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Abstract
Introduction. Ionizing radiation is one of the most widely used therapeutic methods in the treatment of prostate cancer, 
but the problem is developing radioresistance of the tumour. There is evidence that metabolic reprogramming in cancer 
is one of the major contributors to radioresistance and mitochondria play a crucial role in this process. �  
Objective. The aim of the study was to assess the influence of oxidative phosphorylation uncoupling to radiosensitivity of 
prostate cancer cells differing in metabolic phenotype.�  
Materials and method. LNCaP, PC-3 and DU-145 cells were exposed to X-rays and simultaneously treated with 2,4-dinitrophenol 
(2,4-DNP). The radiosensitive of cell lines was determined by cell clonogenic assay and cell cycle analysis. The cytotoxic effect 
was evaluated with MTT and CVS (Crystal violet staining) assay, apoptosis detection and cell cycle analysis. The phenotype 
of the cells was determined by glucose uptake and lactate release, ATP level measurement as well as basal reactive oxygen 
species level and mRNA expression of genes related to oxidative stress defence. �  
Results. The synergistic effect of 2,4-dinitrophenol and X-ray was observed only in the case of the LNCaP cell line.�  
Conclusions. Phenotypic analysis indicates that this may be due to the highest dependence of these cells on oxidative 
phosphorylation and sensitivity to disruption of their redox status.
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INTRODUCTION

Despite significant advances in medicine, neoplastic diseases 
are the second leading cause of death worldwide [1]. Prostate 
cancer in world statistics ranks high in terms of both 
morbidity and mortality [2]. Currently, radiotherapy is a 
radical treatment option for patients with localized prostate 
cancer, but it can also become one of the adjuvant treatment 
options [3]. The effectiveness of radiotherapy is influenced by 
many factors, such as the radiosensitivity of the tumour cells.

The mechanism of X-ray action can be both direct and 
indirect. X-rays directly interact with the atoms of the DNA 
molecule as a result of the shield effect. The indirect effect 
of DNA damage is mainly caused by free radicals (such 
as hydroxyl radical- OH• and superoxide radical- HO2

•) 
resulting from the radiolysis of water present in the cells [4, 
5]. In addition, X‑rays can disrupt the function of the cell 
membrane and intracellular organelles through, e.g. oxidative 
damage not only to DNA but also to lipids and proteins, and 
they may also change the activity of DNA damage response 
signalling pathways to control cancer cell cycle arrest and cell 
viability [4–7]. Due to the increasing radioresistance of cancer 
cells, radiotherapy often becomes an ineffective method in 

therapy. The resistance to radiotherapy in neoplastic cells 
is  associated with changes in the metabolic phenotype of 
the tumour [8, 9].

The most common change in cellular metabolism is the 
Warburg effect, characterized by the preference of cancer 
cells to generate energy via the glycolytic pathway despite the 
presence of oxygen. The aforementioned effect leads to tumour 
progression by activation of oncogenes as phosphatidylinositol 
3-kinase (PI3K) and hypoxia inducible factor-1 alpha (HIF-
1A) which cause change of tumour microenvironment [10, 
11]. At first, it was postulated that this effect originated from 
dysfunctional mitochondria in tumour cells. Nowadays, 
however, it is known that the majority of cancer cells possess 
functional mitochondria and willingly use both aerobic 
glycolysis and OXPHOS (Oxidative phosphorylation) to 
support the production of ATP, oxidative stress regulators (such 
as NADPH and GSH), macromolecules and oncometabolites, 
depending on the tumour microenvironment, oxygen 
and nutritious supply, as well as stage of disease [12, 13]. 
A growing body of evidence demonstrates that changes in 
mitochondrial function and metabolism have an impact on 
cancer progression and treatment effectiveness through the 
regulation of mitochondrial energy production [14]. Many 
genes and signalling pathways are involved in this process, 
i.e. through PI3K/AKT and p53 pathways [15, 16].

The study of the processes underlying the development of 
cancer resistance to radiation therapy is another chance for 
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the emergence of new therapeutic strategies based on the 
sensitization of cancer cells to radiation. Due to the essential 
role of mitochondria in metabolism and cell survival, 
targeting mitochondria in cancer cells is an attractive 
therapeutic strategy.

In the present study, 2,4-dinitrophenol (2,4-DNP) was 
used as a potential radiosensitizer, due to evidences about 
its ability to induce oxidative stress and disrupt ATP 
production in cancer cells. 2,4‑DNP is an organic compound 
originally used in the treatment of obesity. It accelerates the 
basal metabolism of obese people by burning more 
carbohydrates and fat, which results in weight loss. 2,4‑DNP 
reduces ATP production in the mitochondria (Fig. 1). This 
is possible due to the uncoupling of oxidative phosphorylation. 
Changes in the potential of the mitochondrial membrane 
cause the resulting energy to be dissipated in the form of 
heat, bypassing the ATP synthesis stage [17, 18].

