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A B S T R A C T

Background: Talaporfin sodium (TS) is an authorized photosensitizer for photodynamic therapy (PDT) against
some tumors in Japan; however, the drawbacks of the drug include its high cost and side effects. Thus, reducing
the dose of TS in each round of TS-PDT against tumors is important for reducing treatment costs and improving
patients’ quality of life. Dichloroacetate (DCA) is approved for treating lactic acidosis and hereditary mi-
tochondrial diseases, and it is known to enhance reactive oxygen species production and induce apoptosis in
cancer cells. Therefore, DCA has the potential to enhance the effects of TS-PDT and permit the use of lower TS
doses without reducing the anti-cancer effect.
Methods: U251 human astrocytoma cells were simultaneously incubated with TS and DCA using different
concentrations, administration schedules, and treatment durations, followed by laser irradiation. Cell viability
was determined using the CCK-8 assay.
Results: The combinational use of DCA and TS resulted in synergistically enhanced TS-PDT effects in U251 cells.
The duration of DCA treatment before TS-PDT slightly enhanced the efficacy of TS-PDT. The intensity of laser
irradiation was not associated with the synergistic effect of DCA on TS-PDT. In addition, the relationship be-
tween the elapsed time after TS/DCA combination treatment and PDT ineffectiveness was identical to that of TS
monotherapy.
Conclusions: DCA synergistically enhanced the anti-cancer effect of TS-PDT, illustrating its potential for drug
repositioning in cancer therapy in combination with PDT.

1. Introduction

Photodynamic therapy (PDT) is a high selective therapeutic proce-
dure used in the treatment of cancer [1–3]. PDT is performed using a
photosensitizer, a small chemical compound that induces reactive
oxygen species (ROS) production in response to light, and laser irra-
diation to kill the ROS-exposed cancer cells. Talaporfin sodium (TS,
NPe6, Laserphyrin®) is known as a second-generation photosensitizer
that is clinically used in PDT for early-stage lung cancer, primary ma-
lignant brain tumors, and locally remnant recurrent esophageal cancer
in Japan [4–8]. Despite the efficacy of TS in PDT for these cancers, the
drug is expensive and carries several side effects including photo-
sensitivity, increased sputum production, and liver dysfunction [9].
Therefore, it is meaningful to reduce the effective dose of TS to over-
come these problems, and the potential use of chemotherapeutic drugs
in combination with TS represents a promising treatment strategy for

cancer.
There have been several efforts to reduce the doses of photo-

sensitizers via the simultaneous use of approved anti-cancer drugs, such
as 5-aminolevulinic acid (5-ALA) with gefitinib [10], pheophorbide
with doxorubicin [11], and photofrin with cisplatin [12]. In addition,
another strategy for reducing the photosensitizer dose is the simulta-
neous use of drugs that affect cancer-specific metabolic pathways.
Previously described combinations include chlorin e6 plus 2-deox-
yglucose or 3-bromopyruvate [13] and 5-ALA plus dichloroacetate
(DCA) [14]. In most cancer cells, mitochondrial dysfunction results in a
characteristic phenotype typified by a metabolic shift from mitochon-
drial oxidative phosphorylation to aerobic glycolysis, which is called
the Warburg effect [15,16]. Mitochondria are associated with both
energy production and apoptosis in their host cells, and it appears that
the glycolytic phenotype of cancer cells is indeed associated with a state
of apoptosis resistance [17,18]. Thus, reversing the metabolic pathway
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from aerobic glycolysis to oxidative phosphorylation to reduce the anti-
apoptotic effects of mitochondria in cancer cells is a potential strategy
for enhancing the efficacy of PDT in cancer therapy. DCA is known as
an inhibitor of pyruvate dehydrogenase kinase (PDK), which enhances
mitochondrial oxidative phosphorylation by activating pyruvate dehy-
drogenase (PDH), leading to the conversion of pyruvate to acetyl-CoA
[18,19]. Activation of aerobic metabolism in mitochondria results in
increased ROS production [20–22]. Therefore, DCA has the potential to
enhance the effects on PDT by increasing ROS production. In addition
to enhancing ROS production, DCA itself induces apoptosis in colorectal
cancer [23], neuroblastoma [24], glioblastoma [25], and endometrial
cancer [26] by modulating mitochondrial metabolism [27]. Moreover,
DCA has already been clinically used in the treatment of lactic acidosis
and hereditary mitochondrial diseases [28,29] with high tolerability
and safety [30,31]. Therefore, DCA is a potential option for drug re-
positioning if it can be used to enhance the effects of TS-PDT.

