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Abstract
Introduction. Including additional compounds that disturb the energy metabolism of cancer cells in advanced cancer 
therapy regimens may be an approach to overcome the problem of drug resistance and the therapeutic effectiveness of 
classic chemotherapeutics. One of the compounds that decouple oxidative phosphorylation, and thus alter the activity of 
energy-producing pathways, is 2,4-DNP (2,4- dinitrophenol). �  
Objective. The aim of the study was to assess the ability of the 2,4-DNP to sensitize prostate cancer cells to the action of 
cisplatin and etoposide, or to intensify their action. �  
Materials and method. The research was carried out on three prostate cancer cell lines (LNCaP, PC-3, DU-145. To assess 
the effect of cisplatin or etoposide with 2,4-DNP on prostate cancer cells, MTT assay, analysis of the cell cycle and apoptosis 
detection was performed. Oxidative stress was investigated by CellRox fluorescence staining and expression of genes 
related to antioxidant defence. In addition, analysis was conducted of the expression of genes related to cell cycle inhibition, 
transporters associated with multi-drug resistance and DNA repair. �  
Results. The study showed that the simultaneous incubation of 2,4-DNP with cisplatin or etoposide enhances the cytotoxic 
effect of the chemotherapeutic agent only in LNCaP cells (oxidative phenotype). �  
Conclusions. The enhanced cytotoxic effect of chemotherapeutics by 2,4-DNP may be the result of disturbed redox balance, 
reduced ability of cells to repair DNA, and the oxidative metabolic phenotype of prostate cancer cells.
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INTRODUCTION

Despite numerous therapy approaches and considerable 
improvements in science, cancer remains one of the top causes 
of death globally, with prostate cancer ranking second among 
men [1]. Only patients with localized prostate cancer may 
be completely treated due to the development of treatment 
resistance throughout progression of the the disease. The 
evidence collected about neoplastic diseases throughout the 
decades enables the quest for novel therapeutic alternatives for 
patients with advanced-stage diseases. On the one hand, such 
a strategy should sensitize the tumour to the administered 
therapy while also allowing the use of a lower dose of an 
anticancer drug to minimize its negative effects. One of these 
approaches might be to target cancer energy metabolism in 
conjunction with traditional chemotherapeutic drugs. The 
usefulness of this treatment strategy may be due to the fact 
that neoplastic cells have a metabolism distinctive from than 

normal cells [2, 3]. Cancer cell metabolism is influenced by a 
variety of variables, including the microenvironment and the 
growing number of mutations collected during the growth 
of the tumour [4, 5]. Furthermore, cancer cells change their 
microenvironment in order to adapt to adverse development 
conditions [6].

2,4-dinitrophenol (2,4-DNP) is one example of a compound 
that impairs cellular metabolism. It is well-known for its 
ability to decouple oxidative phosphorylation, resulting in 
decreased ATP generation in cells. Changes in the potential of 
the mitochondrial membrane allow energy to be distributed 
in the form of heat, skipping the ATP production step [7–9]. 
Furthermore, it affects the redox equilibrium in cancer cells 
[10]. In this work, 2,4-DNP was utilized as a mitochondrial 
function disruptor.

Etoposide and cisplatin chemotherapy (EP) is a combination 
chemotherapy treatment used to treat different types of 
cancer. Typically, these two drugs are given one after the 
other on the same day. The combination of these drugs is 
highly effective and well tolerated in advanced thymoma, 
small cell lung cancer, testicular cancer, germ cell tumours 
[11–13]. Cisplatin is classified as an alkylating agent. Its 
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mechanism is mostly dependent on the creation of DNA 
adducts, which inhibits DNA replication and transcription, 
hence inhibiting protein synthesis. Furthermore, it causes 
mitochondrial injury, resulting in oxidative stress in cancer 
cells, which increases DNA damage and, ultimately, activation 
of programmed cell death pathways [14].

In turn, etoposide is a semisynthetic podophyllotoxin 
derived from the root of Podophyllum peltatum (May apple 
or mandrake), which blocks cancer cell division in the late 
S-G2 phase of the cell cycle via inhibition of Topoisomerase 
II. At the same time, etoposide, by forming a ternary complex 
with topoisomerase II and DNA, induces DNA damage 
through its strand breakage [15]. In addition, there are more 
and more reports about its ability to induce mitochondrial 
damage  and increase reactive oxygen species (ROS) 
production [16].

