
Abstract. Background/Aim: Dichloroacetate (DCA) and
curcumin have been shown to be potent drug candidates in
cancer therapy. Our study aimed to investigate the combined
effects of DCA and essential oil-blended curcumin (ECUR)
using the hepatoma Huh-7 cell model. Materials and
Methods: Muse™ Cell Cycle assay, Muse™ Annexin V &
Dead Cell assay, Muse™ Oxidative Stress assay, and
western blot analysis were applied to explore the underlying
mechanisms. Results: DCA combined with ECUR
dramatically augmented inhibition of cell survival and
enhanced apoptotic induction. The enhanced apoptosis was
accompanied by mitochondria-dependent apoptotic signaling
activation and corroborated with significant cellular
morphological alternations. Conclusion: Apoptosis was the
major event contributing to the synergistically boosted
antiproliferative effect. Coupling DCA treatment with
curcumin may rationally be expected to lower the DCA dose
needed and relatively reduce accompanying toxicity and
oxidative damage while enhancing anticancer potential. This
novel ‘add-on’ approach is, thus, of enormous value to the
current DCA therapy. 

Hepatocellular carcinoma (HCC) represents about 90% of
primary liver cancers and ranks as the second cause of
cancer-associated death globally (1). Despite increased
understanding of hepatocarcinogenesis, limited treatment
options have been established to improve survival for
patients suffering from unresectable advanced HCC (2).
Dichloroacetate (DCA), a synthetic pyruvate dehydrogenase
kinase inhibitor, has been investigated as a novel metabolic
therapeutic for various types of cancer (3-5). Akbar Khan et
al. reported that observational data, collected from more than
300 patients with advanced-stage cancer, revealed
measurable benefits from DCA therapy in 60-70% of cases
(6). DCA targets cancer energy metabolism by inhibiting
pyruvate dehydrogenase kinase, increasing pyruvate flux into
the mitochondria, promoting glucose oxidative
phosphorylation, and thereby reverses the glycolytic
phenotype and overcomes the Warburg effect (5). This shift
in metabolism allows for increased reactive generation of
oxygen species (ROS) and cytochrome c translocation from
the mitochondria to cytoplasm, subsequently inducing cancer
cell apoptosis through caspase cascade activation (3). 

Curcumin, exhibiting multiple anticancer mechanisms, is
fit to be a front-runner among anticancer agents as is a
pharmacologically safe compound which can play a part in
both prevention and treatment of cancer (7). Among
multiple anticancer mechanisms, inhibition of nuclear
factor-kappa B (NF-kB) seems particularly important. A
previous study has delineated the mechanisms involved in
curcumin-mediated suppression of NF-ĸB expression,
which mediates proliferation, invasion, angiogenesis and
metastasis in cancer (8). However, although in vitro and in
vivo studies have shown anticancer activities of curcumin
for virtually all types of human cancer, its poor
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bioavailability in the human body has severely limited its
application to these diseases (9). Reconstituting curcumin
with turmeric essential oil has been found to increase its
bioavailability by around 7-fold compared to curcumin
alone (9). Therefore, essential oil-blended curcumin
(ECUR) was employed in this study. 

Combination therapy appears to be a promising strategy
for patients with HCC, due to the fact that it can improve
efficacy and also alleviate the adverse effects of drugs (10).
We assumed that coupling DCA treatment with ECUR may
enhance the anticancer potential against HCC. To test this
hypothesis, this study investigated the combined effect of
DCA and ECUR using human HCC Huh-7 cell model and
tried to explore the underlying mechanisms. 

Materials and Methods

Materials. DCA and sorafenib were purchased from Sigma-Aldrich
Chemical Company (St. Louis, MO, USA). ECUR (commercial
name: BIOCURCUMAX) was obtained from Arjuna Natural Ltd
(Kerala, India). All agents were dissolved in dimethyl sulfoxide
(DMSO) and diluted to appropriate concentrations with culture
medium. The final DMSO concentration was 0.1% (V/V). DMSO
was added to cultures at 0.1% (V/V) as a vehicle control.

Cell culture. Huh-7 cells (obtained from the Health Science Research
Resources Bank, Osaka, Japan) were maintained in Dulbecco’s
modified Eagle’s medium (Sigma-Aldrich, Saint Louis, MO, USA)
supplemented with 10% fetal calf serum. Cells were cultured in an
incubator with humidified air containing 5% CO2 at 37˚C.

