MOLM-14, MV4–11 (with FLT3-ITD mutation), MonoMac 6 (with 

activating FLT3-V592A point mutation), and THP-1 (FLT3 wild type) were purchased from 

the American Type Culture Collection (ATCC). The short tandem repeat (STR) analysis was 

not done on leukemia cell lines. The primary leukemia cells were isolated from bone marrow 

or peripheral blood of AML patients under the auspices of the institutional (IRB approved) 

Tumor and Cell Procurement Bank at University of Maryland and Johns Hopkins University 

with informed patient consent in accordance with the Declaration of Helsinki. The 

mononuclear cells were isolated using Lymphocyte Separation Medium (Cellgro, 

Mediatech) according to manufacturer’s protocol. Primary cells were used either fresh or 

after viable freezing in FBS/5% DMSO. AML16, AML17, and AML18 cells were used after 

thawing. AML20 cells were used freshly collected without cryopreservation. All cells were 

cultured in RPMI 1640 medium (Life Technologies) supplemented with 10% FBS 

(HyClone, Thermo Scientific) and 200 mM L-Glutamine (Life Technologies).

Reagents

Arsenic trioxide (ATO), an injectable solution at 5.055 mM (Trisenox®, Cephalon, Inc.) was 

used in vitro according to the manufacturer’s recommendation. For clinical use, ATO was 

given intravenously according to the U.S. FDA Prescribing Information1. Sodium 

dichloroacetate salt (DCA) was purchased from Sigma for in vitro studies, 2M stock 

solution prepared in phosphate buffered saline (PBS), and was filtered, aliquoted and stored 

at +4°C. For patient use, clinical grade sodium dichloroacetate (Catalogue number Z2301) 

were purchased from TCI America (Portland, OR). DCA was weighed by a pharmacist 

based on mg/Kg body weight and given to the patient after dissolving it in 20–30 mL water. 

DCA was taken on an empty stomach every 12 hours.

Cell Viability and Cytotoxicity

Decreased cell viability induced by ATO, DCA or their combination was tested in AML cell 

lines and primary cells using metabolic alterations measured by WST-1 reagent (Roche) and 

by measuring the frequency of cells with non-damaged plasma membrane by trypan blue 

exclusion. Cells were seeded in 96-well plates the day before treatment. DCA and/or ATO 

were added at different concentrations (0.08–100 mM and 0.0045–5.055 μM, respectively). 

Control cells were treated with equivalent volume of vehicle (PBS) for each drug. Four to 

eight replicates were performed for each drug dilution. Every experiment was repeated at 

least twice. Cells were cultured in presence of drugs for 72 h (48 h for primary cells) and 
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terminated by addition of WST-1 reagent. Colorimetric readouts were performed using 

Synergy HT, Multidetection Microplate Reader (BioTek). IC50 and IC30 values were 

calculated using GraphPad Prism v.5 software. After the treatment with ATO, DCA, or their 

combination, cell viability was also determined using trypan blue exclusion. Cells were 

counted using Countess® Automated Cell Counter (Invitrogen, Life Technologies).

Potentiation and Drug Synergism (Isobologram) Assays

The effect of DCA presence on potentiating ATO cytotoxicity (i.e., decreasing IC50) was 

investigated by combining the two agents sequentially. Cells were seeded for 24 h, then 

exposed (primed) to low dose DCA (IC30 for each cell line) for 24 h, then treated with ATO 

in the presence of freshly added DCA at IC30 daily for additional 24–48 hours.

For determination of synergism, the results of the WST-1 assay were analyzed by median 

effect analysis using Calcusyn v.2.11 software (Biosoft, Ferguson, MO, USA), which uses 

the principles developed by Chou and Talalay29 to determine whether combinations of DCA 

and ATO were synergistic, additive or antagonistic. Briefly, cells were treated with DCA, 

ATO, or their combination at equal ratios of 0.125–2X of IC50 for each drug and dose-

response curves were generated for each drug individually and combined. Combination 

indices (CI) were calculated by the software Calcusyn. The software generates the effective 

doses that kill a specific percentage of the cells at IC10, IC25, IC50, and IC75 by each drug 

alone or in combination. Synergism is defined when the CI values are less than 0.9. Additive 

combinations would result in a CI between 0.9 and 1.1 and antagonistic combinations give a 

CI of greater than 1.1.

