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Objective: To evaluate the antitumor effects of diisopropylamine dichloroacetate
(DADA) alone or in combination with chemotherapy/radiotherapy/
immunotherapy in NSCLC and explore the underlying mechanisms involved.

Methods: MTT, UV spectrophotometry, flow cytometry, fluorescence microscopy,
and clonogenic survival assays were used. In LLC mouse models, the antitumor
effects of radiotherapy, DADA, and the anti-PD-1 antibody alone or in combination
were evaluated, and the T cell numbers were evaluated in different groups.

Results: DADA significantly inhibited lactate production and promoted apoptosis in
NSCLC in vitro. Compared with pemetrexed or DADA alone, the combination of
DADA with pemetrexed significantly inhibited proliferation and promoted apoptosis
(p<0.05). This may be related to the decrease in the mitochondrial membrane
potential in the combined group. Moreover, compared with radiotherapy alone, the
combination of DADA with radiotherapy induced remarkable DNA damage. In vivo,
the combination of radiotherapy, an anti-PD-1 antibody and DADA resulted in
superior tumor inhibition than the combination of radiotherapy and anti-PD-1
antibody did (p < 0.05). The underlying mechanism may be partially related to the
increased number of CD3+ T cells in the triplet combination group (p < 0.05).

Discussion: Our results showed that DADA has strong antitumor effects on NSCLC,
either alone or in combination with chemotherapy or radiotherapy. Interestingly, the
combination of radiotherapy, anti-PD-1 antibody and DADA had a more pronounced
tumor-suppressing effect, which may be related to DADA-induced T-cell generation
by reducing local lactic acid production in the tumor microenvironment. This study
lays the foundation for further exploration of DADA in lung cancer, especially in the
era of immunotherapy, on the basis of its possible immunomodulatory effects.
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1 Introduction

Globally, tumors caused by lung cancer are currently among the
malignant tumors with the highest morbidity and mortality rates
(1), and NSCLC accounts for more than 80% of all lung cancers (2).
As most lung cancers have no obvious symptoms during the early
stage of development, many patients have already lost the chance to
undergo surgery when the tumors are found and need
comprehensive antitumor treatment, mainly based on
chemoradiotherapy. Although the application of new-generation
cytotoxic drugs such as paclitaxel and pemetrexed has improved the
prognosis of NSCLC patients to some extent, the effectiveness of
chemotherapeutic drugs has reached a bottleneck and has been
difficult to improve further for a long time. In recent years, with the
application of targeted therapy in lung cancer, the treatment of
advanced lung cancer has undergone rapid changes. The discovery
of driver mutations and the application of corresponding targeted
drugs have opened the door to precision treatment of lung cancer,
and the optimization of treatment modalities and the exploration of
novel drugs such as antibody—drug couplings will broaden the
range of choices for patients with driver gene-positive NSCLC (3).
Since the introduction of EGFR-TKIs, an increasing number of
targeted drugs, such as ALK, ROS1, and RET, have improved the
prognosis of patients, with remarkable efficacy. However, the high
cost of targeted therapies in the clinical treatment of lung cancer
and the inevitable primary or secondary resistance to almost all
molecularly targeted drugs still limit their use (4). Furthermore, the
application of immunotherapy in NSCLC has gradually progressed
from advanced backline and first-line to perioperative treatment of
early lung cancer, becoming a milestone in the field of lung cancer
treatment. However, primary and secondary resistance to
immunotherapy and the poor benefit of immunotherapy for
patients with driver mutation-positive NSCLC are still therapeutic
bottlenecks in the field. Previous studies have shown that the local
immunosuppressive microenvironment of tumors is an important
cause of immunotherapy resistance.

Malignant tumor cells have prominent metabolic differences
from normal cells, which is mainly due to the “metabolic
reprogramming” of tumor cells. In the classic example of the
“Warburg effect”, tumor cells tend to supply energy via glycolysis
even under oxygen-rich conditions due to mitochondrial
respiratory dysfunction (5). Inhibition of key enzymes involved in
glycolysis and reversal of the Warburg effect in tumor cells can be
used as an antitumor therapeutic strategy. Dichloroacetate is a
small-molecule metabolic modulator. In recent years,
dichloroacetate, an inhibitor of pyruvate dehydrogenase kinase
(PDK), has been shown to inhibit the inactivation of pyruvate
dehydrogenase (PDH), the gating enzyme for the oxidative
phosphorylation of glucose, which leads to inhibition of aerobic
glycolysis, reduced lactic acid production in the tumor
microenvironment, and increased mitochondrial membrane
potential, which can inhibit the growth of tumor cells and achieve
tumor suppression (6). In addition to its safety and tolerability, the
antitumor effect of dichloroacetate has been confirmed for a variety
of cancers, such as renal clear cell carcinoma, intestinal cancer,
breast cancer, and endometrial cancer (7-10), and dichloroacetate
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has been demonstrated to exert a radiotherapy-sensitizing effect on
cerebral gliomas and esophageal cancers (11, 12).