Figure 1. Graphical presentation of decreased ATP production due to uncoupling 
of oxidative phosphorylation by 2,4-dinitrophenol in the mitochondria

OBJECTIVE

The aim of the study was to sensitize prostate cancer cells to 
X-rays, as well as to enhance its effectiveness using 2,4-DNP 
as an uncoupler. It was chosen due to the fact that 2,4-DNP 
is a well-known and thoroughly researched model uncoupler 
substance. In the study, an attempt was made to correlate 
obtained results with the metabolic phenotype of prostate 
cancer cell lines. The assumption of the study was to present a 
possible new therapeutic strategy depending on the metabolic 
phenotype of prostate cancer cells based on the disruption 
of mitochondrial function by the uncoupler.

MATERIALS AND METHOD

Cell culture and treatment. Three metastatic prostate cancer 
cell lines (PC-3, DU-145- hormone-insensitive, LNCaP- 
hormone-sensitive) and embryonic rat cardiomyocytes 
(H9c2(2–1)) were used in the study (ATCC, USA). PC-3 
cells were cultured in Kaighn’s Modification of Ham’s F-12 
Medium (F12-K) (ATCC, USA), DU-145 cells in Eagle’s 
Minimum Essential Medium (EMEM) (ATCC, USA), LNCaP 
cells in RPMI-1640 Medium (ATCC, USA) and H9c2(2–1) 
cells in Dulbecco’s Modified Eagle Medium (DMEM) (ATCC, 
USA). All experiments were performed on cell lines to 15 
passages due to the fact that prolonged passaging change 
phenotype as well as genotype of cancer cells. The media 
were supplemented with 10% feotal bovine serum (Corning, 
USA) and cells incubated at 37 °C with 5% CO2 in an air 
atmosphere. During culturing, all cell lines were tested for 

mycoplasma contaminations using Venor®GeM OneStep- 
Mycoplasma Detection Kit (Minerva Biolabs, Germany). The 
tested cells were incubated for 48 h with 2,4-DNP (Sigma-
Aldrich, Switzerland) in following concentrations: 5, 10, 50, 
100, 250, 500, 1,000 µM and exposed to X-rays in doses: 1, 
2.5, 5, 10 Gy.

This preliminary study was necessary to select the optimal 
2,4-DNP concentration and X-ray dose. In further studies, 
the cells were incubated for 48 h after being exposed for 5 
Gy doses of X-ray and 100 µM 2,4-DNP.

Exposure to X-rays. The cells were exposed to X-rays in 
increasing doses of radiation. The X-rays doses used for the 
research were selected on the basis of the available scientific 
data and are in line with the doses used in the clinic, e.g. 
conventionally fractionated external-beam radiation therapy 
(1.8–2.0 Gy/fraction) and accelerated hypofractionation (5–10 
Gy/fraction). The irradiation of the cells was performed using 
the radiator of the biological material RS-2000 Biological 
Irradiatior (Rad Source Technologies, USA). The radiation 
doses were obtained at the intensity of 25 mA, voltage of 160 
kV and the appropriate irradiation time (4 Gy/min). Cells 
in the control group not treated with X-rays were incubated 
keeping the same incubation time as tested cells groups.

MTT Assay. To determine the cytotoxicity of 2,4-DNP with/
without X-ray radiation on prostate cancer cell lines, the 
MTT assay was performed. The MTT test is based on the 
reduction of the orange tetrazolium salt to water-insoluble 
purple formazan crystals by succinate dehydrogenase 
observed in living cells. In all assays, the cells were seeded 
in the concentration of 1.5 × 105 cells/mL. 2,4-DNP was added 
when 70‑80% of the confluence of cells was achieved. In the 
case of simultaneously testing the effect of 2,4‑DNP with 
X-ray, the cells were exposed to 5 Gy after 1 h incubation with 
100 µM 2,4-DNP. After 48 h incubation of cells, a freshly-
prepared MTT solution (0.5 mg/mL in phosphate-buffered 
saline) was added. After 3 hours of incubation with MTT 
solution, the medium was removed and the formazan crystals 
were dissolved in DMSO. The absorbance of the obtained 
solutions was measured at 570 nm with a PowerWave XS 
microplate spectrophotometer (BioTek Instruments, USA). 
Hence, the absorbance level corresponds with the observed 
amount of formazan and is proportional to the number of 
living cells. Each assay was conducted 3 times and measured 
in triplicates. The IC50 value for 2,4-DNP was determined 
using the AAT Bioquest IC50 calculator [19].