The resistance of cancers to chemotherapeutics is due to 
the high oxidative defence potential of cancer cells and the 
large amount of energy they produce, which is necessary 
for complex DNA repair processes, including DNA ligation 
[17, 18]. In addition, the presence of multidrug resistance 
transporters (MDR) is of great importance in the resistance of 
cancer cells to treatment. The above-mentioned proteins are 
responsible for e.t. pumping out the chemotherapeutic agent 
from the inside of the cell and redistributing intracellular 
accumulation of the drug away from target organelles. 
These transporters known also as ATP-dependent efflux 
pumps, which are responsible for the resistance to cisplatin 
and etoposide [19]. Therefore, it seems reasonable to use 
a compound that reduces energy (ATP) production (2,4-
DNP) in cancer cells in order to prevent the activity of MDR 
proteins.

Three prostate cancer cell lines with possibly diverse 
metabolic phenotypes were used in the study, the aim of 
which was to sensitize the prostate cancer cells to the action 
of the cisplatin and etoposide, or to intensify their action 
through the use of the 2,4-DNP

MATERIALS AND METHOD

Cell Culture and Treatment. Prostate cancer cell lines 
were used in this study due to previous research on their 
metabolic phenotype [20, 21]. The study was conducted on 
three prostate cancer cell lines: PC-3, DU-145 and LNCaP 
(ATCC, Manassas, VA, USA). PC-3 cells were cultured 
in Kaighn’s Modification of Ham’s F-12 Medium (F12-K) 
(Corning, New York, NY, USA), DU-145 cells in Eagle’s 
Minimum Essential Medium (EMEM) and LNCaP cells 
in RPMI-1640 Medium (Corning, New York, NY, USA). 
The media were supplemented with 10% FBS (foetal bovine 
serum, Life Technologies, Carlsbad, CA, USA), penicillin 
(100 units) and streptomycin (100 μg/mL) (Sigma-Aldrich, 
St. Louis, MO, USA). Cell lines were maintained within a 
humidified 5% CO2 atmosphere at 37 °C.

Prostate cancer cells were treated with 100 µM 2,4-DNP 
and following chemotherapeutics: cisplatin and etoposide 
(1- 40 µM) or combined (2,4-DNP + CIS/ETO) for 48 h. 
Used concentration of 2,4-DNP was evaluated on the basis 
of the previously published studies, clinically achievable 
plasma concentrations and the observed cytotoxicity for the 
investigated cells [21].

Cytotoxicity Analysis. To evaluate the cytotoxic effect 
of cisplatin and etoposide alone or in combination with 
2,4-DNP on tested prostate cancer cell line, an MTT Cell 
Proliferation Assay Kit (Invi-trogen, Waltham, MA, USA) 
was used. The cells were seeded in 96-well plates in a 
concentration 1.5 × 105 cells/mL and cultured until 70–80% 
confluence was obtained. MTT colorimetric assay is based 
on the ability of viable cells to transform orange tetrazolium 
salts (3-[4,5-dimethylthiazol-2-yl]-2,5-) diphenyltetrazolium 
bromide) to a purple formazan product. Following 48 h 
incubation with the tested compounds, the MTT solution 
(0.5 mg/mL in phosphate-buffered saline) was added into the 
wells. Incubation was continued for 3 h at 37 °C. The medium 
with MTT was then removed, and the colour product obtained 
was dissolved in 200 µL of DMSO. The absorbance of the 
resulting solution was measured spectrophotometrically 
using a PowerWave™ microplate spectrophotometer (Bio-
Tek Instruments, Winooski, VT, USA) at 570  nm. Each 
experiment was carried out three times and measurements 
were conducted in triplicates.

To additionally assess the cytotoxicity of tested compounds, 
the morphology of the cells was investigated using a phase-
contrast microscope – Nikon Eclipse Ti, and NIS-Elements 
Imaging Software (Nikon, Tokyo, Japan).

Cell Cycle Analysis. Cell cycle analysis was performed 
with the NucleoCounter NC-3000 (ChemoMetec, Allerod, 
Denmark) in accordance to 2-Step Cell Cycle Assay protocol 
recommended by the manufacturer. The experiment was 
evaluated after 48 h incubation of prostate cancer cells with 
tested compounds. Analysis was performed in line with 
previously described methodology [22, 23].

