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Background: Dichloroacetate (DCA) is one of the new, promising anticancer drugs. DCA 

restores normal mitochondrial function and enables cancer cells to undergo apoptosis. In addi-

tion, DCA was found to modulate certain signaling pathways involving some transcription 

factors. The latter encouraged us to study DCA immunomodulatory activity on cytokines and 

their association with increasing DCA cancer cell cytotoxicity.

Methods and results: Cell viability assay was used to determine the effect of different con-

centrations of DCA on the survival of 3-methylcholanthrene (MCA) fibrosarcoma cell line. DCA 

decreased the percent survival of MCA fibrosarcoma in a dose-dependent manner (P,0.01). 

Furthermore, this percent survival was further reduced when MCA fibrosarcoma cells were 

cocultured with mouse splenocytes. The latter was observed at 10 mM DCA (P,0.01), and the 

inhibitory concentration at 50% dropped from 23 mM to 15.6 mM DCA (P,0.05). In addition, 

DCA significantly enhanced interferon (IFN)-γ but not interleukin (IL)-17 production levels in 

unstimulated and stimulated mouse spleen cells. To investigate the mechanism of DCA on IFN-γ 

production, DCA cytokine modulatory effect was tested on unstimulated macrophages, T-cells, 

and natural killer cells. DCA significantly increased IL-12 production from macrophages but 

did not modulate the production of IFN-γ from either T-cells or natural killer cells. Moreover, 

the DCA-enhancing effect on IFN-γ production was reversed by anti-IL-12 antibody. Also, the 

DCA cytokine modulatory effect was tested in vivo after inducing mouse skin inflammation 

using phorbol 12-myristate 13-acetate (PMA). DCA restored PMA-lowered IFN-γ and IL-12 

levels and normalized PMA-increased transforming growth factor-β level, but it inhibited IL-10 

levels even further (P,0.05).

Conclusion: DCA has immunomodulatory activity, mainly via activation of the IL-12–IFN-γ 

pathway and is able to modulate cytokines toward T helper 1 lymphocyte function. These DCA 

immunomodulatory effects are promising and further investigations are required to develop 

protocols for its use in cancer treatment.
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Introduction
Cancer cells generally rely on anaerobic respiration for energy production,1 which 

leads to lactate formation, thus making the tumor microenvironment more acidic. Such 

acidity increases cancer cell chemoresistance, suppresses apoptosis, and facilitates 

mobility and metastasis.1,2 Although reoxygenation via neovascularization mechanisms 

of solid tumors occur, glycolysis and its byproducts persists.1,2

Dichloroacetate (DCA) is a simple chemical compound that has been used for 

years to treat lactic acidosis and other mitochondrial disorder.2–4 It was found to inhibit 

pyruvate dehydrogenase kinase (PDK), which thereby enables pyruvate dehydrogenase 
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to facilitate pyruvate entering the mitochondria for oxidative 

phosphorylation. In other words, DCA enables the cell to go 

through metabolic respiration rather than lactate formation.3–8 

Thus, it was thought that DCA could reduce glycolysis-

related effects and act as an anticancer drug.