In the present study, we evaluated whether the combined use of
DCA could reduce the effective dose of TS in cultured U251 human
astrocytoma cells and identify a synergistic effect of DCA on the efficacy
of TS-PDT.

2. Materials and methods

2.1. Cell culture

U251 cells (Riken Cell Bank, Ibaraki, Japan) were cultured as de-
scribed previously with small modifications [32]. Briefly, cells were
cultured at 1 × 104 cells/well in non-coated cell culture plastic 96-well
plates (Nippon Genetics, Tokyo, Japan) in Dulbecco’s modified Eagle’s
medium (Nissui Pharmaceutical, Tokyo, Japan) supplemented with 10
% fetal bovine serum (FBS, FUJIFILM Wako Pure Chemical, Osaka,
Japan) at 37 °C in a 5 % CO2 humidified atmosphere. All experimental
protocols were evaluated and approved by the Regulations for Biolo-
gical Research at Tokyo University of Pharmacy and Life Sciences and
conducted in accordance with the approved protocols.

2.2. TS treatment and laser irradiation

The in vitro PDT experiment was performed as described previously
with small modifications [33]. Twenty-four hours after plating, U251
cells were treated with several concentrations (0, 12.5, 25, 37.5, 50, or
62.5 μM) of TS (Meiji Seika Pharma, Tokyo, Japan) for 1 h at 37 °C in 5
% CO2. Cells were washed once with phosphate-buffered saline (PBS),
and fresh medium supplemented with 10 % FBS was added. The cells
were immediately subjected to laser irradiation (wavelength: 664 nm,
laser power 3.4 mW/cm2, total dose of laser irradiation: 1 J/cm2) using
a ZH-L5011HJP semiconductor laser irradiator (Meiji Seika Pharma)
and then incubated for 24 h at 37 °C in 5 % CO2. The viabilities of the
cells were analyzed using Cell counting kit-8 (CCK-8, Dojindo Labora-
tories, Tokyo, Japan) according to the manufacturer’s protocol, and
absorbance at 450 nm was measured using a microplate reader
(Thermo Fisher Scientific, Tokyo, Japan).

2.3. DCA treatment

Twenty-four hours after plating, U251 cells were treated with sev-
eral concentrations (0, 10, 20, 40, or 80 mM) of sodium DCA (Sigma-
Aldrich, St. Louis, MO, USA) and incubated for 24 h at 37 °C in 5 % CO2.
The viabilities of the cells were analyzed using CCK-8 and a microplate
reader.

2.4. Combination treatment of TS and DCA

Twenty-four hours after plating, U251 cells were treated with TS (0,
12.5, 25, 37.5, 50, or 62.5 μM) plus DCA (0, 10, or 40 mM) in fresh
medium supplemented with 10 % FBS for 1 h at 37 °C in 5 % CO2. Cells

were washed once with PBS, and fresh medium supplemented with 10
% FBS was added. The cells were immediately subjected to laser irra-
diation (664 nm, 1 J/cm2) and subsequently incubated for 24 h at 37 °C
in 5 % CO2. The viabilities of the cells were analyzed using CCK-8 and a
microplate reader. Phase contrast imaging was performed using a DMi1

Fig. 1. The anti-cancer effects of single-agent talaporfin sodium (TS) and di-
chloroacetate (DCA). (A) The anti-cancer effect of TS. The scheme of the ex-
periment (top) and the statistical data (bottom). n = 10, **p<0.01 vs. laser
(−) with each corresponding TS concentration. Statistical analysis was per-
formed using Student’s t-test. (B) The anti-cancer effect of DCA. The scheme of
the experiment (top) and the statistical data (bottom). n = 24, **p<0.01, vs. 0
mM DCA, one-way analysis of variance (ANOVA) with a post hoc Tukey–Kramer
test.
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inverted microscope (Leica Microsystems, Wetzlar, Germany).
To evaluate the effects of the duration of DCA treatment, U251 cells

were treated with DCA (0, 10, or 40 mM) for 0, 2, 5, 11, or 23 h before
TS (12.5 μM) treatment. Then, cells were treated with combinations of
TS (12.5 μM) and DCA (0, 10, or 40 mM) for 1 h, and after washing with
PBS and fresh medium replacement, and laser irradiation (1 J/cm2),
viability was assessed 24 h after irradiation as described previously. To
evaluate the effects of laser intensity, U251 cells were treated with

combinations of TS (12.5 μM) and DCA (0, 10, or 40 mM) for 1 h. After
washing with PBS wash and medium replacement, laser irradiation (1,
1.5, 2, or 2.5 J/cm2) and viability assays were performed as described
previously.