Apoptosis detection. Detection of apoptosis in tested 
prostate cancer cells was conducted with the Nucle-oCounter 
NC-3000 (ChemoMetec, Allerod, Denmark) in accordance 
with the Annexin V Apoptosis Assay. Analysis was evaluated 
after 48 h incubation of prostate cancer cells with tested 
compounds, and performed in line with previously described 
methodology [24, 25].

Oxidative stress detection. Detection of the ROS in cells was 
conducted using the CellROX Green Reagent (Invi-trogen, 
Waltham, MA, USA) – a fluorogenic probe. The experiment 
was performed after 12 h incubation of prostate cancer cells 
with tested compounds. Analysis was performed in line with 
previously described methodology [22, 26].

Quantitative Real- Time PCR analysis (qRT-PCR). 
Expression levels of genes were determined by quantitative 
real-time PCR (qRT-PCR). Cells were seeded into 25 cm3 
flasks at a concentration of 1.5 × 105 cells/mL, and test 
compounds were added when 70–80% confluence was 
reached. After 24 h incubation, cells were harvested using 
trypsin, and lysis via 1 ml of TRIzol™ reagent (Invitrogen, 
Carlsbad, CA, USA). Next, RNA was isolated according to 
the Chomczynski and Sacchi method [27]. Obtained RNA 
were reverse transcribed using NG dART RT-PCR reagents 
(EURx, Gdańsk, Poland) according to the manufactureer’s 
instructions. The qPCR reaction was performed in triplicate 
according to the manufacturer’s instructions using Fast SG 
/ROX qPCR Master Mix reagents (2x) (EURx, Gdansk, 
Poland) in a 7500 Fast Real-Time PCR system (ThermoFisher, 
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USA). 18SRNA and BACT served as reference genes. The 
relative expression of the studied genes was determined by 
qRT-PCR and ΔΔCt. Statistical analysis was performed using 
RQ values (relative quantification, RQ = 2–∆ΔCt). The primer 
sequences are summarized in Table 1.

Statistical Analysis. The results were presented as mean ± 
standard deviation (SD) and analyzed using STATISTICA 
13 software (StatSoft, Kraków, Poland). The values were 
compared using one-way analysis of variance (ANOVA) and 
post hoc multiple comparisons with Tukey’s honest significant 
difference test (Tukey’s HSD test). The results were considered 
statistically significant if the p-value was less than 0.05.

RESULTS

Cytotoxic activity. Initial screening studies were performed 
on three prostate cancer lines in order to determine their 
sensitivity to CIS and ETO, as well as to select the appropriate 
concentration to examine the combined effect with 2,4-
DNP. Both chemotherapeutics were used in a wide range 
of concentrations (1–40 µM) based on literature data [28, 
29]. MTT assay indicated that both CIS and ETO cause 
dose-dependent reduction of the cell viability in all tested 
prostate cancer cell lines (Fig. 1A and 1B). The LNCaP cells 
showed greater sensitivity to the cisplatin compared to the 
other two cell lines. The IC50 values for cisplatin were only 
attained in the instance of the LNCaP cell line (IC50 CIS: 31.52 
µM) (Fig. 1A). Thus, for the LNCaP cells, a concentration 
of 20 µM cisplatin was chosen for future investigations, but 
for the PC-3 and DU-145 cells, the maximum concentration 
(40 µM) of the tested chemical was chosen. The greatest 
concentration of cisplatin reduced the viability of PC-3 and 
DU-145 cells to roughly 60%. No IC50 values were obtained for 
etoposide on the prostate cancer cell lines at the tested range 
of concentrations (Fig. 1B). As a result, the concentration of 
40 µM etoposide was chosen for future research.

In this study, 2,4-DNP was utilized as an uncoupler. The 
concentration of 2,4-DNP at 100 µM was within the IC20–40 
range for the studied cell lines; hence, this concentration 

was chosen for future research. The chosen concentration 
was lower than the concentration range determined in the 
biological fluids of patients demonstrating symptoms of 
poisoning [8–10,30]. To evaluate the effects of the decoupling 
of oxidative phosphorylation to the cytotoxicity of cisplatin 
and etoposide, the prostate cancer cells were incubated 
simultaneously with both the uncoupler (2,4-DNP) and 
mentioned compounds for 48 h (Fig. 2). Only in the case of 
the LNCaP cell line, simultaneous incubation of cells with 
both the 2,4-DNP and cisplatin or etoposide resulted in a 
statistically significant decrease in cell viability (below 30%), 
compared to cell viability incubated with each compound 
alone (Fig.e 2C).