In 2007, Bonnet et al released the first scientific evidence 

identifying DCA as a potential anticancer compound.2 In com-

parison to normal cell lines, Bonnet et al showed that DCA 

lowers apoptosis resistance in several human cancer cell lines 

(A549, MCF7, and M059K) through lowering mitochondrial 

membrane potential. It also increases mitochondria-derived 

hydrogen peroxide, increases potassium (K+) channel Kv1.5 

efflux of K+, and lowers cytoplasmic calcium ions. In addi-

tion, they showed that oral DCA administration reduces 

tumor proliferation in athymic nude rats. Similarly, others 

have shown that DCA induces apoptosis of prostate cancer 

cell lines and also modulates antiapoptotic genes: BCl-2,9 

increases caspases 3 and 9 expression,10 and increases p53 

(antisuppressor gene) in endometrial cancer cell lines.11 

However, it has been found that DCA concentration-induced 

cytotoxic effect varies between cancer cell lines. Some cell 

lines were resistant to DCA,11 and others need concentrations 

above 25 mM to induce a significant effect.12 Moreover, other 

studies showed that DCA reduced apoptosis under hypoxic 

conditions in some colorectal cancer cell lines,13 increased 

tumor volume in colorectal cancer xenograft mice,13 and at 

25 mg/kg/day caused peripheral neuropathy in a clinical 

trial.14 However, the latter adverse event was not observed in 

patients who had received DCA at 12.5 mg/kg every 12 hours 

for 9–16 years.15

Cytokine modulation is a key factor in the progression 

or suppression of cancer within its microenvironment.16,17 

Generally, activation of macrophages and/or dendritic cells 

results in the local production of cytokines, such as inter-

leukin (IL)-12, which in turn amplify the innate immune 

response and stimulate T-cell function. Production of IL-12 

is a major inducer of T helper 1(Th1) and natural killer (NK) 

lymphocytes and their cytokines. These produced cytokines 

polarize macrophages, enhance dendritic cell maturation, 

and lower regulatory T-cell function by inhibiting regulatory 

cytokines such as transforming growth factor (TGF)-β and 

IL-10.16–19 Since it has been shown that DCA inhibits PDK 

and facilitates signaling pathways that lead to the inhibition 

of transcription factor nuclear factor of activated T-cells,2 we 

were encouraged to study DCA immunomodulatory activity. 

The present study was first based on whether DCA antipro-

liferative activity and cytotoxicity on 3-methylcholanthrene 

(MCA) fibrosarcoma could be enhanced in the presence of 

immune cells, and then determining if this phenomenon is 

related to DCA’s ability to modulate cytokines in vitro and 

in vivo. The long-term goal, however, is to understand DCA 

mechanisms in cancer therapy to develop protocols for its 

use in cancer treatment.

Materials and methods
Materials
Rosewell Park Memorial Institute (RPMI)-1640, fetal bovine 

serum, penicillin/streptomycin, amphotericin B (supplemented 

(s)-RPMI) and trypsin were obtained from (Merck Millipore, 

Billerica, MA, USA). DCA, MCA 98%, Igepal CA-630, phor-

bol 12-myristate 13-acetate (PMA), and phytohemagglutinin 

(PHA) were purchased from Sigma-Aldrich (St Louis, MO, 

USA). Endotoxin-free Dulbecco’s phosphate buffered saline 

(PBS) without calcium and magnesium was purchased from 

EuroClone SpA (Milan, Italy). Tissue culture flasks (25 cm2 

and 75 cm2) were obtained from Guangzhou Jet Bio-Filtration 

Products (Guangzhou, People’s Republic of China), and tis-

sue culture and Maxisorb 96-well flat plates were products of 

Nalge Nunc International (Rochester, NY, USA). The kit for 

mouse erythrocytes lysis and the MagCellect mouse NK Cell 

and cluster of differentiation (CD)3+ T-cell isolation kits were 

products of R&D Systems (Minneapolis, MN, USA). The 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) reagent and sodium dodecyl sulfate were purchased 

from Trevigen (Gaithersburg, MD, USA). A rat monoclonal 

anti-mouse IL-12 p70 (immunoglobulin G
1
) was acquired 

from R&D Systems.

Animals
BALB/c male and female mice were utilized throughout the 

experiments as indicated. Mice were purchased from Yarmouk 

University (Irbid, Jordan) and were housed at the University 

of Petra animal facility in Amman. All mice were housed in 

a pathogen-free environment at 22°C with 12 hours light/

dark cycle and with food and tap water ad libitum. All animal 

experiments were performed in compliance with the guidelines 

set by the Federation of European Laboratory Animal Science 

Association, and the study protocol was approved by the Dean-

ship of Scientific Research at the University of Petra.