Detection of Cell Apoptosis

Leukemia cells were primed with DCA at their corresponding IC30 or vehicle (PBS) for 24 

hours. In control group, cells continued to be exposed only to vehicle. For treatment groups, 

the cells were treated with DCA at IC30 alone or in combination with ATO (IC50) plus DCA 

(IC30) for 24 hours for primary cells or 48 hours for cell lines. At planned time points cells 

were harvested, washed and stained using FITC Annexin V Apoptosis Detection Kit I (BD 

Pharmingen) and acquired within one hour on FACScan (BD Bioscience). The amount of 

apoptosis was analyzed using FlowJo software (Tree Star).

Detection of changes in Mitochondrial Membrane Potential

Alteration of mitochondrial membrane potential upon treatment with DCA, ATO or their 

combination as described above was tested using MitoPotential Red (Millipore). Cells were 

first primed with DCA at their corresponding IC30 or vehicle for 24 hours and then treated 

with DCA alone (IC30) or ATO (IC50) plus DCA (IC30) for 24 hours for primary cells and 

48 hours for cell lines. Cells were stained using MitoPotential Red and acquired within one 

hour on LSRII (BD Bioscience). The change in mitochondrial membrane potential was 

analyzed using FlowJo software (Tree Star).

Intracellular ROS assay

Induction of intracellular ROS was measured using a 2′,7′-dichlorodihidro-fluorescein 

diacetate, CM-H2DCFDA, probe (Life Technologies) according to manufacturer’s 
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recommendation. Approximately 2×106 of MOLM-14 or THP-1 cells were stained with 5 

μM solution of CM-H2DCFDA for 30 minutes at 37°C. Next, the staining solution was 

removed by centrifugation; cells were added to 96-well plate at 20,000 cells/well and treated 

with DCA, ATO or their combination as described above at 37°C for additional time (up to 

48 hours). The cell fluorescence was measured using Synergy HT, Multidetection 

Microplate Reader (BioTek) at 480/528 nm. Hydrogen peroxide (H2O2, 100 μM) (Sigma) 

solution was used as a positive control for ROS assay. In parallel wells, 4 mM N-

acetylcysteine (Sigma) was added to scavenge the produced ROS.

Western blot analysis and quantitation

Effect of DCA, ATO and their combination on different protein expression was measured in 

AML cell lines and primary AML cells. Total protein extracts were prepared using RIPA 

buffer (SIGMA) supplemented with Complete Mini™ protease inhibitor and PHOStop™ 

phosphatase inhibitors (Roche). Equal amounts of proteins (up to 25 μg) were separated on 

4–12% NuPAGE gels in 1X MOPS or 1X MES buffer (Invitrogen) and transferred onto 

PVDF membranes (Millipore). The membrane was blocked with 5% dry milk in 1X TBS/

0.1% Tween 20 (TBST) for at least one hour at room temperature, and incubated with 

human specific primary antibodies: GPx (Cell Signaling Technologies), and Mcl-1 (Santa 

Cruz) or mouse anti-β-actin (SIGMA) overnight at 4°C. Next day membrane was washed 3 

times in TBST and incubated with a horseradish peroxidase-conjugated secondary anti-

rabbit or anti-mouse antibody (Cell Signaling Technologies) for one hour at room 

temperature. Blots were again washed and the signal was detected with SuperSignal West 

Femto Chemiluminescent Substrate (Pierce) and exposed to HyBlot CL® autoradiography 

film (Denville). The signals were quantified using the Image J v.1.48s software (NIH). The 

signal for each antibody was normalized to β-actin and then relative difference was 

calculated against vehicle control at each time point (numbers below each Western blot 

strip).