Table 1. qPCR primers used in the experiment

Gene Protein name Forward Sequence (5′→3′) Reverse Sequence (5′→3′)

CDKN1A Cyclin dependent kinase inhibitor 1A /CDKN1A (p21) CCTCATCCCGTGTTCTCCTTT GTACCACCCAGCGGACAAGT

CAT Catalase AGCTTAGCGTTCATCCGTGT TCCAATCATCCGTCAAAACA

GPX1 Glutathione peroxidase 1 TTGACATCGAGCCTGACATC ACTGGGATCAACAGGACCAG

NFE2L2 NFE2 like bZIP transcription factor 2 GCGACGGAAAGAGTATGAGC GTTGGCAGATCCACTGGTTT

SOD2 superoxide dismutase 2 CTTCAGGGTGGTATGGCTGT TGGCCAGACCTTAATGTTCC

ABCC1 Multidrug resistance-associated protein 1 (MRP1) AGGTGGACCTGTTTCGTGAC ACCCTGTGATCCACCAGAAG

ABCC4 Multidrug resistance-associated protein 4 (MRP4) GGTTCCCCTTGGAATCATTT ATCCTGGTGTGCATCAAACA

BRCA1 Breast cancer type 1 susceptibility protein TTGCGGAGGAAAATGGGTAGTTA TGTGCCAAGGGTGAATGATGAAG

ATM ataxia telangiectasia mutated protein kinase GCCGCGGTTGATACTACTTTG GCAGCAGGGTGACAATAAACA

ERCC3 ERCC excision repair 3, TFIIH core complex helicase subunit (XPB) CTCGGAGTTTTGTGGGGGAC CACTGGCGTCTACGTTCTCA

MLH1 MutL homolog 1 GCACCGGGATCAGGAAAGAA GCCTCACCTCGAAAGCCATA

MSH2 MutS homolog 2 CAGGAGGTGAGGAGGTTTCG CCGTGCGCCGTATAGAAGTC

OGG1 8-oxoguanine DNA glycosylase CCTGTGGGGACCTTATGCTG TGTGAATCCCCTCTCCCGAT

RNA18S 18S ribosomal N5 GAAACTGCGAATGGCTCATTAAA CACAGTTATCCAAGTGGGAGAGG

BACT Beta-actin AGAGCTACGAGCTGCCTGAC AGCACTGTGTTGGCGTACAG

Figure 1. Prostate cancer cell lines (PC-3, DU-145, LNCaP) viability (% of control) 
based on MTT assay. Cells were treated with a wide range of (A) cisplatin (1–40 µM) 
and (B) etoposide (1–40 µM) concentrations for 48 h. The values obtained from 
three independent experiments were presented as mean ± SD.
* p < 0.05 vs. control
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As a result, and also for the confirmation of the observed 
effect, only the morphology of LNCaP cells was examined 
using a Nikon Eclipse Ti phase-contrast microscope (Fig. 3), 
which confirmed the results obtained from the MTT assay 
(Fig. 3). The morphology of cells incubated with tested 
compounds alone did not differ from control cells. Only 
the number of cells in the field of view visible decreased in 
these cases. In contrast, the simultaneous incubation of cells 
with both 2,4-DNP and cisplatin or etoposide resulted in 
many cell morphological changes. Numerous cells observed 
in the field of view were shrunken, detached from the plate 
and dead, as well as apoptotic cells also being observed. In 
addition, the number of cells was clearly reduced, compared 
to control cells.