MCA-induced tumors and cell culture
MCA fibrosarcoma was induced in mice as described 

elsewhere.18,19 When the tumor size reached 1–2 cm in 

diameter, it was removed aseptically, cut in small pieces, 

minced, cultured in a T75 flask with FBS, and incubated at 

37°C in a humidified chamber with 5% carbon dioxide (CO
2
). 

www.dovepress.com
www.dovepress.com
www.dovepress.com


OncoTargets and Therapy 2014:7 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

195

Immunomodulatory activity of dichloroacetate

Culture medium was changed every 2 days, and cells were 

split when they reached confluency.

Spleen, macrophage, T-cell,  
and NK cell isolation
Mice were sacrificed by cervical dislocation. Spleen tissues 

were collected, squeezed between two slides to generate a 

single cell suspension, and red blood cells were lysed using 

M-lyse buffer (R&D Systems). The cells were washed with 

washing buffer, centrifuged for 10 minutes, and the super-

natant was discarded. Cells were then counted and added 

to a 96-well plate at a density of 105 cells/100 µL/well and 

incubated at 37ºC with 5% CO
2
 in a humidified chamber.

The isolation of macrophages was performed according 

to the protocol described by Wahl and Smith.20 A volume of 

15 mL from the above prepared spleen cell suspension was 

added to a 75 cm2 tissue culture flask and incubated for 1 hour 

at 37°C with 5% CO
2
 in a humidified chamber. The supernatant 

was then decanted, and the flask was washed two times with 

10 mL FBS medium to remove nonadherent cells. The adherent 

macrophage cells were collected by scrapping, and they were 

resuspended in s-RPMI and counted for further applications. 

The NK cell and CD3+ T-cell isolation procedures were per-

formed according to the manufacturer’s instructions. Isolated 

NK cells and CD3+ T-cells were counted, diluted to the proper 

concentration, and added to the 96-well culture plate.

Cell viability and proliferation assay
Cell viability and proliferation was assessed by MTT assay. 

Two hours or 24 hours after culturing spleen or MCA fib-

rosarcoma, respectively, 100 µL of DCA was added to each 

well and incubated for 48 hours. Following this incubation 

period, 20 μL MTT reagent was added and formed a purple 

precipitate. Four hours later 50 μL sodium dodecyl sulfate 

was added. When spleen was cocultured with the adherent 

MCA fibrosarcoma, and before adding the MTT reagent, 

the supernatant content of each well was carefully removed, 

leaving the adherent MCA-fibrosarcoma in the wells.19 

Absorbance was read at 570 nm by GloMax®-Multi Detec-

tion System (Promega, Madison, WI, USA).

Cell culture for cytokine analysis
Spleen cells, macrophages, NK cells, or T-cells from healthy 

mice were treated as above and incubated with DCA. In the case 

of MCA fibrosarcoma stimulation, MCA fibrosarcoma cells 

were seeded into 96-well plates at a density of 105 cells/well for 

24 hours, followed by the addition of spleen cells at a similar 

density. DCA was then added, and cells were incubated for an 

additional 48 hours. While in PMA-stimulation, spleen cells 

were seeded into 96-well plates at a density of 105 cells/well. 

After 2 hours, 50 ng/mL PMA was added, followed by the addi-

tion of 100 μL DCA for another 48 hours. Following the second 

incubation, the content of the wells was harvested and added 

to individual tubes containing 50 µL of 0.1% Igepal nonionic 

detergent diluted in endotoxin-free PBS for 10 minutes at 4°C.21 

The tubes were stored at −30°C for cytokine analysis.

Cytokine analysis
Interferon (IFN)-γ, IL-17, IL-12, TGF-β, or IL-10 levels 

were assayed using enzyme-linked immunosorbent assay 

according to the manufacturer’s instructions (mouse Duoset® 

cytokines; R&D Systems).