GSH Measurement

Levels of total reduced glutathione (GSH) were measured using a Glutathione (GSSH/GSH) 

detection kit from Enzo Life Sciences (Farmingdale, NY). The enzymatic assay is based on 

the interaction of the sulfhydryl group of GSH on DTNB (5,5′-dithiobis-2-nitrobenzoic 

acid, Ellman’s reagent) producing a yellow colored 5-thio-2-nitrobenzoic acid (TNB) that 

absorbs at 405 nm. The rate of TNB production directly correlates to the concentration of 

glutathione. Approximately 5×106 MOLM-14, THP-1 and AML20 cells were exposed to 

vehicle, ATO (IC50), DCA (IC30) or their combination for 24 hours. As per the manual, after 

cells were washed in PBS, they were homogenized in 5% (w/v) metaphosphoric acid and 

frozen/thawed twice. The suspension was spun at 12,000 g for 5 minutes at +4oC and the 

supernatant was frozen at −80oC. After running the assay as directed by the kit manual, the 

absorbance was measured using Synergy HT, Multidetection Microplate Reader (BioTek) at 

405 nm. GSH were measured using Graphpad Synergy software and its concentration was 

calculated in micromole per liter in cell lysate.
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Statistical Analysis

Statistical analyses were performed using GraphPad Prism Software. All p-values are two-

sided, unpaired and calculated by Student t-test and those <0.05 were considered as 

statistically significant.

Results

DCA and ATO are toxic to AML cells; both to cells with FLT3-ITD mutation and FLT3-WT

Fms-like tyrosine kinase receptor 3 internal tandem duplication (FLT3-ITD) mutation is one 

of the most clinically relevant mutations in AML that dictates significant poor outcome even 

after hematopoietic stem cell transplantation (HSCT)30. Since it has been reported that ITD 

mutation of FLT3 increases ROS production in AML cells31, we elected to measure the 

cytotoxic effect of ATO or DCA in both FLT3 mutant and FLT3 wild type cells. We used 

MOLM-14 and MV4–11 cells, which carry FLT3-ITD mutation, MonoMac6 with FLT3-

V592A activating single point mutation and THP-1 cells, which are FLT3 wild type (FLT3-

WT). Similarly, we tested primary leukemia blasts isolated from AML patients with or 

without FLT3-ITD mutation.

Cell lines carrying FLT3-ITD mutation as well as FLT3-WT were sensitive to ATO and 

DCA. Representative growth inhibition curves for ATO and DCA for each cell are shown in 

Figure 1A. The mean of IC50s and IC30s (for DCA) are listed in Table 1. For primary 

leukemia cells (AML17, AML18, and AML20), representative graphs are shown in Figure 

1B and IC50s are listed in Table 1.

Combination of DCA and ATO demonstrates synergistic effect in killing leukemia cells

Next, we investigated whether priming AML cells with low dose DCA could potentiate the 

cytotoxic effect of ATO in vitro. We defined “priming” as treatment of leukemia cells for 

24–48 hours with IC30 of DCA. This dose is considered non-cytotoxic since the reported in 
vivo half-life is less than one hour and we used a very low concentration dependent on the 

sensitivity of each individual cell line. Leukemia cells were treated either with ATO alone (at 

IC50) or treated sequentially meaning the cells were first primed with DCA then exposed to 

a range of ATO concentrations in the presence of freshly added DCA daily or vehicle 

(Figure 2). In MOLM-14 cells, pretreatment with DCA (IC30) increased the cytotoxicity of 

stand-alone ATO by 2-fold (Figure 2; Table 1). The potentiation factor (PF) is defined as the 

quotient of IC50 of ATO alone divided by the IC50 for the combination. In MV4–11 and 

MonoMac-6 cells the effect of the sequential combination treatment was similar (Figure 2; 

Table 1). Interestingly, in the FLT3-WT THP-1 cells, DCA priming did not increase the ATO 

cytotoxicity (PF = 0.87, Figure 2; Table 1). Also, after priming primary AML cells with 

DCA, ATO cytotoxicity was increased by 1.3 to 1.8-fold (Table 1). To confirm decreased 

cell viability by another method, trypan blue exclusion was used to compare cell viability 

after exposure to vehicle plus ATO (IC50) with DCA (IC30) plus ATO (IC50). Cell viability 

decreased by 20–93% in both FLT3-ITD and FLT3-WT cell lines when cells were treated 

with the sequential combination regimen (Table 1).
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To determine if the two agents act synergistically when sequentially combined in leukemia 

cells, Isobolic analysis was performed based on WST-1 cell proliferation data and 

combination indices (CIs) were calculated. Combination of DCA and ATO demonstrated a 

synergistic anti-leukemic effect (CI < 0.9) in MOLM-14, MonoMac6, AML17, and AML18 

(Table 1). The combination showed an additive effect on THP-1 cells (Table 1).