To investigate the mechanism of action of the tested 
compounds, as well as to detect their possible enhancement 
effect, the rest of the tests were carried out only on the LNCaP 
line. The cell cycle study of LNCaP cells showed that using 
2,4-DNP alone significantly reduced the population of cells 
in the G1 phase, while increasing the peak of the subG1 phase 
(equivalent to apoptotic cells)(Figure 4A). On the studied 
cells, cisplatin/etoposide showed comparable histogram 
patterns – both drugs effectively suppressed cell proliferation, 
as evidenced by an increased proportion of cells in both 
phases the S (about 10-times) and G2/M (over 3-times), 
compared to control cells. At the same time, a significant 
increase in the subG1 peak was noted. The simultaneous 
incubation of LNCaP cells with 2,4-DNP and tested drugs 
resulted in a significant increase in the number of cells in 
the subG1 phase of the cell cycle (to about 80%), while the 
percentage of cells in the G1 phase decreases dramatically 
when compared to cells incubated with each compound 
separately, as well as the control. Other phases, such as S and 
G2/M, were close to zero in both cases. Consequently, the 
above results indicate that 2,4-DNP enhances the cytotoxic 
effect of cisplatin/etoposide on the LNCaP cell line.

In order to confirm the effect of the tested compounds 
on the cell cycle of LNCaP cells, the expression level of 
CDKN1A mRNA (a gene associated with cell cycle inhibition) 
was additionally determined (Fig. 4B). The incubation of 
the tested compounds alone with LNCaP cells for 24 h 
contributed toa significant increase in the relative CDKN1A 
mRNA level, compared to control cells. The highest increase 
was observed both for cisplatin and etoposide to level 30.53 
± 0.71 and 56.37 ± 1.37, respectively. In turn, simultaneous 
incubation of cells with uncoupler and tested drugs resulted 

in a significant decrease in the relative CDKN1A mRNA 
level (over 6-times) for cisplatin and (almost 5-times) for 
etoposide used alone.

Detection of apoptosis. Apoptosis analysis indicated that 
nearly all the LNCaP cells treated with 2,4-DNP were early 
apoptotic. Following cisplatin and etoposide treatment, 
living cells predominated, as did cells in the early stages of 
apoptosis. In addition, a limited number of cells in the late 
stages of apoptosis were also detected. In turn, when the 
tested drugs were combined with 2,4-DNP, the number of 
cells in the late phase of apoptosis increased dramatically 
when compared to cells incubated with each compound 
alone, as well as the control (Fig. 5A, 5B).

Oxidative stress. In order to assess the potential effect of 
the tested compounds on the induction of oxidative stress, 
staining was performed with the CellROX dye. CellROX 
Green Reagent was used to evaluate ROS production in 
cells. Its bright green fluorescence is detected following 
oxidation by ROS and attachment to DNA (into the nucleus 
and mitochondria). In cells treated with 2,4-DNP, a small 
fluorescent signal originating from mitochondria was seen 
(Figure 6A). In the case of cisplatin and etoposide treatment 
intensive signal was noted mainly in the nuclei. The combined 
treatment resulted in the generation of the oxidative stress 
signal in both the nuclei and mitochondria.

The quantitative real-time PCR was used to examine the 
relative expressions of genes involved in oxidative stress 
defense. In compared to the control, the 2,4-DNP caused a 
statistically significant downregulation of all the examined 
genes (Figure 6B). In the case of CAT and GPX1 genes the 
expression was barely noticeable, it fell below 1% compared 
to the control level and NFE2L2 and SOD2 gene expression 
lowered by over 70%. In contrast, the treatment of cells 
with chemotherapeutic agents used alone led to a significant 
increase in the expression of all tested genes. Incubation 
of LNCaP cells with cisplatin contributed to an increase 
of approximately 20%, 50%, and 80% in gene expression 
compared to control cells for SOD2, CAT, GPX1 and NFE2L2, 
respectively. Especially in the cells treated with etoposide, the 
gene expression was elevated over 3 times for the SOD2 gene 
and even higher 5.5 times for the CAT gene. The simultaneous 
incubation of cells with 2,4-DNP and cisplatin caused a 
sharp decrease in the expression of tested genes (the highest 
decrease in CAT and GPX1) in comparison to the control 

Figure 2. Prostate cancer cell lines (A) PC-3, (B) DU-145, (C) LNCaP viability (% of control) based on MTT assay. The cells were treated with 100µM 2,4-DNP and CIS (cisplatin), 
ETO (etoposide) or combined (2,4-DNP + CIS/ETO) for 48 h. The values obtained from three independent experiments were presented as mean ± SD. * p < 0.05 vs. control.
▪ p < 0.05 vs. 2,4-DNP; ^ p < 0.05 vs. CIS, ETO
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and cisplatin used alone. Similar results were noted in the 
case of the incubation of LNCaP cells with uncoupler and 
etoposide. The biggest downregulation was observed in CAT 
and GPX1 genes. For the NFE2L2 and SOD2 genes, expression 
levels were downregulated compared to etoposide used alone 
over 2-times, while were elevated about 40% in comparison 
to the control.