Inflammation and histology assessment
Mice weighing 25–30 g were shaved in the dorsal area and left 

for 3 days, followed by a topical treatment with PMA (2.5 µg) 

in 200 µL acetone.22 DCA (20 mg/kg) was given orally to one 

of the PMA-treated groups on the day of application, and 

another two doses were given after 24 and 48 hours. Mice 

were sacrificed 48 hours after PMA application, and the skin 

from shaved areas was removed from each mouse. One skin 

sample was placed in 10% formalin for further histology 

examination, and the skin tissues from the other mice were 

weighed and transferred to 2 mL cold, sterile PBS contain-

ing 0.1% Igepal and incubated for 10 minutes. The skin was 

homogenized, centrifuged, and the supernatant was collected 

and stored at −25°C for cytokine analysis. Histopathology was 

performed by a certified histopathologist at Sultan Medical 

Lab, Amman, Jordan. Tissue sections were 7–9 µm thick and 

stained using hematoxylin and eosin stain.

Data analysis
Data in the figures are presented as mean ± standard error of 

the mean and assessed by using one way ANOVA analysis 

followed by a Tukey’s test (95% confidence) for multiple 

comparisons (SPSS version 17; IBM Corporation, Armonk, 

NY, USA). The 50% inhibitory concentration (IC
50%

) was 

calculated from each independent experiment, and the 

average ± standard error is presented. P,0.05 was considered 

statistically significant.

Results
High concentrations of DCA reduced the 
viability and proliferation of splenocytes
Using cell viability and proliferation assay, DCA reduced 

the viability and proliferation of unstimulated and 
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PHA-stimulated splenocytes, respectively, in a dose-

dependent manner. This reduction was observed at high 

DCA concentrations (50 mM and 100 mM; P,0.01) 

(Figure 1). However, the IC
50%

 of DCA was 89±10 mM and 

48±5 mM on unstimulated and PHA-stimulated splenocytes, 

respectively, indicating higher effect of DCA on splenocyte 

proliferation.

DCA decreased MCA fibrosarcoma  
survival, and this activity was  
enhanced by splenocytes 
The first question was whether DCA can reduce MCA fib-

rosarcoma proliferation and viability and secondly, if such 

activity can be enhanced by splenocytes. Increasing concen-

trations of DCA significantly decreased the percent survival 

of MCA fibrosarcoma cells. The percent survival reached 

13% and 16% at 50 mM and 100 mM DCA, respectively 

(P,0.001) (Figure 2). The IC
50%

 of DCA on MCA fibrosar-

coma was 23.0±4.0 mM. However, when splenocytes were 

cocultured with MCA fibrosarcoma cells, the percent survival 

of MCA fibrosarcoma cells was reduced by 13% and shifted 

the DCA-induced survival curve to the left. After normal-

izing the effect of splenocytes, DCA at 10 mM significantly 

reduced the percent survival in comparison to the cultures 

without splenocytes (P,0.001) (Figure 2). In addition, the 
IC

50%
 of DCA dropped to 15.7±2.1 mM in comparison to 

23.0±4.0 mM (P,0.05) when MCA fibrosarcoma cells were 

cultured without splenocytes.

DCA increased IFN-γ but not  
IL-17 production from stimulated  
and unstimulated splenocytes
The following sets of experiments were performed to 

assess the association of DCA in cytokine modulation. 