To evaluate the duration of the efficacy of TS/DCA combination
treatment, U251 cells were treated with TS alone (25 μM) or the
combination of TS (12.5 μM) and DCA (40 mM) for 1 h, followed by
washing in PBS and fresh medium replacement. Then, cells were

Fig. 2. The synergistic effect of the combination of talaporfin sodium (TS) and dichloroacetate (DCA). (A) The scheme of the experiment. (B) The representative
images of treated cells. (C) The anti-cancer effect of the combination of TS and DCA. n = 6, **p<0.01 vs. 0 mM DCA, +p<0.05, ++p<0.01 vs. 10 mM DCA with
each corresponding TS concentration. Statistical analysis was performed using two-way analysis of variance (ANOVA) with a post hoc Tukey–Kramer test.
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irradiated (1 J/cm2) for up to 23 h after each treatment, and viability
assays were performed at 24 h after irradiation.

2.5. Statistical analysis

The data are expressed as the mean± SEM. If not stated otherwise,
differences between two datasets were assessed using Student’s t-test,
and multiple datasets were assessed using one-way analysis of variance
(ANOVA) or two-way ANOVA with a post hoc Tukey–Kramer test. All
data were collected and analyzed using a double-blind approach.

3. Results

3.1. The anti-cancer effects of TS or DCA alone

We first tested the effects of TS or DCA alone on the viability of
U251 cells. As we reported previously [32], TS exerted concentration-
dependent anti-cancer effects on U251 cells (Fig. 1A). At 12.5 μM TS,
small but significant anti-cancer activity was detected. Next, DCA was
applied to U251 cells at different concentrations for 24 h. Treatment of
U251 cells with 40–80 mM DCA for 24 h resulted in significantly re-
duced viability, whereas no effect on viability was observed at lower
concentrations (Fig. 1B). These data suggest that DCA itself has little
anti-cancer activity at concentrations< 40 mM for 24 h treatment.
Moreover, administration of 40 mM DCA for 1 h did not show any
cytotoxicity (data not shown). Thus, DCA concentrations of 0–40 mM
were selected for subsequent experiments. Similar experiments were
carried out using rat meningioma cell line KMY-J (Supplemental Fig. 1).

3.2. Synergistic anti-cancer effects of the combination of TS and DCA

Next, we assessed whether the combination of TS and DCA had
synergistic anti-cancer effects at concentrations that were not cytotoxic
when the drugs were used alone. The results illustrated that the com-
bination treatment had concentration-dependent anti-cancer effects
(Fig. 2). Interestingly, strong synergistic anti-cancer effects were ob-
served when the TS concentration was 12.5 μM (Fig. 2C). At this con-
centration, single-agent TS itself exhibited a small but significant anti-
cancer effect (86.2 % viability, Fig. 1A). In addition, although single-
agent DCA had little cytotoxic effects at 10 or 40 mM for 1 h treatment,
this drug exhibited substantial anti-cancer activity when used in com-
bination with TS. At TS concentrations of 25 and 37.5 μM, the combi-
nation regimen exerted small but significant synergistic anti-cancer
effects. Synergy was not observed at higher TS concentrations, in-
dicating that the effect was saturable. Similar synergistic effect was
obtained using KMY-J cell line (Supplemental Fig. 2).

3.3. Effects of the treatment schedule on the anti-cancer effects of the
combination regimen

In an attempt to enhance the synergistic effects of the TS/DCA
combination treatment, we evaluated different durations of DCA
treatment before TS administration and increased the irradiation in-
tensity. Increasing the duration of DCA treatment significantly en-
hanced the synergistic effect of the TS/DCA combination regimen, but
the effect of the drug concentration on viability was not large (Fig. 3A).
Increasing the laser power also significantly enhanced the anti-cancer
effect, but the effects were small as previously observed in this study
(Fig. 3B).

3.4. Duration of the efficacy of the TS/DCA combination regimen

Finally, we examined the duration of the anti-cancer effects of the
combination treatment and laser irradiation (Fig. 4). The results illu-
strated that the combination regimen remained effective for the same
duration as TS monotherapy. Therefore, the anti-cancer effect of the

Fig. 3. Effects of the treatment schedule on the anti-cancer effects of the
combination treatment. (A) The effect of elongating the duration of di-
chloroacetate (DCA) treatment. The scheme of the experiment (top) and the
statistical data (bottom). n = 8, **p<0.01, +p<0.05, ++p<0.01, and
#p<0.05 vs. 1, 3, or 6 h of treatment for each corresponding DCA con-
centration. Statistical analysis was performed using two-way analysis of var-
iance (ANOVA) with a post hoc Tukey–Kramer test. (B) The effect of the in-
tensity of laser irradiation. The scheme of the experiment (top) and the
statistical data (bottom). n = 4, *p<0.05, **p<0.01, ++p<0.01, and
##p<0.01 vs. 1, 1.5, or 2.0 J/cm² irradiation for each corresponding DCA
concentration. Statistical analysis was performed using two-way ANOVA with a
post hoc Tukey–Kramer test.
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TS/DCA combination treatment was comparable to that of single-agent
TS.