Sequential administration of DCA (priming) and ATO significantly induces more apoptosis 
and decreases mitochondrial membrane potential in leukemia cells compared to either 
drug alone or their combination without priming

Next, we sought to assess apoptosis after exposure of AML cells to ATO, DCA, or their 

combination (priming vs no priming) using flow cytometric assay to measure apoptosis. 

Leukemia cells were first primed with DCA or vehicle control (PBS) for 24 hours, and then 

treated with fresh DCA at IC30, ATO at IC50 or their combination for 24 hours in primary 

cells or 48 hours in cell lines (Figure 3). Treatment of MOLM-14 cells with combination of 

DCA+ATO increased the cells apoptosis by 50% when compared to treatment with ATO 

alone (p=0.004). However, priming of cells with DCA followed by treatment with DCA

+ATO, significantly increased the apoptosis by 165% vs. ATO alone (p=0.001). In addition, 

cells primed with DCA and treated with DCA+ATO showed increase of apoptosis by 296% 

when compared to cells treated only with DCA (p=0.001). The DCA priming increased cell 

apoptosis by 77.3% when compared to cells treated with DCA+ATO without priming 

(p=0.002). In THP-1 cells, a significant increase in apoptosis was detected by flow 

cytometry after treatment with DCA+ATO compared to ATO alone (data not shown). 

However, assessing the effect of priming THP-1 cells with DCA was difficult due to 

significant number of apoptotic cells detected by flow after exposure to DCA alone. In the 

primary cells AML20, combination of DCA+ATO increased cell apoptosis by 43.8% vs. 

ATO alone (p=0.02). With the DCA priming, apoptosis rate was increased 66.4% when 

compared to cells treated with ATO alone (p=0.008). Cells primed with DCA and treated 

with DCA+ATO has an increased rate of apoptosis by 107% when compared to DCA alone 

(p=0.01). The apoptotic effects of DCA+ATO against AML20 were not statistically different 

in presence or absence of DCA priming (Figure 3).

To investigate the mechanism of apoptosis, we used flow cytometry with MitoPotential Red 

stain to test whether the treatment with DCA, ATO or sequential combination could 

significantly induce depolarization of the transmembrane potential (ΔΨm) resulting in 

releasing apoptogenic factors. Forty-eight hours concurrent treatment of MOLM-14 cells 

with DCA at IC30 (11 mM) and ATO at IC50 (0.9 μM) decreased mitochondrial membrane 

potential by 79% (p=0.001) compared to ATO alone (Figure 4). On the other hand, priming 

of MOLM-14 cells followed by treatment with ATO at similar doses for 48 hours resulted in 

a 149% decrease in mitochondrial ΔΨm compared to ATO alone (p < 0.007). ΔΨm was 

decreased by 46% (p=0.003) when priming occurred compared to concurrent presence of the 

two agents (Figure 4). In AML20, priming the cells with DCA at IC30 (5.8 mM) for 24 

hours followed by treatment with ATO at IC50 (0.7 μM) for 48 hours resulted in a 68% (p < 

0.007) and 84% (p=0.0002) decrease in mitochondrial ΔΨm compared to ATO alone and 

DCA alone, respectively (Figure 4). Compared to the concurrent use, sequential treatment 
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with DCA (priming) and ATO increased the loss of ΔΨm by 16%, but the difference was not 

statistically significant.

DCA increases the production of ROS in AML cells

To investigate whether change in mitochondrial ΔΨm, induced by DCA ± ATO resulted in 

increasing intracellular ROS in leukemia cells, we stained cells with the CM-H2DCFDA 

fluorescent probe and treated them with different concentrations of DCA and ATO for 24 

and 48 hours. In both MOLM-14 and THP-1 cells, a significant increase in ROS production 

was observed after 24 hours exposure to DCA (Figure 5). With the sequential treatment, 24 

hours priming of MOLM-14 cells with IC30 of DCA increased ROS production by 167% 

when compared to PBS control (Figure 5). Similar results were observed in THP-1 cells and 

primary AML20 cells. Cellular ROS was elevated by almost 2-fold higher levels in 

MOLM-14 cells with FLT3-ITD mutation compared with FLT3-WT THP-1 cells (Figure 5). 