Diisopropylammonium dichloroacetate (DADA) is a derivative
of dichloracetate, and this study aimed to explore the role of DADA
in NSCLC. The antitumor effects and mechanisms of DADA in
NSCLC were evaluated after its application alone or in combination
with chemotherapy and radiotherapy. Based on the effect of DADA
on tumor metabolism, we further hypothesized that DADA can
modulate the tumor microenvironment via the inhibition of
glycolysis and lactic acid production and further explored the in
vivo antitumor effects and mechanisms of PD-1 inhibitors
combined with DADA or local radiotherapy.

2 Material and methods

2.1 Cell lines

The human lung adenocarcinoma cell lines PC9, A549, HCC827,
and LLC and the normal lung bronchial epithelial cell line HBE were
purchased from American Type Culture Collection (ATCC) and
stored in liquid nitrogen in the laboratory of the Oncology Center of
Nanjing Gulou Hospital, Nanjing, China. The PC9, A549, HCC827,
LLC, and HBE cell lines were grown as adherent monolayers,
cultured in RPMI 1640 medium supplemented with 10% newborn
calf serum, and cultured in a cell culture incubator at a constant
temperature of 37°C with 5% CO, and a humidified atmosphere.

2.2 Reagents

Pemetrexed was purchased from Eli Lilly Co.,
diisopropylammonium dichloroacetate (DADA) was purchased
from Sanglid Biotechnology Co. (stored at 4°C, protected from
light and dry, ready for use), the anti-y-H2AX antibody was
purchased from Abcam (Shanghai) Trading Co., the anti-mouse
CD3, anti-mouse CD4, and anti-mouse CDS8 antibodies were
purchased from BD (Becton, Dickinson and Company, BD)
Biotechnology, and the anti-PD-1 antibody was purchased from
Suzhou Junmeng.

2.3 Cell proliferation assay

PC9, A549, HCCS8227, and HBE cells were inoculated in 96-well
plates (greinerbio-one, Germany) at 5x10° cells/ml and allowed to
adhere to the plate overnight (37°C); the next day, 200 pl of medium
supplemented with different concentrations of DADA (0, 2, 4, 6, 8,
10, or 12 mmol/L) or pemetrexed (0, 0.0002, 0.002, 0.02, 0.2, 2, 20,
or 200 pumol/L) was added to each well. MTT (Methyl
thiazolyldiphenyl-tetrazolium bromide (MTT) and dimethyl
sulfoxide (DMSO) were added, the absorbance was measured,
and the cell inhibition rate (IR) was calculated as follows: IR (%)
= (control well OD value - experimental well OD value)/(control
OD value - blank well OD value) x 100%. All experiments were
performed in triplicate.
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2.4 Cellular lactate production assay

PC9, A549, HCC8227, and HBE cells were inoculated in 6-well
plates (greinerbio-one, Germany) at 4x10° cells/ml and allowed to
adhere overnight; the next day, the cells were treated with different
concentrations of DADA (0, 2.5, 5, or 10 mmol/L) overnight; after
24 hours, trypsin digestion was performed for counting. The
absorbance values of the samples were determined at 480 nm,
and the lactate content was calculated as follows: lactate content of
the culture medium (mmol/L) = (assay OD value - blank OD
value)/(standard OD value - blank OD value) x standard sample
concentration (3 mmol/L) x dilution of the sample before the test. A
drug concentration-lactate production curve was then generated.
All experiments were performed in triplicate.

2.5 Flow cytometry for detection of
apoptosis and immunophenotyping

PC9 cells were inoculated in 6-well plates at 3-5x10> cells/ml and
cultured overnight. The next day, the cells were treated with different
concentrations of DADA (0, 2.5, 5, 10, 15, or 20 mmol/L). After 48
hours of incubation, 3-5x10° cells were collected, washed in PBS and
resuspended in 1.5 ml of prechilled 1x binding buffer working solution.
Aliquots were divided into three tubes: a blank control tube and two
single-stained tubes. The single-stained tubes were supplemented with
3 ul of Annexin-FITC or 5 pl of PI, respectively, and the apoptosis rate
was determined using a flow cytometer (BD, USA, BD FACSCantoTM).
All experiments were performed in triplicate.

The tumors of the mice in each group (LLC) were removed and
ground into a cell suspension, and aliquots of 6x10° cells/ml were
placed in 1.5 ml Eppendorf tubes; 1 uL of fluorescent labeling
antibody was added to each tube. The samples were incubated for
30 min protected from light, washed with NaCl and evaluated on
the flow cytometer to obtain the data. Graphical data were gated
with FlowJo software and analyzed to evaluate the expression of
target proteins.

2.6 Evaluation of the mitochondrial
membrane potential

Cells were seeded into plates and drugs were added as described
above; the treated cells (1x10° cells/ml) were placed in a 37°C
incubator with 5% CO, for 24 h and centrifuged (1000 r/min, 10
min), and 1 ml of JC-1 staining solution at a concentration of 1
mmol/L was added. The cells were incubated at 37°C for 30 min,
and then the fluorescence intensity of the cells was observed by
fluorescence microscopy.