CVS Assay. To determine the cytotoxicity of 2,4-DNP on 
prostate cancer cell lines, CVS assay was also performed. The 
CVS test was performed due to reports of possible inhibition 
of succinate dehydrogenase (the enzyme on which the MTT 
test is based) by 2,4-DNP. Crystal violet stains the cells as 
a result of DNA and proteins binding. This assay is based 
on staining attached cells to the surface of the plate. The 
stained dead cells were detached from the plate surface and 
thus washed away. After 48 h incubation with the tested 
compound, the medium was removed and the cells were 
rinsed with PBS. Then, 50 µl of a 0.5% solution of crystal 
violet (dissolved in distilled water and methanol in the ratio 
of 4:1) was added. After 20 min of incubation, the solution 
was removed and cells rinsed 3 times with PBS. When the 
plate had dried, the 200 µl of methanol was added to dissolve 
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the remaining dye. The absorbance of the obtained solutions 
was measured at 595 nm with a PowerWave XS microplate 
spectrophotometer (BioTek Instruments, USA). Hence, the 
absorbance level correlates with the observed amount of 
remaining dye and is proportional to the number of living 
cells. Each assay was conducted 3 times and measured in 
triplicate.

Cell cycle analysis. The cell cycle was studied using 
NucleoCounter NC-3000 (ChemoMetec, Allerod, 
Denmark) according to the 2-step Cell Cycle Assay protocol 
(ChemoMetec, Allerod, Denmark). After incubation, the 
cells were detached from the plate using trypsin, suspended 
in 250 μl lysis buffer (Solution 10) enriched with 10 μg/mL 
DAPI (4′,6-Diamidine-2′-phenylindole dihydrochloride) and 
incubated for 5 min at 37 °C in the dark. Then, 250 μl of 
stabilization buffer (Solution 11) was added. The obtained 
cells suspension was applied onto the NC-Slide and analyzed 
in NucleoCounter NC-3000. Each experiment was conducted 
3 times with measurements in triplicate.

Clonogenic assay. The radiosensitivity of the prostate cancer 
cell lines was determined by clonogenic assay. After 24 h of 
exposition to X-ray in a wide range of doses (1–10 Gy), the 
cells were trypsinized and counted. Then, 2x103 (PC-3, DU-
145) and 4x103 (LNCaP) cells were seeded to 6-well plates 
and incubated for a 5‑doubling time. After incubation, the 
formed colonies were fixed and stained with 0.5% crystal 
violet. The absorbance of extracted dye was measured at 
595 nm with a PowerWave XS microplate spectrophotometer 
(BioTek Instruments, USA). This indicates the clonogenic 
potential of prostate cancer cell cultures. Each experiment 
was conducted 3 times with measurement in triplicate.

Assessment of cells morphology. Cell morphology was 
assessed using a phase-contrast microscope Nikon Eclipse Ti 
and NIS-Elements Imaging Software (Nikon, Tokyo, Japan).

Detection of apoptosis. Apoptosis detection was studied 
using NucleoCounter NC-3000 (ChemoMetec, Allerod, 
Denmark) according to the Annexin V Apoptosis Assay 
(ChemoMetec, Allerod, Denmark). After 48 h of incubation, 
the cells were detached from the plate using trypsin-
EDTA solution (Corning, Corning, USA). Then, cells were 
centrifugated at 400 g for 5 minutes, and resuspended in PBS. 
Next, centrifugated cells were stained with the Annexin V–
FITC, Hoechst 33342 and PI, according to the manufacturer’s 
recommended protocol. The stained cells were applied into 
the NC-Slide and analyzed in NucleoCounter NC-3000. Each 
experiment was conducted three times with measurement 
in triplicate.

ATP level measurement. The ATP level was measured using 
ATP Colorimetric/Fluorometric Assay Kit (Sigma-Aldrich). 
The cells were treated with 2,4-DNP (100 µM) for 48 h and 
then they were moved out and counted with Countess 
Automated Cell Counter (Invitrogen, USA). Simultaneously, 
the cells incubated without 2,4‑DNP were used as a control 
in the performed experiment. Subsequently, 2x106 cells were 
suspended in a 20µl ATP Assay Buffer. The cells solution 
was filtrated by means of a 10 kDa Molecular Weight Cut off 
(MWCO) column to deproteinate the samples and obtained 
filtrate was used for further analysis. The assay was performed 
in a 96-well flat-bottom culture plate. 50 µl of the reaction 

mixture was applied to the wells, which consisted of: ATP 
Assay Buffer 44 µl, ATP Probe 2 µl, ATP Converter 2 µl, 
Developer Mix 2  µl. Then, 30  µl of the obtained filtrates 
were added to the reaction wells and filled to 100 µl with 
the ATP Assay Buffer. The plate was placed on a shaker 
and incubated for 30 minutes at room temperature. After 
incubation, the absorbance of the samples was measured at 
570 nm with a PowerWave XS microplate spectrophotometer 
(BioTek Instruments, USA).

Glucose and lactate measurement. To assess the metabolic 
phenotype of tested prostate cancer cell lines, the 
concentrations of lactate and glucose were measured after 
24 h and 48 h of cells incubation. Glucose concentration in the 
culture media was measured using the GlucCell® GLUCOSE 
MONITORING SYSTEM (CESCO Bioengineering, Taiwan) 
and disposable test strips. The lactate concentration in 
media was measured using the Lactate Plus Meter (Nova 
Biomedical, Waltham, USA) with the use of dedicated strips. 
The concentration of consumed glucose and synthesized 
lactate were normalized to the sample protein concentration.