4. Discussion

In the present study, we performed TS-PDT together with DCA in an
effort to increase the cytotoxic effects of the therapy in U251 cells. This
combinational treatment also showed a similar effect in rat meningioma
cell line KMY-J so that this effect is thought to be not limited to U251
cells. As we expected, DCA synergistically enhanced the anti-cancer
effect of TS-PDT. Moreover, the effects of the duration of DCA treatment
before PDT and the intensity of laser irradiation as well as the duration
of efficacy for the TS/DCA combination were verified in this in vitro
preclinical study.

In general, cancer cells tend to favor metabolism via aerobic gly-
colysis rather than the mitochondrial tricarboxylic acid (TCA) cycle to
obtain energy in the form of ATP [15]. This effect is mainly promoted
by the hypoxia inducible factor 1 (HIF-1)-induced expression of several
genes including PDK [34,35], which inactivates PDH via phosphoryla-
tion [36]. PDH catalyzes the conversion of pyruvate to acetyl-CoA; thus,
the overexpression of PDK inhibits the mitochondrial TCA cycle via
PDH inactivation. DCA is a small synthetic drug that inhibits PDK [37],
thereby enhancing mitochondrial TCA cycle activity [18,19]. In fact,

DCA immediately activates PDH by inactivating PDK [38,39], thereby
increasing mitochondrial acetyl-CoA concentrations [38,40]. The in-
creased acetyl-CoA concentration promotes the TCA cycle and subse-
quently enhances ROS production [22,39,41]. In addition to the en-
hancement of ROS production, increased O2 consumption in tumor and
fibrotic cells in response to DCA treatment has been reported [42,43].
These findings suggest that DCA both enhances ROS production in
cancer cells but also stimulates PDT-induced ROS overproduction.

Mitochondrial dysfunction in cancer cells is usually associated with
changes in mitochondrial membrane potential [44,45]. DCA restores
mitochondrial membrane potential [39,41,46], which is at least asso-
ciated with the regulation of mitochondrial K+ channel expression
[39]. In addition, it has been reported that DCA suppresses the ex-
pression of HIF-1α and hexokinase-2 via PDK inhibition-mediated
downregulation of protein kinase B/glycogen synthase kinase-3β sig-
naling [46], which is also associated with the reversal of signs of mi-
tochondrial dysfunction, including the impairment of mitochondrial
membrane potential and aerobic glycolysis. These studies suggested
that DCA promotes mitochondrial normalization in cancer cells.

Taken together, these findings strongly support that DCA reverses
apoptosis resistance in cancer cells [39,41,47]. Moreover, orally ad-
ministered DCA easily penetrates the blood-brain barrier [22]. There-
fore, DCA is considered a potential anti-tumor drug, including possible

Fig. 4. The duration of the anti-cancer effect of the combination treatment and laser irradiation. (A) The scheme of the experiment. Cell viability assays were
performed 24 h after laser irradiation (scheme not shown). (B1 and B2) The time dependency of the anti-cancer effect for 0–30 min (B1) and 1–23 h (B2). n = 4,
*p<0.05 and **p<0.01 vs. 25 μM TS. Statistical analysis was performed using two-way analysis of variance (ANOVA) with a post hoc Tukey–Kramer test.
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effects against brain tumors, in vitro and in vivo [22–26,39,41,48].
Furthermore, studies including mechanistic data have been conducted
for DCA in human tissues for 50 years, and pharmacokinetic and toxi-
city data from randomized studies have been accumulated in case re-
ports for more than 10 years [49]. These studies strongly support the
easy translation of DCA to early-stage clinical trials in cancer. Further
investigations, especially in vivo experiments, are required for the
clinical application of DCA in PDT.

Author contributions

K.A., A.S., and K.S. conducted the experiments. T.T., Y.T., J.A., Y.F.,
and Y.S. wrote the manuscript. Y.F. and Y.S. conceptualized the study.

Declaration of Competing Interest

The authors declare no competing interests.