Cell survival assay. Cell viability assay was performed using Cell
Counting Kit-8 (CCK-8) (Dojindo, Kumamoto, Japan). Briefly, cells
(1×103) were seeded in 96-well plates and treated with DCA (0, 15,
20, 25, 30 and 50 mM), alone or in combination with ECUR (30 μM)
for 48 h. Increasing concentration of sorafenib (2, 4, 6, 8, 10 and 12
μM) was used as positive control. The inhibitory effects of treatment
with DCA (40 mM), ECUR (40 μM), and their combination for 16
and 24 h were further investigated. All experiments were performed
in triplicate. Cell survival was determined using the OD value at 450
nm according to the manufacturer’s instructions.

Cell-cycle distribution assay. Huh-7 cells (1×106) were seeded and
treated with vehicle, DCA (40 mM), ECUR (40 μM), or their
combination for 16 and 24 h. The treated cells were subjected to
cell-cycle assay using Muse™ Cell Cycle kit (Millipore, Billerica,
MA, USA) according to the manufacturer’s instructions. The
relative percentages of cells in each phase were analyzed using
Muse™ Cell Analyzer (Millipore).

Cell apoptotic assay and cellular morphological examination. Huh-
7 cells were treated with vehicle, DCA (40 mM), ECUR (40 μM)
or their combination for 16 and 24 h. The treated cells were
subjected to cell apoptotic assay using multifunctional Muse™
Annexin V and Dead Cell kit (Millipore) according to the
manufacturer’s instructions. The relative percentages of early
apoptotic, late apoptotic, necrotic and visible cells were analyzed
using Muse™ Cell Analyzer (Millipore, Billerica, MA, USA).

Apoptosis was further confirmed by examining cell morphology
changes using an inverted Motic AE31E microscope (Stellar
Scientific, Baltimore, MD, USA).

Protein extraction and western blot analysis. The treated cells were
harvested and lysed using ice-cold RIPA buffer (Cell Signaling,
Danvers, MA, USA) containing protease inhibitors. Protein
concentrations were determined using BCA assay (VisualProtein,
Taipei, Taiwan, ROC). All protein samples were prepared in reducing
sample buffer and separated on 15% sodium dodecyl sulfate-
polyacrylamide gels, and then electro-transferred to polyvinylidene
fluoride membranes for immunoblotting. Target proteins were probed
using antibodies against caspase-7 (Novus Biologicals, Littleton, CO,
USA), caspase-8 (Cell Signaling), caspase-9 (Cell Signaling), and B-
cell lymphoma-extra large (BCL-xL) (Cell Signaling). β-Actin (Abcam,
Cambridge, MA, USA) was used as an internal control. Horseradish
peroxidase-conjugated secondary antibodies (Cell Signaling) were used
to recognize the corresponding primary antibodies. 

Measurement of intracellular ROS. Huh-7 cells were treated with
vehicle, DCA (40 mM), ECUR (40 μM) or their combination for 8, 16
and 24 h. The treated cells were subjected to ROS assay using Muse™
Oxidative Stress Kit (EMD Millipore, Billerica, MA, USA) according
to the manufacturer’s instruction. The relative percentages of ROS− and
ROS+ cells were analyzed using Muse™ Cell Analyzer (Millipore).

Coefficient of drug interaction. The coefficient of drug interaction
(CDI) was used to analyze the effects of drug combination (11, 12),
and derived as follows: CDI=AB/(A×B), where AB is the absorbance
ratio of the combination to control; A and B are the ratios obtained
after treatment with single agents A and B. Thus, CDI values <1,
=1 and >1 indicate that drugs act synergistically, additively or
antagonistically, respectively. CDI values of less than 0.7 indicate
significant synergistic effects. 

Statistical analysis. GraphPad Prism 6.01 (GraphPad Software, La
Jolla, CA, USA) was used for graphical and statistical analysis. A
one-way or two-way analysis of variance (ANOVA) with Tukey’s
multiple comparisons test was employed. Data were expressed as
means±standard deviation (SD). A p-value of less than 0.05 was
considered statistically significant.

Results 

DCA and ECUR acted synergistically to suppress cell
survival. Huh-7 cells were treated with increasing
concentrations of DCA (0, 15, 20, 25, 30 and 50 mM), or in
combination with ECUR (30 μM) for 48 h. DCA treatment
plus ECUR significantly reduced cell survival in a dose-
dependent manner compared to DCA treatment alone (Figure
1A). Increasing concentration of sorafenib (2, 4, 6, 8, 10 and
12 μM) was used as a positive control. The mean CDI values
resulting from the 48-h combination treatments were all less
than 1.0 and gradually reduced as the DCA concentration
increased (Figure 1B). The inhibitory effects of treatment
with DCA, ECUR and their combination for 16 and 24 h
were further investigated. DCA treatment combined with
ECUR significantly suppressed cell survival, compared with
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both single treatments (Figure 1C). The mean CDI values
resulting from the 16- and 24-hour combination treatments
were calculated to be less than 0.7 (Figure 1D), indicating
significant synergistic effect between DCA and ECUR. 