2.7 Colony formation assays to verify the
radiotherapy sensitization effect of DADA

PC9 cells were seeded in six 6-well plates (150 cells/well, 150
cells/well, 200 cells/well, 400 cells/well, 800 cells/well, and 1600
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cells/well) and allowed to adhere overnight; the cells were then
treated with 3 mmol/L DADA and incubated for 24 h. Next, the
cells were irradiated with a total dose of 0 Gy, 1 Gy, 2 Gy, 4 Gy, 6 Gy,
or 8 Gy; the medium was changed the day after radiotherapy, and
the cells were incubated for 10-14 days. The resulting colonies were
stained with 0.5% crystal violet and counted under a microscope,
and >50 cells were counted as one colony under low magnification.
The dose—survival fraction curves were fitted according to the
single-click multitarget model [SF=1- (1-¢“P) ] using GraphPad
Prism 9 software. All experiments were performed in triplicate.

2.8 Immunofluorescence

DNA double-strand breaks (DSBs) were detected by
immunofluorescence staining of phosphorylated H2AX. Cells were
seeded into 6-well plates, subjected to 8 Gy of radiation, incubated for
5 hours, fixed with 4% neutral formaldehyde for 30 minutes at room
temperature and then incubated at 4°C overnight with the primary
antibody. The next day, the y-H2AX primary antibody was removed,
and the cells were incubated overnight at 4°C with the secondary
antibody. The next day, the secondary antibody was removed, and the
cells were incubated for 2 hours. DAPI was used to stain the cell
nuclei, and the cells were visualized by fluorescence microscopy.

2.9 Subcutaneous tumor graft model

Five-week-old male C57L/6 mice (20 + 2 g) were purchased
from Qinglongshan Animal Breeding Center, Jiangning District,
Nanjing City, China, and 2x10° LLC cells were injected
subcutaneously into the left groin. The mice were randomly
divided into the following five groups when the tumor volume
reached 80-100 mm?: control group, single-dose 8 Gy radiotherapy,
radiotherapy combined with DADA (50 mg/kg, perfused for 7
days), radiotherapy combined with anti-PD-1 antibody (50 mg/kg),
radiotherapy combined with anti-PD-1 antibody and DADA.
Tumor volume and body weight were recorded for further analysis.

2.10 Statistical analysis of the data

SPSS 21.0 statistical software was used for statistical analysis of
the data. All measurement data are expressed as the mean +
standard deviation (mean + s), and comparisons among multiple

groups were performed by one-way ANOVA, with a two-sided
p<0.05 indicating a statistically significant difference.

3 Results

3.1 DADA inhibits the proliferation of lung
cancer cells

Serially diluted DADA and pemetrexed solutions were added to
PC9, A549, HCC827, and HBE cells, and cell viability was evaluated
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using an MTT assay after 48 hours of incubation. When the
concentration of DADA was >4 mmol/L, the extent to which
DADA inhibited proliferation was significantly greater for tumor
cells than for normal HBE lung epithelial cells (p<0.05). As the
concentration of DADA increased, the rate of inhibition of tumor
cell proliferation increased, but there was no significant effect on the
proliferation of normal HBE lung epithelial cells (Figure 1A). To
further validate the synergistic effect of DADA combined with
chemotherapeutic drugs, PC9, A549, and HCC827 cells were
treated with different concentrations of pemetrexed combined
with DADA, and the rate of proliferation inhibition for the cells
treated with the drug combination was greater than that for cells
treated with the single agent pemetrexed (p<0.05), as shown in
Figures 1B-D.

3.2 Effect of DADA on lactate production in
tumor cells

PC9 cells were treated with serially diluted DADA for 24 h. As
the concentration of DADA increased, the amount of lactate
released into the culture medium per 10° cells gradually decreased
after 24 h. When the concentration of DADA was >5 mmol/L, the
amount of lactate produced per 10> PC9 cells was less than that in
the untreated group (p<0.05) (Figure 2A). Further exploration of
the effect of 5 mmol/L DADA on lactate production at different time
points in PC9 cells revealed that when the duration of treatment was
>6 hours, the amount of lactate released into the culture medium of
the treated group was lower than that in the culture medium of the
control group (Figure 2B).

10.3389/fonc.2024.1447828

3.3 Effect of DADA alone or in combination
with pemetrexed on apoptosis

After PC9 cells were treated with different concentrations of
DADA alone (at a concentration of =5 mmol/L) for 48 hours, the
percentage of apoptotic cells in the DADA-treated group was
significantly greater than that in the control group (p<0.05). In
addition, the greater the concentration of the drug was, the greater
the degree to which apoptosis was induced by DADA (Figures 3A-F).
The results showed that DADA promoted apoptosis to some degree;
therefore, we further hypothesized that 5 mmol/L DADA combined
with 0.02 pmol/L pemetrexed would promote apoptosis more
strongly than DADA alone, and the results showed that apoptosis
was more frequent (p<0.05) in the DADA combined with
pemetrexed group than in the DADA alone group (Figures 3G-J).