First, we evaluated IFN-γ and IL-17 production using 

MCA-stimulated splenocytes to resemble the behavior of 

immune cells in vivo when they are in close proximity 

with cancer cells. In addition, we used a protein kinase C 

activator, PMA, as another stimulatory model. In PMA and 

MCA fibrosarcoma-stimulated splenocytes, DCA at 50 mM 

increased IFN-γ but not IL-17 levels in comparison to stimu-

lated control cells (P,0.01) (Figure 3A–D). Second, we 

examined whether DCA could induce such cytokines without 

exogenous stimuli. Herein, DCA was found to induce IFN-γ 

from unstimulated spleen cells in a concentration-dependent 

manner (Figure 3E), and the IFN-γ levels were significantly 

higher at 10 mM and 50 mM of DCA (P,0.05 and P,0.01, 

respectively).
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Figure 1 High concentrations of DCA reduced the viability and proliferation of 
splenocytes.
Notes: Using MTT assay, high concentrations of DCA (50 mM and 100 mM) 
reduced the viability and proliferation of unstimulated or PHA-stimulated mouse 
splenocytes (*P,0.01). Data represent the average of percent survival of three to 
four independent experiments (± SEM), and each experiment consists of a minimum 
of six replicates per concentration.
Abbreviations: DCA, dichloroacetate; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; PHA, phytohemagglutinin; SEM, standard error 
of the mean.
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Figure 2 DCA decreased MCA fibrosarcoma survival, and this activity is enhanced 
by splenocytes.
Notes: Using MTT assay, DCA decreased the percent survival of MCA fibrosarcoma 
in a concentration-dependent manner. Adding spleen cells to MCA cells in a 1:1 ratio  
(105 cells/well each) reduced MCA fibrosarcoma percent survival to 87% and 
shifted the DCA-induced survival curve to the left. After normalizing the effect of 
splenocytes, the percent survival of fibrosarcoma cells at 10 mM of DCA was significantly 
less than without spleen cells (*P,0.001). Data represent the average of percent survival 
of three to four independent experiments (± SEM), and each experiment consisted of a 
minimum of six replicates per concentration.
Abbreviations: DCA, dichloroacetate; FS, fibrosarcoma; MCA, 3-methylchol
anthrene; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Norm, 
normalized effects; SEM, standard error of the mean; Sp, splenocytes.
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DCA increased IL-12 production  
from unstimulated macrophages  
but did not modulate IFN-γ production  
from T-cells or NK cells
To evaluate the cytokine modulatory effect of DCA on 

unstimulated purified subsets of immune cells, T-cells, NK 

cells, and macrophages were isolated from mouse spleen. 

DCA signif icantly increased the production of IL-12 

from macrophages, and at a DCA concentration range of 

10–100 mM, IL-12 production was significantly increased 

(P,0.05) (Figure 4A). On the other hand, DCA did not 

modulate IFN-γ production from NK cell or T-cell cultures 

(Figure 4B and C).

Anti-IL-12 antibody reversed DCA effect 
on IFN-γ production from splenocytes
To investigate if the DCA enhancing effect on IFN-γ pro-

duction was due to induction of IL-12, anti-IL-12 antibody 

(160 ng/mL) was added to the cultures at the same time as 

the addition of DCA. The addition of anti-IL-12 antibody 
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Figure 3 DCA increased IFN-γ but not IL-17 production from stimulated and unstimulated splenocytes.
Notes: DCA at 50 mM increased IFN-γ production from MCA fibrosarcoma-stimulated splenocytes (*P,0.05 compared with its 0 counterpart) (A). DCA did not modulate 
IL-17 production from splenocytes stimulated with MCA fibrosarcoma cells (B). DCA at 50 mM increased IFN-γ production from PMA-stimulated splenocytes (*P,0.05 
when compared with its PMA counterpart) (C). DCA did not modulate IL-17 production from PMA-stimulated splenocytes (D). DCA at 10 mM and 50 mM increased IFN-γ 
production from healthy unstimulated splenocytes (*P,0.05 and **P,0.01, respectively, compared with its 0 counterpart) (E). Data represent the average of cytokine levels 
of three independent experiments (± SEM), and each experiment consisted of a minimum of six replicates per concentration.
Abbreviations: DCA, dichloroacetate; IFN, interferon; IL, interleukin; MCA, 3-methylcholanthrene; PMA, phorbol 12-myristate 13-acetate; SEM, standard error 
of the mean.
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reversed the DCA enhancing effect on IFN-γ production. 

This reversal effect was complete at 10 mM DCA and up to 

65% at DCA 50 mM (P,0.01) (Figure 5).