Surprisingly, there was no additional increase in intracellular ROS after addition of ATO to 

DCA, as tested by this assay. ATO was used at IC50 concentration for each individual cell, 

i.e., approximately 1 μM for MOLM-14 and AML20 and approximately 5 μM for THP-1. 

Increasing the concentration of ATO to 10 μM and higher increased the level of intracellular 

ROS (data not shown). To confirm these findings, in both cell lines and the primary cells 

AML20, we tested the effect of the radical scavenger, N-acetyl-cysteine (NAC) when adding 

vehicle, ATO at IC50, DCA at IC30, their combination and the positive control hydrogen 

peroxide (H2O2) for up to 6 hours (Figure 6). We observed a very little ROS production in 6 

hours with ATO alone but a steady increase with IC30 DCA and an even more ROS when 

ATO and DCA were combined. The combination of DCA+ATO considerably induced ROS 

production in AML20. As expected, NAC scavenged approximately 50% of the produced 

ROS. The positive control, H2O2 was included. These data indicate that in AML cell lines 

ROS production mainly was driven by DCA.

Treatment with DCA and ATO decreased the expression of Mcl-1 and GPx in primary AML 
cells

Considering the clear synergism between ATO and DCA in killing AML cells and no 

observed additional increase in ROS level by ATO, we turned our attention to antioxidant 

and antiapoptotic proteins as alternative mechanisms that could be negatively influenced by 

ATO in promoting apoptosis in AML cells treated with sequential DCA+ATO combination.

Mcl-1 is one of the major anti-apoptotic proteins in leukemia cells and its presence is critical 

for survival of human AML cells32. It has been reported that ATO can induce Mcl-1 

degradation through activation of glycogen synthase kinase-3β33. Mcl-1 can bind to 

mitochondrial outer membrane-localized voltage-dependent anion channel and limit calcium 

uptake into the mitochondrial matrix34. We sought to investigate that by decreasing the level 

of Mcl-1, ATO may indirectly affect the intracellular ROS level induced by DCA. To test 

this, we measured Mcl-1 levels in two AML cell lines and two AML cells derived from 

patients by Western Blot after 24–30 hours treatment with ATO alone or after priming with 

DCA (Figure 7). No significant changes in Mcl-1 expression were observed in 

cryopreserved MOLM-14, THP-1 and AML17 cells. However, in freshly used AML20 

blasts, a significant reduction in Mcl-1 expression in cells treated with ATO, particularly 
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when primed with DCA, was observed (Figure 7). The DCA-provoked ROS over-production 

was also significantly increased by co-treatment with ATO in AML20 as shown by a 

sensible higher ROS production in cells treated with ATO IC50 + DCA IC30 compared to 

cells treated with IC30 DCA alone in the absence of NAC (i.e. -NAC), (Figure 6)..

Glutathione is a tripeptide molecule, which in the reduced monomeric form (GSH) is one of 

the most important cellular antioxidants. As a reductive agent, GSH donates electrons to 

different molecules and in return becomes oxidized to glutathione disulfide (GSSG) in a 

process catalyzed by glutathione peroxidase (GPX). Inactivation of GPx results in imbalance 

in ratio between GSH and GSSG as an indicator of cellular oxidative stress35. Due to the 

presence of vicinal thiol groups on GPx isoforms36 and the potential for interaction with 

ATO37, we measured the GPx level by Western Blot. Similar to Mcl-1, GPx levels did not 

change in AML cell lines MOLM-14 and THP-1. However, in AML17, GPx was 

significantly decreased with the combination of DCA and ATO. In AML20, GPx level was 

decreased more after treatment with combination of DCA+ATO compared to either drug 

alone (Figure 7).