Quantitative Real-Time PCR Analysis (qRT-PCR). The 
cells of the 3 cell lines were seeded into a 6-well plate. To lyse 
the cells the TRIzol Reagent (Invitrogen, Carlsbad, USA) 
was added when 70–80% of confluency was achieved. Next, 
RNA was isolated according to the Chomczynski and Sacchi 
method. Isolated RNA was reverse transcribed with an NG 
dART RT-PCR kit (EURx, Gdańsk, Poland) according to 
the manufacturer’s instructions. The qPCR was conducted 
using PowerUp SYBR Green Master Mix (ThermoFisher, 
Waltham, USA) according to the manufacturer’s instructions 
in a 7500 Fast Real-Time PCR System (ThermoFisher, USA). 
The reaction was carried out in triplicate. The relative 
expression of tested genes was determined by qRT‑PCR 
and the ∆∆Ct method using 18SRNA and BACT as reference 
genes. Statistical analysis was performed with RQ values 
(relative quantification, RQ = 2-∆∆Ct). The primer sequences 
were summarized in Table 1.

Table 1. qPCR primers used in the experiment

Target
(Abbreviation)

Forward Reverse

Glutathione 
peroxidase 1
(GPX1)

TTGACATCGAGCCTGACATC ACTGGGATCAACAGGACCAG

Glutathione-
disulfide 
reductase
(GSR)

TCAGCTCACCACAACCTCTG GAGACCAGCCTGACCAACAT

Superoxide 
dismutase 2
(SOD2)

CTTCAGGGTGGTATGGCTGT TGGCCAGACCTTAATGTTCC

Catalase
(CAT)

AGCTTAGCGTTCATCCGTGT TCCAATCATCCGTCAAAACA

18S Ribosomal 
RNA
(18S RNA)

GAAACTGCGAATGGCTCATTAAA CACAGTTATCCAAGTGGGAGAGG

Β-Actin
(BACT)

AGAGCTACGAGCTGCCTGAC AGCACTGTGTTGGCGTACAG

Reactive oxygen species (ROS) detection. The CellROX 
Green Reagent (Invitrogen, USA) was used for ROS detection. 
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The CellROX acts as a  fluorogenic probe that is weakly 
fluorescent while in a reduced state. It exhibits bright green 
photostable fluorescence upon oxidation by ROS.

The cells were seeded into 6-well plates. the cells were 
stained with 5 μM CellROX® Orange Reagent when 70–80% 
of confluence was achieved. After incubating at 37 °C for 
30 min. the cells were washed twice with PBS and imaged on 
a Nikon Eclipse Ti inverted microscope using a 20X objective 
with NIS‑Elements Imaging Software (Nikon, Tokyo, Japan).

Statistical analysis. The data were analysed using the 
STATISTICA vs. 13 application (StatSoft, Poland). The 
results were expressed as mean ± standard deviation (SD). 
For comparison of more than 2 groups of means, the one-
way analysis of variance (ANOVA) and post hoc multiple 
comparisons on a basis of Tukey’s HSD test were used. 
All parameters were considered statistically significantly 
different if p values were less than 0.05.

RESULTS

Cytotoxic analysis
X-ray. To select the appropriate dose of ionising radiation for 
further studies, an analysis of the cell cycle cells was carried 
out 24 h after irradiation. Additionally, the radiosensitivity of 
tested prostate cancer cell lines was tested using a clonogenic 
assay. Cell cycle analysis of cells showed an increased % of 
cells in the G2 phase with increasing radiation dose (Fig. 2A-
C). These changes were best observed when the highest doses 
of 5 Gy were used. In the clonogenic assay, the LNCaP was the 
most radiosensitive cell line compared to others tested (Fig. 
2D-E). Only the exposure of 3 cell lines to 5 Gy contributed 
to the decrease in absorbance below 50% compared to the 
control. For the reasons mentioned above, the dose of 5 Gy 
was selected for further studies.

2,4-DNP. The MTT assay and the CVS test were used to 
evaluate the cytotoxicity of 2,4-DNP. The MTT assay is based 

Figure 2 (A-C). Cell cycle analysis by image cytometry. The prostate cancer cells were exposed to X-ray in a wide range of doses (1–5 
Gy) and incubated for 24 h. The values obtained from 3 independent experiments were presented as mean ±SD. (D-E) Dose-response 
curves of prostate cancer cell lines exposed to X-ray in a wide range of doses (1–10 Gy) by clonogenic assay. The values obtained from 3 
independent experiments were presented as mean ±SD.
* p<0.05 vs. control.
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on the ability to metabolize a tetrazolium salt to formazan 
crystals by succinate dehydrogenase active only in living cells. 
Crystal violet used in CVS assay, stains live and attached to 
the plate cells as a result of DNA and protein binding. It is a 
non-enzymatic assay as compared to the MTT test.