DCA restored IL-12, IFN-γ, and TGF-β  
levels and reduced IL-10 in PMA- 
induced skin inflammation in mice
We generated PMA-induced skin inflammation in vivo to 

assess cytokine modulation following three oral administra-

tions of DCA at 20 mg/kg. Applying PMA once topically 

induced severe skin inflammation in the deep dermis, reach-

ing fatty tissue. The majority of cells in the affected area 

consists of neutrophils and macrophages (Figure 6A). The 

epidermis also showed pustules with areas of hyperkeratosis. 

In DCA-PMA treated mice, inflammation was still present 

in the dermis, and the epidermis showed large bullae filled 

with pustules consisting of neutrophils and macrophages. 

Such a histopathological pattern was investigated further by 

determining the type of cytokines produced and whether they 

reflected the infiltrating immune cells types. PMA lowered 

the levels of IL-12, IFN-γ, and IL-10 and increased TGF-β in 

the skin of mice 48 hours after PMA application (P,0.05). 

However, oral administration of 20 mg DCA/kg reversed 

the effect of PMA on IL-12, IFN-γ, and TGF-β levels and 

decreased further IL-10 levels (P,0.05) (Figure 6B–E).

Discussion
All previous studies confirmed that DCA can target cancer 

cells mainly via inhibiting PDK, followed by increasing 

cancer cell apoptosis.23 Similarly, the current study showed 

that DCA reduced the survival of MCA fibrosarcoma cells 

in a dose-dependent manner. However, the current study also 

showed that this survival reduction was enhanced when DCA 

is incubated with spleen cells. The latter suggests that DCA 

enhances killing of cancer cells through activating immune 

cells. In addition, although previous published work showed 
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Figure 5 Anti-IL-12 antibody reversed DCA effect on IFN-γ production from 
mouse splenocytes.
Notes: Adding anti-IL-12 antibody reversed the effect of DCA on IFN-γ production 
from mouse splenocytes (*P,0.01 compared with its 0 counterpart). Data represent 
the average of cytokine levels from two independent experiments (± SEM), and each 
experiment consisted of a minimum of six replicates per condition.
Abbreviations: Ab, antibody; DCA, dichloroacetate; IFN, interferon; IL, interleukin; 
SEM, standard error of the mean.
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Figure 4 DCA increased IL-12 production from unstimulated macrophages but did 
not modulate IFN-γ levels from T-cells or NK cells.
Notes: DCA at 10, 50 and 100 mM increased IL-12 production from unstimulated 
macrophages (*P,0.05 compared with its 0 counterpart) (A). DCA did not modulate 
IFN-γ production from T-cells (B). DCA did not modulate IFN-γ production from 
NK cells (C). Data represent the average of cytokine levels from two independent 
experiments (± SEM), and each experiment consisted of a minimum of six replicates 
per condition.
Abbreviations: DCA, dichloroacetate; IFN, interferon; IL, interleukin; NK, natural 
killer; SEM, standard error of the mean.
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Figure 6 DCA restored IL-12, IFN-γ, and TGF-β levels and reduced IL-10 in PMA-induced skin inflammation in mice.
Notes: Images of mouse skin sections stained with hematoxylin and eosin stain (×10) show normal skin, acetone-treated skin, PMA-treated skin, and PMA-treated skin 
with three oral administrations of DCA (20 mg/kg) (A). PMA-induced severe inflammation with infiltration of mainly neutrophils and macrophages, and oral administration 
of DCA did not histologically modulate such an inflammatory pattern. DCA reversed the PMA effect on IFN-γ levels in skin after 48 hours of inducing the inflammation 
(*P,0.05 compared with the control counterpart) (B). DCA reversed PMA effect on IL-12 levels in skin after 48 hours of inducing the inflammation (*P,0.05 compared 
with the control counterpart) (C). DCA reversed the PMA effect on TGF-β levels in skin after 48 hours of inducing the inflammation (*P,0.05 compared with the control 
counterpart) (D). DCA significantly further reduced IL-10 levels when compared to PMA effect in skin after 48 hours of inducing the inflammation (*P,0.05; **P,0.01, 
respectively, compared with the control counterpart) (E). Data represent the average of cytokine levels (± SEM) of four mice per data point.
Abbreviations: DCA, dichloroacetate; IFN, interferon; IL, interleukin; PMA, phorbol 12-myristate 13-acetate; SEM, standard error of the mean; TGF, transforming growth 
factor.
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that DCA has no apparent toxicity by measuring hemoglo-