3.4 Effect of DADA in combination with
chemotherapy on the mitochondrial
membrane potential in tumor cells

The red/green fluorescence ratios measured for the control
group, 0.02 pumol/L pemetrexed alone group, 5 mmol/L DADA
alone group, and pemetrexed combined with DADA group after 48
hours of treatment are presented in Table 1. Red fluorescence shifts
to green fluorescence when the mitochondrial membrane potential
decreases. Fluorescence microscopy revealed that the percentage of
red JC-1-positive PC9 cells in the combined drug treatment group
was significantly lower than that in the single drug group(p<0.05),
which indicated that the mitochondrial membrane potential in the
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Cell proliferation determined by an MTT assay. Serial dilutions of DADA and pemetrexed solutions were added to PC9, A549, HCC827, and HBE
cells, which were then incubated for 48 h. After incubation, cell viability was evaluated via the MTT assay. The viability of the untreated cells was set
to 100% as control. (A) Rate of cell proliferation inhibition by different concentrations of DADA; (B—D) Rate of cell proliferation inhibition by
pemetrexed alone or in combination with 5 mmol/L DADA. (* indicates that the rate of inhibition of cell proliferation in the combination group was
greater than that in the pemetrexed monotherapy group at the same concentration of pemetrexed, and the difference was statistically

significant; p<0.05).
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Inhibition of lactate secretion by DADA. (A) Lactate production per
10° cells in culture medium after treatment with different
concentrations of DADA for 24 hours; (B) Lactate production per
10° cells in culture medium after treatment with 5 mmol/L DADA for
different durations. (* indicates that the lactate content in the
culture medium after treatment with DADA at this concentration
was significantly lower than that in the culture medium of the
untreated group; p<0.05).

combined treatment group was lower than that in the pemetrexed
and DADA single drug groups (Figures 4A-D).

3.5 DADA-mediated sensitization of the
PC9 cell line to radiotherapy

After a 2 Gy dose of radiotherapy, the survival fraction (SF2) was
lower in the DADA combined with radiotherapy group than in the
radiotherapy alone group, and the sensitization enhancement ratio
(SER) was 1.42 (Table 2). These data indicated that radiotherapy
combined with DADA increased cell death in PC9 cells compared to
that observed after radiotherapy alone (Figures 5A, B). To further
explore the radiosensitization effect of DADA on PC9 cells, we detected
Y-H2AX, a marker of DNA double-strand breaks, whose expression is
positively correlated with the amount of DNA damage after
radiotherapy. After 48 h, fluorescence microscopy revealed that the
fluorescence intensity of y-H2AX in the DADA-treated PC9 cells was
greater than that in the DADA-alone and radiotherapy-alone groups
(Figure 5C), which indicated that the combined treatment caused more
DNA damage than did DADA alone or radiotherapy alone.

Frontiers in Oncology

10.3389/fonc.2024.1447828

3.6 Radiosensitization effect of DADA in
vivo and ability to modulate the tumor
immune microenvironment

We established a subcutaneous tumor transplantation model in
C57L/6 mice using LLC cells. The weight and tumor volume of the
mice were recorded during the observation period (Figures 6A, B).
The results revealed that there was no significant difference in the
weight of the mice between groups. However, the tumor volume in
the radiotherapy combined with DADA group was smaller than
that in the radiotherapy alone and radiotherapy combined with PD-
1 monoclonal antibody groups (p<0.05); these results indicated that
DADA could sensitize the mice to radiotherapy in vivo. Previous
studies have shown that radiotherapy and immunotherapy can
exert synergistic antitumor effects (13), so we further explored
whether the addition of DADA could increase treatment efficacy
or whether the local immune microenvironment of the tumor could
impact the therapeutic effect of radiotherapy combined with anti-
PD-1 antibody. The results showed that the tumor volume in the
combined DADA+radiotherapy+anti-PD-1 antibody group was
smaller than that in the radiotherapy combined with anti-PD-1
antibody group (p<0.05). Furthermore, cell suspensions of tumor
tissues were generated and analyzed in a flow cytometric
phenotypic assay. CD3+ T-cell expression in the DADA
+radiotherapy+anti-PD-1 antibody group was greater than that in
the radiotherapy combined with anti-PD-1 antibody group
(p<0.05), and there were no significant differences in CD4+ or
CD8+ T-cell numbers (Figures 6C, D).

4 Discussion

Lung cancer is a type of malignant tumor with one of the
highest morbidity and mortality rates (1). Non-small cell lung
cancer (NSCLC) patients account for approximately 85% of lung
cancer patients, and the vast majority of these patients are
diagnosed at advanced stages and require drug-based treatment.
In recent years, the emergence of new treatment methods and drugs
has led to a significant decrease in lung cancer mortality, but the
five-year survival rate of NSCLC patients is still less than 20%, and
new therapeutic approaches need to be explored to improve the
prognosis of patients. The energy metabolism of tumor cells can
regulate cell proliferation, growth, migration, invasion, and other
important biological activities, thus playing an important role in
tumor development and progression. Therefore, targeting tumor
metabolism is very important for tumor therapy. In recent years, an
increasing number of drugs targeting the metabolism of tumor cells
or immune cells have been developed (14, 15) and have broad
development prospects.