Effect of ATO and DCA on intracellular GSH levels

Alterations in GPx might alter the intracellular GSH levels. To this end, we measured the 

total cellular GSH levels in AML cells. The intracellular levels of GSH increased in 

MOLM-14 cells by 2.4x, 1.7x and 2.1x after 24 hour exposure to ATO (IC50), DCA (IC30) 

and their combination, respectively. Similar effects were observed in THP-1 cells: GSH 

content increased 2.2x, 1.6x and 1.7x when exposed to ATO (IC50), DCA (IC30) and their 

combination, respectively. Hence, the combination of the two agents did not lead to a 

significantly higher increase in GSH level. This effect was not observed in the AML20 cells. 

These data are consistent with the previous report that ATO does not significantly increase 

the GSH level in AML cells unless is used in concentrations greater than 10 μM38.

The clinical use of the combination of ATO and DCA in treating a patient with refractory 
AML

A 23 years old patient with refractory extramedullary AML who received a total of 8 prior 

lines of chemotherapy (see Supplementary Data for details of clinical course and treatments) 

was treated with the combination of DCA and ATO. The drugs were administered after 

discussing the case with the patient and his parents, obtaining written informed consent and 

Institutional Review Board (IRB) approval as well as permission from the FDA (single 

patient investigational new drug (IND) 121661).

The patient was treated with DCA 12.5 mg/kg orally twice a day. This dose was chosen 

based on previous clinical use of DCA in patients with brain tumors26,39. ATO (0.15 mg/Kg 

intravenously daily) was started after the 4th dose of DCA (48 h after starting DCA). The 

patient received DCA for 11 days and ATO for 9 days. The patient was closely monitored 

for tumor lysis syndrome; no evidence of lysis requiring intervention was observed. EKG 

was regularly monitored per institutional guidelines and remained normal. The patient 

tolerated the combination of DCA+ATO well without experiencing serious treatment related 

adverse events. He had mild peripheral neuropathy in hands and feet, mild sore throat 
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possibly related to mucositis, and mild confusion while was he was febrile. Due to initial 

leukocytosis he remained on hydroxyurea. His total leukocyte counts and blast percentage 

initially increased but started to steadily decreasing 7 days after the initiation of DCA. The 

treatment was discontinued due to a transfer to another facility for potential enrolment in an 

AML specific clinical trial.

Discussion

In a heterogeneous disease such as AML where unfortunately many “targeted” agents have 

not shown great promise thus far, focusing on cellular redox state and mitochondria as 

fundamental physiological basis for direct cytotoxicity as well as modulating sensitivity to 

“classical” cytotoxic agents may provide a basis for novel salvage strategies in patients 

refractory to standard approaches with an acceptable therapeutic index. Increasing evidence 

suggests that in contrast to normal cells, in many types of cancer cells including AML, redox 

balance is altered40,41. Since leukemic cells have already upregulated their antioxidant 

proteins to compensate for oxygen radical upsurge42, they may not be able to tolerate extra 

oxidative stress, which can be exploited as a important therapeutic strategy.

Previous attempts of using glycolysis modulators such as DCA, 3-bromopyruvate, and 2-

deoxy-D-glucose (2-DG) as monotherapy did not demonstrate significant anti-tumor effect, 

largely because the required high doses of these agents to show clinical activity causes 

significant treatment-related adverse events that results in discontinuation of the agent by 

patients43. One strategy to overcome this limitation would be to combine lower and less 

toxic, hence clinically more tolerable, dose of glycolysis modulators with agents that can 

either hinder cellular antioxidant system or promote even more ROS generation in cancer 

cells44,45. The cooperative anti-neoplastic effect of lonidamine, an inhibitor of mitochondria-

bound hexokinase, with ATO against human leukemia cell lines has been reported46. 

Induction of apoptosis by combination of lonidamine+ATO was reported to be due to 

mitochondrial dysfunction and activation of the intrinsic apoptotic pathway46. The 

combination of ATO and 3-bromopyruvate also enhanced the apoptotic rate in HL-60 AML 

cell lines compared to either drug alone47. Recently, DCA was reported to increase 

sensitivity of multiple myeloma cell lines to bortezomib, and their combination improved the 

survival of mice with myeloma48. DCA also was shown to enhance cytotoxic effect of 

adriamycin against hepatoma cell lines, and hepatoma in mice49. The concurrent 

combination of DCA (5 mM) and high dose ATO (5–20 μM) was reported to be more toxic 

for breast cancer cell lines than either agent alone27.