DCA treatment alone and DCA treatment plus ECUR
induced similar levels of G0/G1 cell cycle arrest. Following
individual treatment of Huh-7 cells with DCA, ECUR or
their combination for 16 and 24 h, G0/G1 cell-cycle arrest
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Figure 1. Cell survival analysis. Cell viability was measured by the CCK-8 assay. Dichloroacetate (DCA) in combination with essential oil-blended
curcumin (ECUR) synergistically suppressed cell growth. A: Huh-7 cells were treated with increasing concentrations of DCA alone and in
combination with ECUR for 48 h. Sorafenib (Sora) was used as a positive control. Significantly different at aap<0.01 compared with DCA. C: Huh-
7 cells were further treated with vehicle, DCA, ECUR, or their combination for 16 and 24 hours. B, D: The coefficient of drug interaction (CDI)
was used to analyze the effects of drug combination. CDI >1, antagonistic effect; CDI=1, additive effect; CDI <1, synergistic effect; CDI <0.7,
significant synergistic effect. Data are presented as means±SD (N=3). ANOVA followed by Tukey’s multiple comparisons test, Significantly different
at *p<0.05 and **p<0.01. 



was caused by DCA both alone and in combination with
ECUR (Figure 2A and B). No obvious differences in the
levels of arrest were observed between DCA treatment and
the combination treatment (Figure 2B). Intriguingly, Wang
et al. found that curcumin induced a slight G2/M arrest in
Huh-7 cells (13), while our data from four independent
experiments shown that ECUR did not provoke obvious
G2/M phase arrest in Huh-7 cells.

The combination treatment promoted cell apoptosis and cellular
morphological change. DCA treatment coupled with ECUR
significantly increased the relative percentage of early apoptotic
cells while reducing that of live cells compared with both single
treatments (Figure 3A and B). No obvious necrosis was observed
in any of the treated groups (Figure 3B). The increases in the
relative percentage of total apoptosis were highly correlated with
the increases in the relative percentage of inhibition of cell
survival (Figure 3C). The occurrence of apoptosis was further
confirmed by cellular morphological alternations. A small degree
of nuclear fragmentation was shown following individual
treatment with DCA and ECUR, and obvious nuclear breakup
was observed after treatment with both agents (Figure 3D). 

The combination treatment activated mitochondria-
dependent apoptotic pathway. Individual treatment of Huh-
7 cells with increasing concentrations of DCA (20, 30 and
40 mM) in combination with ECUR (40 μM) for 24 h
resulted in elevated expression of caspase-7 and-9 compared
with the DMSO control, while the levels of caspase-8 and
BCL-xL were not obviously affected (Figure 4), indicating
the activation of mitochondria-dependent apoptotic pathway.

DCA, ECUR and their combination induced intracellular
ROS generation. To explore the potential role of ROS related
to enhanced apoptosis, an ROS assay was conducted. After
treatment of Huh-7 cells with DCA, ECUR or their
combination for 8, 16 and 24 h, the relative percentage of
ROS+ cells were determined. ROS+ cells arising from the
combination treatment peaked at 8 h, reaching a similar level
as that caused by DCA, and then gradually decreased to
almost the same level as that caused by ECUR (Figure 5).

Discussion 

Evidence exists for the anticancer effects of DCA (6), but a
high DCA dose is needed for significant therapeutic response
(14). However, high-dose DCA treatment also produces
detrimental side-effects involving dose-related peripheral
neuropathy and encephalopathy (15), thereby impeding its
application in cancer therapy (14, 15). This study revealed
that DCA at doses only slightly effective in suppressing Huh-
7 cells dramatically enhanced inhibition of cell growth when
applied with ECUR (Figure 1A). In addition, using a

cytotoxic low dosage of 20 mM DCA plus 30 μM ECUR was
more potently cytotoxic than 10 μM of sorafenib (Figure 1A),
which is currently the standard treatment for advanced HCC
(16). These findings have great implication for potential
clinical application as it suggests that coupling DCA
treatment with ECUR may potentially allow the use of lower
doses of DCA to achieve a given level of efficacy against
HCC and thus, less toxic side-effects can also be expected.