Dichloroacetate has been used as a small-molecule metabolic
modulator in the treatment of human lactic acidosis and hereditary
mitochondrial diseases for almost 40 years (16). In recent years,
researchers have shown that dichloroacetate, a PDK inhibitor,
inhibits the inactivation of PDH, the gating enzyme for the
oxidative phosphorylation of glucose, and as a result, inhibits
aerobic glycolysis in tumor cells, reduces lactate production in the
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Effect of treatment with different concentrations of DADA on PC9 cell apoptosis and different treatments on PC9 cell apoptosis. (A), Control group;
(B—F), Groups treated with 2.5, 5, 10, 15, and 20 mmol DADA. The higher the concentration of DADA, the more pronounced the pro-apoptotic
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group; (I), DADA single-agent treatment group; (J), Pemetrexed + DADA treatment group. The apoptosis rate of the combined group was greater
than that of the control group or the single-drug groups. (Lower right quadrant: early apoptosis; upper right quadrant: late apoptosis).

tumor microenvironment, and decreases the mitochondrial
membrane potential, which in turn inhibits the growth of tumor
cells and achieves tumor-suppressive effects (6). In addition to its
safety and tolerability, the antitumor effect of dichloroacetate has
been confirmed in a variety of cancers, such as renal clear cell
carcinoma, intestinal cancer, breast cancer, and endometrial cancer
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(7-10), and dichloroacetate has been shown to have radiotherapy-
sensitizing effects on glioma and esophageal cancer (11, 12).
DADA has the active ingredient of dichloroacetate. This study
is the first to explore the effect of DADA on tumors and the
potential chemotherapy- and radiotherapy-sensitizing effects of
DADA in the context of lung cancer and to further explore the
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TABLE 1 Intensities and ratios of red and green fluorescence in each
treatment group.

red fluores- green fluores- red/green
process cent cence inten-  fluorescence
intensity sity Green ratio
control 36.047 10.367 3.477
pemetrexed 13.089 6.695 1.955
DADA® 9.987 10.976 0.910
pemetrexed
9.972 23.093 0.432
+DADA

“diisopropylamine dichloroacetate.

ability of DADA to modulate the tumor immune
microenvironment based on its metabolic effects. In vitro studies
revealed that DADA had significant inhibitory effects on cell
proliferation, reversed the changes in energy metabolism observed
in tumor cells, and induced tumor cell death in lung
adenocarcinoma cells. DADA had synergistic antitumor effects
when combined with pemetrexed, as indicated by a greater
percentage of apoptotic cells in the DADA group than in the
pemetrexed group. Mechanistic analysis suggested that the
combination of DADA and pemetrexed significantly inhibited
aerobic glycolysis, reduced lactate production in the tumor
microenvironment, and decreased the mitochondrial membrane

10.3389/fonc.2024.1447828

potential, thereby limiting tumor cell growth. Previous reports have
shown that DADA inhibits cellular proliferation and reduces lactate
secretion in other tumor types, thereby inhibiting tumor growth
(10, 17), which was consistent with the results of the present study
on lung cancer, providing evidence for the potential use of DADA
in cancer therapy.

Radiotherapy is an important treatment modality for NSCLC,
but the resistance of tumor cells to radiation and the damage to
normal cells caused by high-dose radiation are the two major
obstacles limiting tumor radiotherapy. Therefore, exploring
radiotherapy-sensitizing drugs and enhancing the sensitivity of
tumor cells to radiotherapy is an important approach for
improving treatment efficacy. Our study revealed that DADA
combined with radiotherapy induced the production of y-H2AX
compared with radiotherapy alone, suggesting that DADA could
enhance the DNA damage caused by radiotherapy and thus
enhance the efficacy of radiotherapy. Further in vivo experiments
showed that radiotherapy combined with DADA inhibited tumor
growth better than radiotherapy alone or radiotherapy combined
with an anti-PD-1 antibody. These findings suggest that inducing
the transition of tumor cells from glycolysis to mitochondrial
oxidation may be an attractive approach to increase the sensitivity
of cancer cells to radiotherapy in the future.

Immunotherapy has revolutionized the field of NSCLC
treatment and has gradually become a routine therapy. Despite

FIGURE 4

Effects of different treatments on the mitochondrial membrane potential of PC9 cells. (A), Control group; (B), Pemetrexed monotherapy group; (C),
DADA monotherapy group; (D), Pemetrexed +DADA treatment group: When the mitochondrial membrane potential decreased, the red fluorescence
shifted to green fluorescence, and the mitochondrial membrane potential of the combined group was lower than that of the control group and the

single agent group(p<0.05)
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TABLE 2 Ability of DADA to sensitize PC9 cells to radiotherapy in vitro.