ATO at a dose of 0.15 mg/Kg, which results in the serum concentration level of 0.5–2 μM is 

relatively well tolerated by patients with leukemia, and it is reported to increase intracellular 

levels of hydrogen peroxide50, and to inhibit the glutathione antioxidant system9,45. To test a 

combination chemotherapy that can relatively safely be used clinically, in this study we used 

low (IC30) concentration of DCA as chemosensitizing agent followed by ATO with 

concentrations (~ 1 μM) compatible with clinical experience. We avoid using high (i.e. > 10 

μM) doses of ATO in order to remain pharmacologically relevant. Indeed, DCA at a low 

concentration significantly potentiated the cytotoxic effect of ATO against a wide range of 

AML cells including cells with FLT3-ITD mutation. Isobologram analysis of cell viability 

Emadi et al. Page 10

Leuk Res. Author manuscript; available in PMC 2020 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



showed that the combination of DCA+ATO are synergistic with CI values <0.9. The 

underlying cellular mechanisms involved in the observed synergistic effect included a 

significantly greater decrease in mitochondrial membrane potential compared to either drug 

alone. Mitochondrial ΔΨm is necessary for cellular metabolic homoeostasis and 

disintegrated ΔΨm results in far more negative consequences than disruption of electron 

transport chain alone. In primary AML cells, other mechanisms may include more inhibition 

of GPx and Mcl-1 by the combination of ATO+DCA compared to ATO as a single agent. 

Mcl-1 is a short-lived anti-apoptotic protein that is rapidly degraded after post-

transcriptional phosphorylation by kinases51. We observed Mcl-1 level decreased after 

exposure to the agents only in cells that were not cryopreserved, which might be related to 

the labile nature of Mcl-1 in cells undergoing freezing and thawing process.

Although ATO has been reported to induce apoptosis in different epithelial and hematologic 

malignant cells through increasing intracellular content of ROS52, even after several 

attempts with different assays, we did not observe such phenomenon when ATO was used at 

concentrations less than 5 μM. This phenomenon might be explained by competing effects 

of DCA and ATO on PDH activity; with DCA increasing PDH activity, whereas ATO may 

directly and indirectly inhibit PDH activity53. It is also possible that after 24–48 hours 

continuous exposure to DCA, cells have already generated ROS near to their maximum 

capacity that addition of ATO does not alter it to a significant extent. Considering short half-

life of DCA in patient, the latter is less clinically important.

Finally, after obtaining all necessary regulatory documents, for the first time we treated a 

patient with refractory AML with the combination of DCA and ATO per preclinical design. 

The patient had no other option available. The patient received DCA as twice daily 48 hours 

before starting ATO and continued the combination for approximately 10 days. The 

combination was well tolerated without causing severe adverse events.

In conclusion, combination of DCA and ATO at concentrations compatible with clinical 

experience appears to be more effective in killing leukemia cells than either drug alone. 

Considering the pharmacology of DCA and ATO and previous clinical experience with each 

agent alone, the combination may provide an option for patients with relapsed or refractory 

AML who are not candidate for cytotoxic chemotherapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• As2O3 and dichloroacetate at pharmacologic doses synergistically kill AML 

cells.

• Priming AML cells with low dose DCA significantly potentiates cytotoxicity 

of ATO.

• ATO+DCA significantly perturbs cellular oxidative state and induces 

apoptosis.

• ATO+DCA combination was tolerated well by a patient with refractory AML.
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Figure 1. AML cell lines and primary cells with or without FLT3-ITD mutation are sensitive to 
ATO and DCA treatment.
MOLM-14, MV4–11, MonoMac6 and THP-1 cells as well as AML17, AML18, AML20 

cells were exposed to a range of ATO and DCA concentrations as described in Methods and 