Acknowledgements

This work was supported by a grant from The Institute for Social
Medicine at Tokyo University of Pharmacy and Life Sciences (2018 and
2019 to Y.S.), The Shimabara Science Promotion Foundation (2017 to
Y.S.), and GSK Japan (2015 to Y.S.). We thank Joe Barber Jr., PhD, from
Edanz Group (https://en-author-services.edanzgroup.com/) for editing
a draft of this manuscript.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.pdpdt.2020.101850.

References

[1] S. Kwiatkowski, B. Knap, D. Przystupski, J. Saczko, E. Kedzierska, K. Knap-Czop,
J. Kotlinska, O. Michel, K. Kotowski, J. Kulbacka, Photodynamic therapy – me-
chanisms, photosensitizers and combinations, Biomed. Pharmacother. 106 (2018)
1098–1107.

[2] U. Chilakamarthi, L. Giribabu, Photodynamic therapy: past, present and future,
Chem. Rec. 17 (8) (2017) 775–802.

[3] P. Agostinis, K. Berg, K.A. Cengel, T.H. Foster, A.W. Girotti, S.O. Gollnick,
S.M. Hahn, M.R. Hamblin, A. Juzeniene, D. Kessel, M. Korbelik, J. Moan, P. Mroz,
D. Nowis, J. Piette, B.C. Wilson, J. Golab, Photodynamic therapy of cancer: an
update, CA Cancer J. Clin. 61 (4) (2011) 250–281.

[4] S. Wang, E. Bromley, L. Xu, J.C. Chen, L. Keltner, Talaporfin sodium, Expert Opin.
Pharmacother. 11 (1) (2010) 133–140.

[5] J. Akimoto, Photodynamic therapy for malignant brain tumors, Neurol. Med. Chir.
(Tokyo) 56 (4) (2016) 151–157.

[6] H. Wu, T. Minamide, T. Yano, Role of photodynamic therapy in the treatment of
esophageal cancer, Dig. Endosc. 31 (5) (2019) 508–516.

[7] J. Usuda, H. Tsutsui, H. Honda, S. Ichinose, T. Ishizumi, T. Hirata, T. Inoue,
K. Ohtani, S. Maehara, K. Imai, Y. Tsunoda, M. Kubota, N. Ikeda, K. Furukawa,
T. Okunaka, H. Kato, Photodynamic therapy for lung cancers based on novel pho-
todynamic diagnosis using talaporfin sodium (NPe6) and autofluorescence
bronchoscopy, Lung Cancer 58 (3) (2007) 317–323.

[8] H. Kato, K. Furukawa, M. Sato, T. Okunaka, Y. Kusunoki, M. Kawahara,
M. Fukuoka, T. Miyazawa, T. Yana, K. Matsui, T. Shiraishi, H. Horinouchi, Phase II
clinical study of photodynamic therapy using mono-L-aspartyl chlorin e6 and diode
laser for early superficial squamous cell carcinoma of the lung, Lung Cancer 42 (1)
(2003) 103–111.

[9] A. Nanashima, H. Isomoto, T. Abo, T. Nonaka, T. Morisaki, J. Arai, K. Takagi,
K. Ohnita, H. Shoji, S. Urabe, T. Senoo, G. Murakami, T. Nagayasu, How to access
photodynamic therapy for bile duct carcinoma, Ann. Transl. Med. 2 (3) (2014) 23.

[10] I. Postiglione, A. Chiaviello, S.M. Aloj, G. Palumbo, 5-aminolaevulinic acid/photo-
dynamic therapy and gefitinib in non-small cell lung cancer cell lines: a potential
strategy to improve gefitinib therapeutic efficacy, Cell Prolif. 46 (4) (2013)
382–395.

[11] R. Ruiz-Gonzalez, P. Milan, R. Bresoli-Obach, J.C. Stockert, A. Villanueva,
M. Canete, S. Nonell, Photodynamic synergistic effect of pheophorbide a and dox-
orubicin in combined treatment against tumoral cells, Cancers (Basel) 9 (2)
(2017) 18.

[12] E. Crescenzi, A. Chiaviello, G. Canti, E. Reddi, B.M. Veneziani, G. Palumbo, Low
doses of cisplatin or gemcitabine plus photofrin/photodynamic therapy: disjointed
cell cycle phase-related activity accounts for synergistic outcome in metastatic non-
small cell lung cancer cells (H1299), Mol. Cancer Ther. 5 (3) (2006) 776–785.

[13] X. Feng, P. Wang, Q. Liu, T. Zhang, B. Mai, X. Wang, Glycolytic inhibitors 2-
deoxyglucose and 3-bromopyruvate synergize with photodynamic therapy respec-
tively to inhibit cell migration, J. Bioenerg. Biomembr. 47 (3) (2015) 189–197.