The MTT assay confirmed the toxicity of 2,4-DNP against 3 
prostate cancer cell lines (Fig. 3A). Prostate cancer cell lines were 
treated with 2,4-DNP in a wide concentration range of 5–1,000 
µM. The use of at least 50 μM 2,4-DNP caused a statistically 
significant decrease in cells viability. Additionally, a gradual 
decrease in cell viability was observed with the increasing 
concentration of the compound used. The concentration of 
100 μM of 2,4-DNP was in the range of IC60–80 for the tested 
cell lines; therefore, this concentration of the compound was 
selected for further studies. The selected concentration was 
below the concentration range determined in biological fluids 
of patients presenting symptoms of poisoning [17, 20].

The H9c2(2–1) was used as a normal cell line to test 2,4-
DNP toxicity. The cardiomyocytes preferentially use oxidative 
phosphorylation for energy generation. It has been found that 
H9c2(2–1) cells were close to normal primary cardiomyocytes 
concerning their energy metabolism features [18, 19, 21, 22]. 
Thus, it was speculated that the H9c2(2–1) cell line should 
be the most sensitive for uncoupler treatment. The selected 
concentration of 2,4-DNP (100 μM) was not cytotoxic to 
H9c2(2–1) cardiac myoblasts (Fig. 3B). 2,4-DNP significant 
decrease viability of cells in the concentration of 500 μM and 
higher was observed compared to control.

The CVS test was performed on the basis of reports 
concerning the possible inhibition of succinate dehydrogenase 
by 2,4-DNP. The reliability of the MTT test in relation to 2,4-
DNP was confirmed by the CVS test on one of the selected 
prostate cancer cell lines – PC-3. The results obtained in the 
CVS test are highly comparable to the results obtained in 
the MTT test (Fig. 3C).

2,4-DNP and X-ray
MTT. The MTT test showed a statistically significant 
decrease in the viability of LNCaP prostate cancer cells 
treated simultaneously with 100 μM 2,4-DNP and 5 Gy 
X-rays, compared to the cells treated with the mentioned 
factors separately (Fig. 4). In this case, LNCaP cells viability 
decreased below 20%. The synergistic effect of 2,4-DNP with 
ionizing radiation occurred only on the LNCaP cell line. On 
the other hand, in the case of the PC-3 and DU-145 prostate 
cancer lines, no statistically significant decrease was observed 
in cell viability in relation to the 2,4-DNP used alone.

Cell cycle analysis. In the case of simultaneous incubation 
of prostate cancer cells of the PC-3 cell line and DU-145 cell 
line with 2,4-DNP at a concentration of 100 μM and exposure 
to X-rays at a dose of 5 Gy, an increased cytostatic effect of 
X-rays was observed (Fig. 5). Analysis of the cell cycle showed 
more cells arrested in the G2 cell cycle phase, compared to 
the cells treated with X-rays alone. 2,4-DNP used alone has 
no effect on the cell cycle. The obtained results were similar 
to the control sample.

The cell cycle analysis of LNCaP cells treated with 2,4-
DNP indicates the presence of the cytotoxic effect of the 
tested compound via an increase in the population of cells 
in the subG1 phase, corresponding to dead cells and also a 
decrease in the population of cells in the G1 phase, compared 
to control cells (Fig. 5). The cells exposed to 5 Gy showed 

the cytotoxic effect of X-ray as well as a cytostatic effect 
by observed increases sub G1 phase and G2 phase of the 
cell cycle, respectively. Analysis of the cell cycle of cells 
treated simultaneously with X-ray and 2,4-DNP showed a big 
decrease in the G2 phase, a sharp increase in the subG1 phase 
in relation to LNCaP cells treated with X-ray alone, as well 
as an increase in the subG1 phase, compared to the sample 
treated with 2,4-DNP alone. The demonstrated changes in 
the cell cycle indicate its strong cytotoxic effect caused by 
the addition of 2,4-DNP.

Assessment of Cells Morphology. The results obtained from 
the MTT test and cell cycle analysis are consistent with the cell 
morphology assessment (Fig. 6). The control PC-3, DU-145 and 
LNCaP cells represented typical epithelial-like morphology.

The number of cells observed in the field of view was 
decreased after treatment of both PC-3 and DU-145 cells 
with 2,4-DNP and X-ray alone. (Fig. 6 A,B). Furthermore, 
simultaneous treatment of PC-3 and DU-145 cells with 2,4-
DNP and X-ray resulted in a visibly decreased number of cells, 
compared to control. In PC-3 culture treated simultaneously 
with X-ray and 2,4-DNP, the cells were similar to the cells 
treated with 2,4-DNP alone, whereas cells exposed to 5 Gy 
alone did not differ from control cells. In the case of DU-145 
cells, treatment with 2,4-DNP alone as well as simultaneous 
treatment with 2,4-DNP and X-ray, resulted in morphological 
changes such as shrinkage and rounding of cells and their 
loss of attachment ability.