Herein, the underlying mechanisms were explored. Cell-cycle
arrest and cell apoptosis have been recognized as important
mechanisms underlying inhibition of cell survival. As shown in
Figure 2B, DCA both alone and in combination with ECUR
induced G0/G1 cell cycle arrest in Huh-7 cells. However, no
significant difference in the arrest levels were observed between
both treatments. Subsequent apoptotic analysis further revealed
that DCA treatment in combination with ECUR significantly
enhanced cell apoptosis over either single treatment, and the
increases in the relative percentage of total apoptosis were
consistent with the increases in the relative percentage of cell
survival inhibition (Figure 3C). Taken together, it suggests that
apoptosis, rather than cell-cycle arrest, was the main event
underlying enhanced inhibition of cell survival. In addition,
DCA plus ECUR enhanced the induction of apoptosis through
activating the mitochondria-dependent apoptotic pathway
(Figure 4), suggesting the participation of BCL2 family
members in apoptotic induction, as BCL2 family proteins
mediate the mitochondria-dependent apoptotic event (17). 

In HCC, expression of BCL2 is usually absent while
BCL-xL is predominately expressed among the anti-
apoptotic BCL2 family members (18). The balance between
pro-apoptotic and anti-apoptotic BCL2 family members
determines the outcomes of HCC in terms of resistance or
susceptibility to apoptotic induction (18). Indeed, the BCL-
xL protein was found to be highly activated in untreated
Huh-7 cells (Figure 4), and the combination treatment did
not show obvious effect on suppressing the overexpression
of BCL-xL (Figure 4). Taken all together, this leads to the
possibility that some proapoptotic BCL2 members may be
activated which participate in the enhanced induction of
apoptosis. Further study is needed to confirm this suggestion.

Targeting cancer therapy via ROS-based mechanisms has
been proposed as a free radical therapeutic approach (19).
However, excess ROS can also lead to chronic inflammation
which could, in turn, mediate most chronic diseases,
including cancer (20). Long-term exposure to DCA has been
reported to induce hepatotoxic and hepatocarcinogenic
precursor evidenced by significantly increased levels of
oxidation-associated biomarkers in a murine model (21).
Previous studies have shown that DCA (4) and curcumin (22)
up-regulate the ROS level to enhance apoptotic induction in
human hepatoma cells. Hence, the potential role of
intracellular ROS related to enhanced apoptosis was
investigated. As indicated in Figure 5B, the combination of
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the two potent pro-oxidants did not further increase ROS
generation over single treatments, suggesting that intracellular
ROS was not an effector triggering the apoptotic event.
However, the reduction of ROS generation contributed by the
addition of ECUR to DCA has great implication as it may
reduce the potential risks of ROS-induced chronic lesions,
particularly when long-term treatment is performed.

Overexpression of NF-ĸB is associated with poor
prognosis in a variety of human cancer types (23), while it
can be attenuated by curcumin (8). The Warburg effect, a
common hallmark of cancer (24), is closely connected with
proliferation, metastasis, angiogenesis, drug resistance and
other aggressive behaviors of cancer cells, while it was
effectively reversed by DCA (5, 25). Hence, coupling DCA
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Figure 2. Quantitative cell-cycle distribution analysis. The cell-cycle distribution analysis shows the relative percentages of cells in each cell-cycle
phase as measured by Muse™ Cell Cycle assay. Huh-7 cells were treated with vehicle, dichloroacetate (DCA), essential oil-blended curcumin
(ECUR), or their combination for 16 and 24 hours. A: The histogram is representative of four independent experiments. B: The quantitative graph
shows that DCA treatment plus ECUR induced similar level of G0/G1 cell-cycle arrest as DCA treatment did. Data are expressed as means±SD
(N=4). ANOVA followed by Tukey’s multiple comparisons test, significantly different at *p<0.05 and **p<0.01 compared with control.



ANTICANCER RESEARCH 38: 6253-6261 (2018)

6258

Figure 3. Continued



treatment with curcumin may provide a feasible approach to
simultaneously overcoming these two critical issues in
cancer therapy, thereby enhancing therapeutic potential.
Further studies are needed to test this critical hypothesis. 

In summary, DCA synergized with ECUR and dramatically
boosted the antiproliferative effect against hepatoma Huh-7
cells through enhancing apoptotic induction, probably by up-
regulating expression of pro-apoptotic BCL2 family proteins.
Coupling DCA treatment with curcumin may rationally be
expected to lower the DCA dose required and relatively reduce
accompanying toxicity along with oxidative damage while
enhancing the anticancer potential, thereby potentially opening
a new therapeutic window. In this sense, this novel ‘add-on’
approach is of enormous value to current DCA therapy.
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