[14] Z. Alkarakooly, Q.A. Al-Anbaky, K. Kannan, N. Ali, Metabolic reprogramming by
dichloroacetic acid potentiates photodynamic therapy of human breast adeno-
carcinoma MCF-7 cells, PLoS One 13 (10) (2018) e0206182.

[15] O. Warburg, F. Wind, E. Negelein, The metabolism of tumors in the body, J. Gen.
Physiol. 8 (6) (1927) 519–530.

[16] M.G. Vander Heiden, L.C. Cantley, C.B. Thompson, Understanding the Warburg
effect: the metabolic requirements of cell proliferation, Science 324 (5930) (2009)
1029–1033.

[17] D.R. Plas, C.B. Thompson, Cell metabolism in the regulation of programmed cell
death, Trends Endocrinol. Metab. 13 (2) (2002) 75–78.

[18] E.D. Michelakis, L. Webster, J.R. Mackey, Dichloroacetate (DCA) as a potential
metabolic-targeting therapy for cancer, Br. J. Cancer 99 (7) (2008) 989–994.

[19] R. Zhang, Z.C. Jing, Energetic metabolic roles in pulmonary arterial hypertension
and right ventricular remodeling, Curr. Pharm. Des. 22 (31) (2016) 4780–4795.

[20] T. Tataranni, F. Agriesti, C. Pacelli, V. Ruggieri, I. Laurenzana, C. Mazzoccoli,
G.D. Sala, C. Panebianco, V. Pazienza, N. Capitanio, C. Piccoli, Dichloroacetate
affects mitochondrial function and stemness-associated properties in pancreatic
cancer cell lines, Cells 8 (5) (2019) 478.

[21] J.L. Roh, J.Y. Park, E.H. Kim, H.J. Jang, M. Kwon, Activation of mitochondrial
oxidation by PDK2 inhibition reverses cisplatin resistance in head and neck cancer,
Cancer Lett. 371 (1) (2016) 20–29.

[22] Y. Duan, X. Zhao, W. Ren, X. Wang, K.F. Yu, D. Li, X. Zhang, Q. Zhang, Antitumor
activity of dichloroacetate on C6 glioma cell: in vitro and in vivo evaluation, Onco
Targets Ther. 6 (2013) 189–198.

[23] B.M. Madhok, S. Yeluri, S.L. Perry, T.A. Hughes, D.G. Jayne, Dichloroacetate in-
duces apoptosis and cell-cycle arrest in colorectal cancer cells, Br. J. Cancer 102
(12) (2010) 1746–1752.

[24] S. Vella, M. Conti, R. Tasso, R. Cancedda, A. Pagano, Dichloroacetate inhibits
neuroblastoma growth by specifically acting against malignant undifferentiated
cells, Int. J. Cancer 130 (7) (2012) 1484–1493.

[25] E.D. Michelakis, G. Sutendra, P. Dromparis, L. Webster, A. Haromy, E. Niven,
C. Maguire, T.L. Gammer, J.R. Mackey, D. Fulton, B. Abdulkarim, M.S. McMurtry,
K.C. Petruk, Metabolic modulation of glioblastoma with dichloroacetate, Sci.
Transl. Med. 2 (31) (2010) 31ra34.

[26] J.Y. Wong, G.S. Huggins, M. Debidda, N.C. Munshi, I. De Vivo, Dichloroacetate
induces apoptosis in endometrial cancer cells, Gynecol. Oncol. 109 (3) (2008)
394–402.

[27] B.L. Woolbright, G. Rajendran, R.A. Harris, J.A. Taylor 3rd, Metabolic flexibility in
cancer: targeting the pyruvate dehydrogenase kinase: pyruvate dehydrogenase axis,
Mol. Cancer Ther. 18 (10) (2019) 1673–1681.

[28] P.W. Stacpoole, C.L. Barnes, M.D. Hurbanis, S.L. Cannon, D.S. Kerr, Treatment of
congenital lactic acidosis with dichloroacetate, Arch. Dis. Child. 77 (6) (1997)
535–541.

[29] B.A. Barshop, R.K. Naviaux, K.A. McGowan, F. Levine, W.L. Nyhan, A. Loupis-
Geller, R.H. Haas, Chronic treatment of mitochondrial disease patients with di-
chloroacetate, Mol. Genet. Metab. 83 (1–2) (2004) 138–149.

[30] P. Kaufmann, K. Engelstad, Y. Wei, S. Jhung, M.C. Sano, D.C. Shungu, W.S. Millar,
X. Hong, C.L. Gooch, X. Mao, J.M. Pascual, M. Hirano, P.W. Stacpoole, S. DiMauro,
D.C. De Vivo, Dichloroacetate causes toxic neuropathy in MELAS: a randomized,
controlled clinical trial, Neurology 66 (3) (2006) 324–330.