On the contrary, treatment of LNCaP cells with 2,4-DNP 
or X-rays resulted in the most significant changes in cells 
morphology (Fig. 6C). LNCaP cells exposed to 5 Gy became 
more stellate‑like morphologically and spindle-shaped. 
Incubation with 2,4-DNP caused the cells to become more 
shrunken. In both cases, the number of cells was visibly 
reduced. Simultaneous treatment of the LNCaP cells with 2,4-
DNP and X-ray resulted in intensification of the mentioned 
morphological changes. Numerous cells observed in the field 
of view were shrunken, dead and detached.

Detection of apoptosis. Analysis of apoptosis revealed that 
cells treated with 2,4-DNP were clearly in the early stage 
of apoptosis (Fig. 7). After X-ray exposition, the cells were 
both early- and late- apoptotic. In the histogram, which 
represented simultaneous treated LNCaP cells with 2,4-DNP 
and 5 Gy of X-ray, the percentage of cells in the late stage of 
apoptosis increased (almost all cells were in the late stage of 
apoptosis/late apoptotic).

Metabolic phenotype of prostate cancer cell lines
ATP concentration measurement. This test was used 
to assess the dependence of the tested cells on oxidative 
phosphorylation through the ability of 2,4-DNP to inhibit 
ATP synthesis.

The highest decrease (over 60 ng/μL compared to control) 
of ATP concentration was observed for the LNCaP cell line 
(Fig. 8). In addition, the LNCaP cell line was characterized by 
the highest basal ATP concentration (almost 2-fold higher), 
compared to the other 2 tested prostate cancer cell lines. 
Treatment with 2,4-DNP decreased the ATP concentration 
in PC-3 and DU-145 cell lines by about 10 and 15 ng/μL, 
respectively. Therefore, the LNCaP cell line was shown to 
be the most dependent on oxidative phosphorylation as 
compared to others.
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Figure 3. (A) Prostate cancer cell lines (PC-3, DU-145, LNCaP) and (B) Cardiomyoblast cell line (H9c2(2–1)) viability 
(% of control) based on MTT assay. The cells were treated with a wide range of 2,4-DNP concentrations for 48 h. The 
values obtained from 3 independent experiments were presented as mean ±SD. * p<0.05 vs. control. (C) The PC-3 cell 
viability (% of control) based on MTT test compared to CVS assay. The cells were treated with a wide range of 2,4-DNP 
concentrations (5–1000 μM) for 48h. The values obtained from 3 independent experiments were presented as mean 
±SD. * p<0.05 vs. control
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Figure 5 (A-C) Cell cycle analysis by image cytometry. The prostate cancer cells were treated with 100 μM of 2,4‑DNP 
for 48 h and exposed to 5 Gy of X-ray or combined (2,4-DNP + X-ray). The values obtained from 3 independent 
experiments were presented as mean ±SD. (D-F) Histograms representative of all repetitions of the experiment 
(M1- subG1, M2- G1, M3- S, M4- G2/M phase).

Figure 4. Prostate cancer cell lines (PC-3, DU-145, LNCaP) viability (% of control) 
based on MTT assay. The cells were treated with 100 μM of 2,4-DNP and exposed 
to 5 Gy of X-ray or combined (2,4-DNP + X-ray) for 48 h. The values obtained from 
3 independent experiments were presented as mean ±SD. * p<0.05 vs. control, ▪ 
p< vs. DNP, ^ p<0.05 vs. 5 Gy
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Figure 8. Changes of ATP concentration after 48 h incubation of prostate cancer 
cell lines with 2,4-DNP at 100 μM concentration

Glucose and lactate measurement. The measurement of 
glucose and lactate concentrations in culture media revealed 
that LNCaP cells during their 48 h culturing consumed the 
least glucose and produced the least lactate, compared to 
other prostate cancer cell lines (Fig. 9). In the case of PC-
3, after 48 h culturing, cells consumed a lower amount of 
glucose compared to DU-145, but at the same time produced 
the highest amount of lactate. DU-145 cells, on the other 
hand, consumed the most glucose.

Figure 6. Morphological changes of A) PC-3, B) DU-145 and C) LNCaP cells. The 
cells were treated for 48 h with 100 μM 2,4-DNP and 5 Gy of X-ray or combined 
(magnification x 100)

Figure 7 (A) Detection of apoptosis analysis by image cytometry. The LNCaP cells 
were treated with 100 μM of 2,4-DNP and exposed to 5 Gy of X-ray or combined 
(2,4-DNP + X-ray) for 48 h. The values obtained from 3 independent experiments 
were presented as mean ±SD. B) Histograms representative for all repetitions of 
the experiment (Q1II- live, Q1Ir- early apoptotic, Q1ur- late apoptotic and Q1uI- 
necrotic cells)
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Figure 9. Changes in the concentration of A) glucose and B) lactate in the culture 
media of the studied cell lines during their 48-hours culturing.

The basal level of oxidative stress
Quantitative Real-Time PCR Analysis (qRT-PCR). Relative 
gene expression assessment revealed that in PC-3 and DU-145 
cell lines genes expression related to oxidative stress were 
significantly lower as compared to the LNCaP cell line (Fig. 10).