Do? Dg° SF2° SER®

RT® 1.55 1.72 0.62

RT+DADA 1.09 1.60 0.53 1.42

*D0: mean lethal dose, qu: quasithreshold dose, “SF2: survival fraction after 2 Gy, 4SER:
sensitization enhancement ratio, “radiotherapy.

significant clinical improvements, a considerable number of
patients do not benefit from ICI therapy due to primary or
secondary drug resistance. With further research on tumor
immunity, it has gradually become clear that the complexity and
diversity of the tumor microenvironment (TME) are key factors
affecting the efficacy of immunotherapy. Recent findings have
shown that dichloroacetate can target cancer cells and inhibit

10.3389/fonc.2024.1447828

PDK, shifting tumor metabolism from glycolysis to oxidative
phosphorylation, thereby reducing lactate production in tumor
cells and promoting T-cell activation and inhibiting tumor
growth (18, 19). Therefore, based on in vitro experiments
demonstrating the effects of DADA on the metabolism of tumor
cells and the mitochondrial membrane potential, we hypothesized
that DADA could promote antitumor responses through its effects
on the local immune microenvironment of tumors during anti-PD-
1 therapy. Our in vivo results showed that the inhibitory effect of the
triple combination of DADA +radiotherapy+anti-PD-1 antibody on
tumor growth was significantly greater than that of radiotherapy
combined with anti-PD-1 antibody; further analysis revealed that in
the DADA+radiotherapy+anti-PD-1 antibody group, the number
of CD3+ T cells in tumor tissues was significantly greater than that
in the radiotherapy combined with anti-PD-1 antibody group. We

PC9
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FIGURE 5

Radiotherapy-sensitizing effect of DADA. (A) Images of colony formation in each group after treatment with radiotherapy alone or in combination
with DADA; (B) Radiation dose-survival fraction fitting curves. (C) y-H2AX expression in the control group, DADA alone group, radiotherapy group,
and radiotherapy combined with DADA group (blue represents the nucleus, green represents the y-H2AX protein).
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FIGURE 6

Effects of different combinations of DADA, RT, and anti-PD-1 antibodies in vivo. (A) Changes in body weight in the control group, radiotherapy
group, radiotherapy combined with DADA group, radiotherapy combined with anti-PD-1 antibody group, and radiotherapy/DADA/anti-PD-1
antibody triple combination group at 10 days after radiotherapy. (B) Tumor volume over time in the control group, radiotherapy group, radiotherapy
combined with DADA group, radiotherapy combined with anti-PD-1 antibody group, and radiotherapy/DADA/anti-PD-1 antibody triple combination
group at 10 days after radiotherapy. [*: The tumor volume in the radiotherapy combined with DADA group was smaller than that in the radiotherapy
alone group (p<0.05);**: the tumor volume in the radiotherapy/DADA/anti-PD-1 antibody triple combination group was smaller than that in the
radiotherapy combined with anti-PD-1 antibody group (p<0.05)]. (C) Percentages of CD3+ T cells in the tumor tissues of mice in the control group,
radiotherapy combined with anti-PD-1 antibody group, and radiotherapy+DADA+anti-PD-1 antibody triple combination group. (D) Percentages of
CD3+CD4+CD8+ T cells in the tumor tissues of mice in the control group, radiotherapy combined with anti-PD-1 antibody group, and radiotherapy
+DADA+anti-PD-1 antibody triple combination group (*: CD3+ T-cell abundance in the radiotherapy+DADA+anti-PD-1 antibody triple combination
group was greater than that in the radiotherapy combined group; p<0.05). ns: no statistical difference between RT+PD-1 group versus RT+PD-1
+DADA group in terms of CD4+ T cells and CD8+ T cells.
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speculate that DADA can improve the tumor microenvironment by
decreasing the lactate concentration in tumor tissues and decreasing
the mitochondrial membrane potential (20), thus promoting T-cell
proliferation and activation and restoring the cellular immune
response to some extent. Further T-cell subpopulation analysis,
including an analysis of CD4+ and CD8+ T-cell expression,
revealed no significant differences, which may have been due to
the insufficient sample size. In subsequent experiments, we will use
a larger sample size for multidimensional analysis of the effect of
DADA on the tumor microenvironment.

Although progress has been made in the fields of molecular
targeting and immunotherapy in the treatment of NSCLC in
recent years, drug resistance to related drugs is inevitable, which
seriously affects patient prognosis and survival. Previous studies
have shown that the overall immunotherapeutic efficacy of driver
mutation-positive NSCLC agents, such as EGFR, is
unsatisfactory, possibly because of the local immune-negative
microenvironment of the tumor after EGFR TKI resistance. In
addition, for immunotherapy, the immune microenvironment is
also an important reason for primary or secondary resistance to
immunotherapeutic drugs, and modification of the local immune
microenvironment of the tumor is important for overcoming
drug resistance. In the present study, we demonstrated for the
first time through in vitro and in vivo experiments that DADA
inhibits cell proliferation, promotes tumor cell apoptosis, reduces
lactic acid production, and enhances the therapeutic effect of
radiotherapy and chemotherapy in the context of lung cancer.
The sensitizing effect of DADA on radiotherapy and
chemotherapy was confirmed. On the basis of the results of
previous studies, DADA further affects tumor metabolism
through its effects on lactate production and cellular
mitochondrial membrane potential. We further hypothesized
that DADA has a regulatory effect on the local immunonegative
microenvironment of tumors. Preliminarily, in vivo findings also
revealed that the addition of DADA could further enhance
antitumor effects by increasing the accumulation of T cells in
tumor tissues after the combined application of radiotherapy and
anti-PD-1 antibody, suggesting that the immune-modulating
effect of DADA on the tumor microenvironment has broad
application prospects for future immunotherapy-based
treatment strategies. Based on the results of the existing studies,
further exploration of the effects of the application of DADA in
combination with molecularly targeted drugs or
immunotherapeutic agents on the local microenvironment of
the tumor and the antitumor effects at different stages of the
disease is worthwhile.