[31] P.W. Stacpoole, G.N. Henderson, Z. Yan, R. Cornett, M.O. James, Pharmacokinetics,
metabolism and toxicology of dichloroacetate, Drug Metab. Rev. 30 (3) (1998)
499–539.

[32] Y. Shinoda, T. Takahashi, J. Akimoto, M. Ichikawa, H. Yamazaki, A. Narumi,
S. Yano, Y. Fujiwara, Comparative photodynamic therapy cytotoxicity of mannose-
conjugated chlorin and talaporfin sodium in cultured human and rat cells, J.
Toxicol. Sci. 42 (1) (2017) 111–119.

[33] T. Takahashi, S. Suzuki, S. Misawa, J. Akimoto, Y. Shinoda, Y. Fujiwara,
Photodynamic therapy using talaporfin sodium induces heme oxygenase-1 expres-
sion in rat malignant meningioma KMY-J cells, J. Toxicol. Sci. 43 (5) (2018)
353–358.

[34] G.N. Masoud, W. Li, HIF-1alpha pathway: role, regulation and intervention for
cancer therapy, Acta Pharm. Sin. B 5 (5) (2015) 378–389.

[35] K. Kirito, Y. Hu, N. Komatsu, HIF-1 prevents the overproduction of mitochondrial
ROS after cytokine stimulation through induction of PDK-1, Cell Cycle 8 (17)
(2009) 2844–2849.

[36] L.G. Korotchkina, M.S. Patel, Probing the mechanism of inactivation of human
pyruvate dehydrogenase by phosphorylation of three sites, J. Biol. Chem. 276 (8)
(2001) 5731–5738.

[37] P.W. Stacpoole, The pharmacology of dichloroacetate, Metabolism 38 (11) (1989)
1124–1144.

[38] R.A. Howlett, G.J. Heigenhauser, E. Hultman, M.G. Hollidge-Horvat, L.L. Spriet,
Effects of dichloroacetate infusion on human skeletal muscle metabolism at the
onset of exercise, Am. J. Physiol. 277 (1) (1999) E18–25.

[39] S. Bonnet, S.L. Archer, J. Allalunis-Turner, A. Haromy, C. Beaulieu, R. Thompson,
C.T. Lee, G.D. Lopaschuk, L. Puttagunta, S. Bonnet, G. Harry, K. Hashimoto,
C.J. Porter, M.A. Andrade, B. Thebaud, E.D. Michelakis, A mitochondria-K+
channel axis is suppressed in cancer and its normalization promotes apoptosis and
inhibits cancer growth, Cancer Cell 11 (1) (2007) 37–51.

[40] A. McAllister, S.P. Allison, P.J. Randle, Effects of dichloroacetate on the metabolism
of glucose, pyruvate, acetate, 3-hydroxybutyrate and palmitate in rat diaphragm
and heart muscle in vitro and on extraction of glucose, lactate, pyruvate and free
fatty acids by dog heart in vivo, Biochem. J. 134 (4) (1973) 1067–1081.

Y. Shinoda, et al. Photodiagnosis and Photodynamic Therapy 31 (2020) 101850

6

https://en-author-services.edanzgroup.com/
https://doi.org/10.1016/j.pdpdt.2020.101850
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0005
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0005
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0005
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0005
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0010
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0010
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0015
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0015
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0015
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0015
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0020
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0020
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0025
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0025
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0030
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0030
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0035
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0035
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0035
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0035
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0035
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0040
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0040
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0040
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0040
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0040
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0045
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0045
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0045
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0050
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0050
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0050
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0050
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0055
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0055
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0055
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0055
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0060
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0060
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0060
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0060
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0065
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0065
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0065
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0070
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0070
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0070
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0075
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0075
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0080
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0080
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0080
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0085
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0085
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0090
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0090
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0095
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0095
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0100
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0100
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0100
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0100
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0105
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0105
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0105
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0110
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0110
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0110
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0115
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0115
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0115
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0120
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0120
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0120
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0125
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0125
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0125
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0125
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0130
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0130
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0130
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0135
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0135
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0135
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0140
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0140
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0140
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0145
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0145
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0145
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0150
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0150
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0150
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0150
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0155
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0155
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0155
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0160
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0160
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0160
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0160
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0165
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0165
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0165
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0165
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0170
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0170
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0175
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0175
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0175
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0180
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0180
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0180
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0185
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0185
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0190
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0190
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0190
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0195
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0195
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0195
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0195
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0195
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0200
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0200
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0200
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0200


[41] A.K. Chaudhary, T.A. Bhat, S. Kumar, A. Kumar, R. Kumar, W. Underwood,
S. Koochekpour, M. Shourideh, N. Yadav, S. Dhar, D. Chandra, Mitochondrial
dysfunction-mediated apoptosis resistance associates with defective heat shock
protein response in African-American men with prostate cancer, Br. J. Cancer 114
(10) (2016) 1090–1100.