Reactive oxygen species (ROS) detection. The staining 
with CellROX Green Reagent revealed that only in a culture 
of LNCaP cell line fluorescence signal was observed, which 
implies that these cells were characterized by the highest 
basal ROS level, compared to other cell lines (Fig. 11).

DISCUSSION

Ionizing radiation (IR) is one of the most widely used 
therapeutic methods in the treatment of many types of cancer, 
including prostate cancer. However, due to the development 
of radioresistance of the tumour, it is often only a conservative 
treatment option. Radioresistance is a complex process by 
which cancer cells adapt to changes induced by IR. A growing 
body of evidence suggests that metabolic reprogramming 
in cancer is one of the major contributors to radioresistance 
[9]. Mitochondria play a crucial role in this process. They 
possess the ability to rapidly adapt to the increasing energy 
requirements of cancer by modulating the energy production 
processes in tumour cells, and radioresistance is associated 
with changes in the mitochondrial energy metabolism profile 
as well as mitochondria functions, morphology and size 
[14]. Therefore, one of the strategies for developing new 
anti-cancer therapies is to disrupt the proper functions of 
the mitochondria. One example of this strategy is using 
metformin as an anticancer drug. Some reports suggest that 
metformin, currently used as an antidiabetic drug, inhibits 
complex I of the electron transport chain, possess the ability 
to induce apoptosis, as well as reduce cancer cell proliferation 
[23, 24]. Another possibility is the uncoupling of oxidative 
phosphorylation.

2,4-dinitrophenol (2,4-DNP) is one of the first and thus 
well-described prototypical mitochondrial uncouplers 
that was initially introduced as a weight loss agent [25, 
26]. Currently, the use of 2,4-DNP is being reconsidered 
in the treatment of cancer as well as metabolic and 
neurodegenerative diseases. The biggest challenge here is to 
separate the uncoupling activity of 2,4-DNP from its side-
effects through physicochemical modifications, combined 
use of 2,4-DNP with other toxicity modifying agents, or as a 
prodrug [27]. Hitherto, in vitro studies using several human 
cancer cell lines, such as T-cell leukemia, lymphoblastic 

Figure 11. Basal ROS level detection using CellROX Green Reagent (magnification x 200)

Figure 10. Relative mRNA expression level of genes related to oxidative stress. 
18SRNA and BACT were used as references genes. The results were calculated as 
RQ values and presented as the mean ±SD value of 3 independent experiments
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leukemia, cervical cancer and pulmonary adenocarcinoma, 
have revealed that 2,4-DNP induces apoptosis in a dose-
dependent manner, while IC50 was shown to be as high as 
200 µM in lung cancer cell line [25, 28, 29]. In the current 
study, an almost similar IC50 value was observed for both 
LNCaP and PC-3 cell lines. In the case of DU-145 cells, the 
IC50 value was 4 times higher. In further research, 2,4-DNP 
in 100 µM concentration was used as a model uncoupler 
substance.

The main aim of the current study was to assess whether 
a substance that disrupts the function of mitochondria by 
OXPHOS uncoupling in a neoplastic cell would be able to 
sensitize it to IR, as well as enhance its effectiveness. Among 
prostate cancer cell lines used in this study, only the LNCaP 
cell line is androgen-sensitive (express androgen receptor) 
and expresses the wild-type p53. The PC-3 cell line is p53-
deficient, whereas the DU-145 cell line is characterized by 
the presence of mutant p53. Both cell lines are androgen-
insensitive and possess no functional p53. The LNCaP 
(androgen-sensitive) cells were much more highly sensitive 
to X-ray treatment, compared to other cell lines. The results 
are consistent with previous studies, i.e. performed by Sun 
et  al. LNCaP cells were much more sensitive to radiation 
treatment than DU-145 and PC-3 cells [30, 31, 32, 33]. In 
addition, typical for X-ray, inhibitions of the cell cycle in 
the G2/M phase was observed. Zdrowowicz et al. in research 
performed on PC-3 cells used the same doses of X-ray and 
obtain similar results [34]. The conducted research showed 
that the LNCaP cell line was the most sensitive to 2,4-DNP 
itself (based on the IC50 value), characterized by the highest 
sensitivity to the applied radiation dose, and only in the case 
of this cell line, the synergistic effect of 2,4-DNP and X-ray 
was observed. There are many factors that may contribute 
to the higher sensitivity of the LNCaP cell line to radiation 
as well as 2,4-DNP treatment.