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material. Further inquiries can be
directed to the corresponding author.

Frontiers in Oncology

10.3389/fonc.2024.1447828

Ethics statement

The animal study was approved by the ethics committee of
Nanjing Drum Tower Hospital. The study was conducted in
accordance with the local legislation and institutional requirements.

Author contributions

MW: Conceptualization, Methodology, Project administration,
Writing - original draft, Writing - review & editing. XS:
Conceptualization, Methodology, Project administration, Writing —
original draft, Writing — review & editing. YL: Visualization, Writing
- review & editing. XC: Visualization, Writing — review & editing. SS:
Project administration, Supervision, Writing — review & editing. XL:
Project administration, Supervision, Writing — review & editing. LY:
Methodology, Writing - review & editing. XQ: Methodology, Writing
- review & editing. LW: Conceptualization, Funding acquisition,
Methodology, Project administration, Writing - original draft,
Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the Nanjing Municipal Health Commission
Medical Research Project (ZKX23017).

Acknowledgments

We would like to thank the Department of Radiotherapy
(Nanjing Drum Tower Hospital) for their assistance with the
radiotherapy in the experiment.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as potential conflicts of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fonc.2024.1447828
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Wei et al.

References

1. Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, Jemal A. Global cancer
statistics, 2012. CA: Cancer J Clin. (2015) 65:87-108. doi: 10.3322/caac.21262

2. Ke EE, Zhou Q, Wu YL. Emerging paradigms in targeted treatments for Asian
patients with NSCLC. Expert Opin Pharmacother. (2015) 16:1167-76. doi: 10.1517/
14656566.2015.1040391

3. Guo Q, Liu L, Chen Z, Fan Y, Zhou Y, Yuan Z, et al. Current treatments for
non-small cell lung cancer. Front Oncol. (2022) 12:945102. doi: 10.3389/
fonc.2022.945102

4. Huang Y, Zhang L. Annual progress of clinical research on targeted therapy for
nonsmall cell lung cancer in 2022. Cancer Innovation. (2023) 2:25-35. doi: 10.1002/
CAI2.56

5. Warburg O, Wind F, Negelein E. THE METABOLISM OF TUMORS IN THE
BODY. J Gen Physiol. (1927) 8:519-30. doi: 10.1085/jgp.8.6.519

6. James MO, Jahn SC, Zhong G, Smeltz MG, Hu Z, Stacpoole PW. Therapeutic
applications of dichloroacetate and the role of glutathione transferase zeta-1.
Pharmacol Ther. (2017) 170:166-80. doi: 10.1016/j.pharmthera.2016.10.018

7. Kinnaird A, Dromparis P, Saleme B, Gurtu V, Watson K, Paulin R, et al.
Metabolic modulation of clear-cell renal cell carcinoma with dichloroacetate, an
inhibitor of pyruvate dehydrogenase kinase. Eur Urol. (2016) 69:734-44.
doi: 10.1016/j.eururo.2015.09.014

8. Khan A, Andrews D, Blackburn AC. Long-term stabilization of stage 4 colon
cancer using sodium dichloroacetate therapy. World ] Clin cases. (2016) 4:336-43.
doi: 10.12998/wjcc.v4.i10.336

9. Wong JY, Huggins GS, Debidda M, Munshi NC, De Vivo I. Dichloroacetate
induces apoptosis in endometrial cancer cells. Gynecol Oncol. (2008) 109:394-402.
doi: 10.1016/j.ygyn0.2008.01.038

10. SuL, Zhang H, Yan C, Chen A, Meng G, Wei J, et al. Superior anti-tumor efficacy
of diisopropylamine dichloroacetate compared with dichloroacetate in a subcutaneous
transplantation breast tumor model. Oncotarget. (2016) 7:65721-31. doi: 10.18632/
oncotarget.11609

Frontiers in Oncology

11

10.3389/fonc.2024.1447828

11. Shen H, Hau E, Joshi S, Dilda PJ, McDonald KL. Sensitization of glioblastoma
cells to irradiation by modulating the glucose metabolism. Mol Cancer Ther. (2015)
14:1794-804. doi: 10.1158/1535-7163.MCT-15-0247