[42] R.A. Cairns, I. Papandreou, P.D. Sutphin, N.C. Denko, Metabolic targeting of hy-
poxia and HIF1 in solid tumors can enhance cytotoxic chemotherapy, Proc. Natl.
Acad. Sci. U. S. A. 104 (22) (2007) 9445–9450.

[43] J. Goodwin, H. Choi, M.H. Hsieh, M.L. Neugent, J.M. Ahn, H.N. Hayenga,
P.K. Singh, D.B. Shackelford, I.K. Lee, V. Shulaev, S. Dhar, N. Takeda, J.W. Kim,
Targeting hypoxia-inducible factor-1alpha/pyruvate dehydrogenase kinase 1 axis
by dichloroacetate suppresses bleomycin-induced pulmonary fibrosis, Am. J.
Respir. Cell Mol. Biol. 58 (2) (2018) 216–231.

[44] S. Davis, M.J. Weiss, J.R. Wong, T.J. Lampidis, L.B. Chen, Mitochondrial and
plasma membrane potentials cause unusual accumulation and retention of rhoda-
mine 123 by human breast adenocarcinoma-derived MCF-7 cells, J. Biol. Chem. 260
(25) (1985) 13844–13850.

[45] J.S. Modica-Napolitano, J.R. Aprille, Basis for the selective cytotoxicity of rhoda-
mine 123, Cancer Res. 47 (16) (1987) 4361–4365.

[46] B. Li, Y. Zhu, Q. Sun, C. Yu, L. Chen, Y. Tian, J. Yan, Reversal of the Warburg effect
with DCA in PDGF treated human PASMC is potentiated by pyruvate dehy-
drogenase kinase1 inhibition mediated through blocking Akt/GSK3beta signalling,
Int. J. Mol. Med. 42 (3) (2018) 1391–1400.

[47] H. Zhao, H. Jiang, Z. Li, Y. Zhuang, Y. Liu, S. Zhou, Y. Xiao, C. Xie, F. Zhou, Y. Zhou,
2-Methoxyestradiol enhances radiosensitivity in radioresistant melanoma MDA-MB-
435R cells by regulating glycolysis via HIF-1alpha/PDK1 axis, Int. J. Oncol. 50 (5)
(2017) 1531–1540.

[48] W. Cao, S. Yacoub, K.T. Shiverick, K. Namiki, Y. Sakai, S. Porvasnik, C. Urbanek,
C.J. Rosser, Dichloroacetate (DCA) sensitizes both wild-type and over expressing
Bcl-2 prostate cancer cells in vitro to radiation, Prostate 68 (11) (2008) 1223–1231.

[49] M. Abdelmalak, A. Lew, R. Ramezani, A.L. Shroads, B.S. Coats, T. Langaee,
M.N. Shankar, R.E. Neiberger, S.H. Subramony, P.W. Stacpoole, Long-term safety of
dichloroacetate in congenital lactic acidosis, Mol. Genet. Metab. 109 (2) (2013)
139–143.

Y. Shinoda, et al. Photodiagnosis and Photodynamic Therapy 31 (2020) 101850

7

http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0205
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0205
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0205
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0205
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0205
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0210
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0210
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0210
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0215
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0215
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0215
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0215
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0215
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0220
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0220
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0220
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0220
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0225
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0225
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0230
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0230
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0230
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0230
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0235
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0235
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0235
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0235
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0240
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0240
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0240
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0245
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0245
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0245
http://refhub.elsevier.com/S1572-1000(20)30204-0/sbref0245

	Synergistic effect of dichloroacetate on talaporfin sodium-based photodynamic therapy on U251 human astrocytoma cells
	Introduction
	Materials and methods
	Cell culture
	TS treatment and laser irradiation
	DCA treatment
	Combination treatment of TS and DCA
	Statistical analysis

	Results
	The anti-cancer effects of TS or DCA alone
	Synergistic anti-cancer effects of the combination of TS and DCA
	Effects of the treatment schedule on the anti-cancer effects of the combination regimen
	Duration of the efficacy of the TS/DCA combination regimen

	Discussion
	Author contributions
	Declaration of Competing Interest
	Acknowledgements
	Supplementary data
	References