p53 is a well-known genome guardian activated as a result 
of e.g DNA damage (IR, UV, chemical agents), oxidative 
stress as well as deregulated oncogene expression. It plays 
an enormous role in the regulation or progression through 
the cell cycle, apoptosis and genomic stability. Nowadays, 
considerable attention is paid to p53 status as a metabolic 
modulator in cancer cells. p53 as the transcription factor 
directly regulates the expression of several hundred genes, 
among which there are also many relating to cell metabolism 
[35, 36]. It is considered that Wild-type p53, compared to 
the mutant type, may possess opposing effects in metabolic 
genes expression. Consequently, the metabolic targeted 
therapy may have a variable response depending on the 
p53 status of the cells. On the one hand, it may modulate 
the resistance to the treatment used, but on the other hand, 
may variously regulate the cancer metabolism by having 
an impact on senescence, apoptosis as well as autophagy of 
tumour cells [37]. p53 status could have a direct impact on 
the effect observed in our studies by inhibiting the cycle, 
but also indirectly by regulating the expression of metabolic 
genes and all the associated consequences. Thus, special 
attention must be paid to the interplay between p53 and cells 
metabolism during selection of the appropriate therapeutic 
cancer method.

To confirm the differences between the tested cell lines that 
could be significant for the observed effect, the metabolic 
phenotype of the tested cell lines was assessed. The LNCaP 
cell line, compared to the other cell lines, produced the 

least lactate and consumed the least glucose during the 
48-h incubation. A similar observation of increased lactate 
production in PC-3 and DU-145 cell lines, compared to the 
LNCaP cell line, was reported in 3 independently conducted 
studies [38, 39, 40]. In addition to the increased production 
of lactate, an increased expression of lactate dehydrogenase 
(LDH), responsible for the conversion of pyruvate to lactate, 
with the production of NAD+, was also demonstrated. Effert 
et al. [41] and Cutruzzolà et al. [42] showed that the increase 
in lactate production is mainly due to glucose metabolism by 
glycolysis in the presence of oxygen, which was confirmed 
in the current study. These observations indirectly indicate 
that the LNCaP cell line produces energy primarily through 
mitochondrial respiration.

Mitochondrial respiration constitutes the most important 
source of ROS in the cell. In addition, studies have shown 
that the LNCaP cell line is characterized by the highest basal 
level of free radicals among the tested cell lines, which could 
explain its highest radiosensitivity (further increase in ROS 
as a result of radiation). Similar observations were noted by 
Lim et al. who observed that ROS level in LNCaP cells was 
twice as high, compared to PC-3 cells [43]. On the other 
hand, analysis of the gene expression related to antioxidant 
defence showed that this cell line is also distinguished by the 
greatest antioxidative potential. These observations show that 
the LNCaP cell line exhibits a higher threshold of oxidation–
antioxidation balance.

Increased production of ROS is strongly associated with the 
occurrence of mutations in oncogenes and tumour suppressor 
genes. In turn, free radicals and oxidative damage play a 
key role in oncogenesis by activating signalling pathways, 
and thus regulating cellular proliferation, metabolism and 
angiogenesis, and hence, tumour progression [44]. Tumour-
induced oxidative stress in adjacent cancer-associated 
fibroblasts alters tumour stromal microenvironment via 
HIF1- and NFκB- activation, and thus the autophagic 
degradation of stromal caveolin-1 [45]. As a consequence 
of this strong dependence on ROS production, cancer cells 
are more susceptible to further disruption of their redox 
status than normal cells [46]. For this reason, it is probable 
that the LNCaP cell line seems to be the most sensitive to 
both radiation and the decoupling factor. The majority of 
uncouplers (including 2,4-DNP) were shown to increase ROS 
levels in cancer cells and often decreased antioxidant defence 
by lowering GSH and NADPH levels [25, 29].

The metabolic phenotype of prostate cancer may be the 
reason for the observed different effects of the simultaneous 
action of X-rays and 2,4-DNP in the studied prostate cancer 
cell lines. Comparable changes were observed between the 
PC-3 and DU-145 cell lines. The lack of a synergistic effect 
in these cell lines can be explained by a lower dependence of 
these cells on mitochondrial energy production, compared 
to the LNCaP cell line. Considerable evidence indicates that 
increased glycolysis may hinder radiotherapy of cancer cells, 
which in turn may be reflected in the lack of a synergistic 
effect in the PC-3 and DU-145 cell lines [47, 48, 49]. In the 
case of the LNCaP cell line, the demonstrated synergistic 
effect may result from the dependence of cell functioning on 
oxidative phosphorylation. This observation is confirmed by 
ATP level measurements, which revealed that this cell line 
is characterized by the highest basal ATP level. At the same 
time, the greatest decrease in ATP level due to the 2,4-DNP 
treatment was observed. Thus, it seems likely that this high 
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level of ATP is required, inter alia, to maintain an elevated 
level of antioxidant defence. Due to the limited number of 
reports on the use of 2,4-DNP in therapy and as a sensitizing 
agent, further in-depth studies are needed.

CONCLUSION

The simultaneous action of X-ray and 2,4-DNP resulted not 
only in the increased production of toxic ROS, but it prevented 
the cells from the antioxidant defence by inhibiting the 
synthesis of ATP. Consequently, the sensitivity of the tested 
cell line to X-ray and uncoupler may result from its metabolic 
phenotype dependent on oxidative phosphorylation.
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