Materials with approximate IC50 range of 0.5–5 μM for ATO and 9–35 mM for DCA. Cells 

were cultured in presence of drugs for 72 h (48 h for primary cells) and terminated by 

addition of WST-1 reagent. The representative growth inhibition curves for each cell are 

shown in this Figure. Error bars represent standard error of mean of triplicate wells. The 

mean ± standard deviation of IC50 values are shown in Table 1.
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Figure 2. Enhancing ATO cytotoxicity with priming cells with DCA at IC30.
AML cell lines were exposed first to DCA at IC30 or vehicle control for 48 hours. The cells 

were then treated with a range of ATO concentrations for an additional 48 hour in presence 

of fresh DCA (IC30) or vehicle. Primary leukemia cells, AML17 and AML18, were treated 

with DCA (IC30) or vehicle control for 24 hours and then treated with a range of ATO 

concentrations for an additional 24 hours in presence of fresh DCA (IC30) or vehicle. The 

cell viability was measured by WST-1 assay. Each experiment was repeated at least two 

times and representational graph is presented. PF = potentiation factor (the reverse ratio of 

IC50 when cells were treated with DCA+ATO compared to vehicle+ATO).

Emadi et al. Page 17

Leuk Res. Author manuscript; available in PMC 2020 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Comparison of apoptosis in AML cells with different treatment strategies.
Treatment of MOLM-14 and AML20 cells with combination of DCA at their corresponding 

IC30s and ATO at their corresponding IC50s with priming strategy as described in Methods 

and Materials significantly (p<0.05) increased apoptosis compared to ATO alone or DCA 

alone or their combination without priming.
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Figure 4. Comparison of induction of depolarization of the mitochondrial transmembrane 
potential (Δψm) in AML cells with different treatment strategies.
Treatment of MOLM-14 and AML20 cells with combination of DCA at their corresponding 

IC30s and ATO at their corresponding IC50s with priming strategy as described in Methods 

and Materials significantly (p<0.05) decreased mitochondrial membrane potential compared 

to ATO alone or DCA alone or their combination without priming.
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Figure 5. DCA augments ROS production in AML cell lines.
MOLM-14, THP-1, and AML20 cells were first exposed to DCA at IC30 or vehicle control 

for 24 hours. Then the cells treated with vehicle, ATO (IC50) alone, DCA (IC30) alone or 

DCA(IC30)+ATO(IC50) combined for additional 24 and 48 hours. DCA caused negligible 

ROS over-production without priming (Veh-DCA), but ROS production was high in cases of 

priming (DCA-DCA and DCA-ATO) for 24 and 48 hours. Up to 4-fold increase in the ROS 

production was detected in leukemia cells after 24 hours of the DCA treatment when 

Emadi et al. Page 20

Leuk Res. Author manuscript; available in PMC 2020 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



compared to vehicle control. Hence, it appears that the difference resides in the time of 

exposure to DCA. *P < 0.05, ns: non-significant.
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Figure 6. ROS production in AML cell lines is mainly induced by DCA.
MOLM-14 and THP-1 cells were treated with ATO (IC50), DCA (IC30) and their 

combination at similar concentrations in presence or absence of N-acetyl cysteine (NAC) for 

6 hours. H2O2 (100 M) was used as the positive control for 6 hours. ROS production was 

measured according to Material and Methods, and it mainly was driven by DCA and 

additional ATO had little extra effect on ROS generation.
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Figure 7. Treatment with the combination of low dose DCA and ATO at IC50 decreased the levels 
of Mcl-1 and GPx in primary AML cells from patients.
With the combination of DCA (IC30) and ATO (IC50) no significant changes in Mcl-1 or 

GPx were observed in MOLM-14 and THP-1 cells. In AML20 blasts, there was over 60% 

reduction in Mcl-1 expression in cells treated with the combination of DCA and ATO was 

observed. In AML17 and AML20, GPx were decreased in cells primed with DCA and 

treated with DCA and ATO when compared to cells treated without priming. Each Western 

blot was quantified and densitometry was performed. The expression of each protein was 

normalized to beta-actin and the relative differences were calculated by comparing the 

treatments at each time point to its vehicle control (numbers under the strips).
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Figure 8. ATO at IC50, DCA at IC30, or their combination did not decrease GSH level.
Cells were treated with low dose ATO (< 5 μM) or low dose DCA (IC30) or their 

combination for 24 hours and reduced GSH level was measured by spectrophotometry 

according to Materials and Methods. GSH was expressed in nicromole GSH/L. 

Determination of total GSH content was repeated twice and representative data from one 

experiment is shown.
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