bin, serum transaminases, and creatinine levels following 

12-week oral administration of 50–100 mg/kg DCA,2 our 

data showed that high DCA concentrations (50–100 mM) 

reduced splenocytes viability and their proliferative ability. 

However, these latter concentrations are highly unlikely to 

be reached in vivo.

Recently, Ohashi et al have demonstrated that DCA pro-

motes immunomodulatory activity.24 They have shown that 

DCA increases the number of IFN-γ producing CD8+ T and 

NK cells but did not significantly modulate IFN-γ levels from 

simulated splenocytes.24 However, looking carefully at their 

data, DCA exhibited a trend toward increasing IFN-γ produc-

tion from nonlactic acid-treated stimulated splenocytes at the 

concentrations used (2–10 mM). In the present study, DCA 

increased the production of IFN-γ but not IL-17 from PMA 

and MCA fibrosarcoma-stimulated splenocytes. In addition, 

DCA increased the production of IFN-γ from unstimulated 

spleen cells. This increase, however, was not observed at 

100 mM of DCA, which could be explained by the reduction 

of splenocytes survival at such concentration.

To look further into DCA immunomodulatory activ-

ity, DCA was tested on isolated immune cell subsets: 

macrophages, NK cells, and T-cells. DCA induced IL-12 

production from unstimulated macrophages but not IFN-γ 

production from NK or T-cells. Moreover, when this IL-12 

production is blocked, DCA enhancing IFN-γ production from 

splenocytes is reversed, indicating that DCA induces IFN-γ 

via an IL-12-mediated pathway. Previous studies have shown 

that DCA inhibits downregulation of K+ channels (Kv1.5), 

and blocking these channels reduces the production of IL-12 

from dendritic cells.2,25 Thus, we hypothesize that the DCA 

effect of inducing the production of IL-12 from macrophages 

is through the upregulation of Kv1.5 channels.2,25 IL-12 then 

binds to IL-12 receptors on Th1 cells and activates transcrip-

tion factor belongs to signal transducer activator transcription 

gene 4 that ends up in upregulating IFN-γ gene expres-

sion.17,26,27 More studies, however, addressing the role of DCA 

on the IL-12–IFN-γ pathway induction are warranted.

To investigate if DCA can modulate cytokines in vivo, a 

skin inflammation model using PMA was used.22 DCA was 

given orally at a concentration based on the currently avail-

able preclinical and human DCA studies.28,29 DCA did not 

modulate the severity of PMA-induced inflammatory pattern 

as shown by the histopathology study; however, it did restore 

PMA-lowering IFN-γ and IL-12 levels and PMA-increasing 

TGF-β levels in mouse skin. In addition, DCA inhibited 

IL-10 production. These results suggest that DCA polarizes 

macrophages into M1 type. Such polarization may remodel 

tumor associated macrophages, which in turn activates IFN-γ 

production from Th1 and NK cells, leading to enhancing the 

antitumor activity of NK cells, dendritic cells, and cytotoxic 

T lymphocytes and suppresses T regulatory and myeloid 

suppressor cells.17,25–30 Further research in the above areas 

are warranted to validate such a hypothesis.

In conclusion, our study showed that DCA modulates 

cytokines in favor of Th1 function, and this activation is 

associated with enhanced DCA cytotoxicity against MCA 

fibrosarcoma. Further studies are necessary to explain the 

action of DCA on macrophages and their polarization in the 

cancer microenvironment. Finally, DCA immunomodula-

tory effects are promising and merit further investigation to 

improve its use as an anticancer drug.
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