12. Dong G, Chen Q, Jiang F, Yu D, Mao Q, Xia W, et al. Diisopropylamine
dichloroacetate enhances radiosensitization in esophageal squamous cell carcinoma by
increasing mitochondria-derived reactive oxygen species levels. Oncotarget. (2016)
7:68170-8. doi: 10.18632/oncotarget.11906

13. Yu WD, Sun G, Li J, Xu J, Wang X. Mechanisms and therapeutic potentials of
cancer immunotherapy in combination with radiotherapy and/or chemotherapy.
Cancer Lett. (2019) 452:66-70. doi: 10.1016/j.canlet.2019.02.048

14. Yoshida GJ. Metabolic reprogramming: the emerging concept and associated
therapeutic strategies. ] Exp Clin Cancer Res: CR. (2015) 34:111. doi: 10.1186/s13046-
015-0221-y

15. Zhao H, Li Y, Shi H, Niu M, Li D, Zhang Z, et al. Prodrug nanoparticles
potentiate tumor chemo-immunometabolic therapy by disturbing oxidative stress. J
Controlled release. (2022) 352:909-19. doi: 10.1016/j.jconrel.2022.11.011

16. Stacpoole PW, Lorenz AC, Thomas RG, Harman EM. Dichloroacetate in the treatment
of lactic acidosis. Ann Internal Med. (1988) 108:58-63. doi: 10.7326/0003-4819-108-1-58

17. LiuX, Li S, Cui Q, Guo B, Ding W, Liu J, et al. Activation of GPR81 by lactate drives
tumour-induced cachexia. Nat Metab. (2024) 6:708-23. doi: 10.1038/s42255-024-01011-0

18. Tataranni T, Piccoli C. Dichloroacetate (DCA) and cancer: an overview towards
clinical applications. Oxid Med Cell Longev. (2019) 2019:8201079. doi: 10.1155/2019/
8201079

19. Meng G, Li B, Chen A, Zheng M, Xu T, Zhang H, et al. Targeting aerobic
glycolysis by dichloroacetate improves Newcastle disease virus-mediated viro-
immunotherapy in hepatocellular carcinoma. Br ] cancer. (2020) 122:111-20.
doi: 10.1038/s41416-019-0639-7

20. Begum HM, Shen K. Intracellular and microenvironmental regulation of
mitochondrial membrane potential in cancer cells. WIREs Mech Dis. (2023) 15:
€1595. doi: 10.1002/wsbm.1595

frontiersin.org


https://doi.org/10.3322/caac.21262
https://doi.org/10.1517/14656566.2015.1040391
https://doi.org/10.1517/14656566.2015.1040391
https://doi.org/10.3389/fonc.2022.945102
https://doi.org/10.3389/fonc.2022.945102
https://doi.org/10.1002/CAI2.56
https://doi.org/10.1002/CAI2.56
https://doi.org/10.1085/jgp.8.6.519
https://doi.org/10.1016/j.pharmthera.2016.10.018
https://doi.org/10.1016/j.eururo.2015.09.014
https://doi.org/10.12998/wjcc.v4.i10.336
https://doi.org/10.1016/j.ygyno.2008.01.038
https://doi.org/10.18632/oncotarget.11609
https://doi.org/10.18632/oncotarget.11609
https://doi.org/10.1158/1535-7163.MCT-15-0247
https://doi.org/10.18632/oncotarget.11906
https://doi.org/10.1016/j.canlet.2019.02.048
https://doi.org/10.1186/s13046-015-0221-y
https://doi.org/10.1186/s13046-015-0221-y
https://doi.org/10.1016/j.jconrel.2022.11.011
https://doi.org/10.7326/0003-4819-108-1-58
https://doi.org/10.1038/s42255-024-01011-0
https://doi.org/10.1155/2019/8201079
https://doi.org/10.1155/2019/8201079
https://doi.org/10.1038/s41416-019-0639-7
https://doi.org/10.1002/wsbm.1595
https://doi.org/10.3389/fonc.2024.1447828
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	The antitumor effect of diisopropylamine dichloroacetate on non-small cell lung cancer and its influence on the tumor immune microenvironment
	1 Introduction
	2 Material and methods
	2.1 Cell lines
	2.2 Reagents
	2.3 Cell proliferation assay
	2.4 Cellular lactate production assay
	2.5 Flow cytometry for detection of apoptosis and immunophenotyping
	2.6 Evaluation of the mitochondrial membrane potential
	2.7 Colony formation assays to verify the radiotherapy sensitization effect of DADA
	2.8 Immunofluorescence
	2.9 Subcutaneous tumor graft model
	2.10 Statistical analysis of the data

	3 Results
	3.1 DADA inhibits the proliferation of lung cancer cells
	3.2 Effect of DADA on lactate production in tumor cells
	3.3 Effect of DADA alone or in combination with pemetrexed on apoptosis
	3.4 Effect of DADA in combination with chemotherapy on the mitochondrial membrane potential in tumor cells
	3.5 DADA-mediated sensitization of the PC9 cell line to radiotherapy
	3.6 Radiosensitization effect of DADA in vivo and ability to modulate the tumor immune microenvironment

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