Expression of genes related to transporters associated with 
multi-drug resistance and DNA repair. In order to evaluate 
the effect of the combination of cisplatin or etoposide with 

2,4-DNP on transmembrane transporters, an analysis of the 
ABCC1 and ABCC4 genes was performed. Above mentioned 
genes encode proteins belonging to the ATP-binding cassette 
(ABC) transporter family (ABCC1- multidrug resistance 
protein 1/MRP1 and ABCC4- multidrug resistance protein 
4/MRP4). These transporters are ATP-dependent and 
responsible for the efflux of drugs from cancer cells, thus 
contributing to treatment resistance. The analysis showed 
that 2,4-DNP caused statistically significant downregulation 
of both tested genes, about 60% in the case of the ABCC1 

Figure 3. Changes in morphology of LNCaP cells. Cells were treated for 48 h with 2,4-DNP (100 µM), cisplatin (20 µM), etoposide (40 µM) or combined (2,4-DNP 
+ CIS/ETO) (magnification ×100)
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gene as well as about 80% in the case of the ABCC4 gene, 
compared to control cultures (Figure 7A). Treatment of 
LNCaP prostate cancer cells with cisplatin or etoposide used 
alone contributed to a substantial increase in the expression 
of ABCC1 and ABCC4 genes, over 1.5 times for cisplatin 
and about 4 times for etoposide compared to control. The 
simultaneous treatment with 2,4-DNP and CIS or ETO led 
to the statistically significant downregulation of all the tested 
genes in comparison to chemotherapeutics used alone as well 
as to control cultures.

Next step of the study was assess the expression of genes 
associated with DNA repair. The mitochondrial uncoupler 
caused statistically significant decrease of the expressions 
of all tested genes. The expression in almost all cases fell 
below 85% as compared to the control. Analysis of BRCA1 
gene expression indicated that both chemotherapeutic agents 

Figure 4. Analysis of cell cycle of LNCaP cell lines. (A) Cells were treated for 48 h 
with 2,4-DNP (100 µM), CIS (20 µM), and ETO (40 µM), or combined (2,4-DNP +CIS/
ETO). The values obtained from three independent experiments were presented 
as mean ± SD. (B) LNCaP cell cycle histograms representative of all repetitions 
of the experiment (M1—subG1, M2—G1, M3—S, M4—G2/M phase). C) Relative 
mRNA expression level of CDKN1A gene related to cell cycle inhibition. BACT and 
RNA18SN5 were used as reference genes.
Results were calculated as RQ values and presented as mean ± SD. To compare more 
than two groups, the one-way analysis of variance (ANOVA) and post hoc multiple 
comparisons on a basis of Tukey’s HSD test were used.
* p < 0.05 vs. Control; • p < 0.05 vs. 2,4-DNP; ^ p < 0.05 vs ETO,CIS

Figure 5. (A) Detection of cell apoptosis in LNCaP cells by image cytometry. The 
cells were treated with 2,4-DNP (100 µM), CIS (20 µM), and ETO (40 µM) or combined 
(2,4-DNP +CIS/ETO) for 48h.
Values obtained from three independent experiments are presented as mean ± SD.
(B) Representative histograms (Q1II – live; Q1Ir – early apoptotic; Q1ur – late 
apoptotic, and Q1uI – necrotic cells).
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used individually significantly reduced the expression of 
the mentioned gene (about 60%, and 80% for CIS and ETO, 
respectively) compared to control cultures. Moreover, 
the addition of 2,4-DNP resulted in a further statistically 
significant decrease in BRCA1 expression in comparison 
to cisplatin or etoposide alone, respectively, and to the 
control cells. The BRCA1 expression was barely noticeable, 
it fell about 99% compared to the control. Further studies 

revealed that CIS led to downregulation in the expression 
of all tested DNA repair genes (about 10–30%), in contrast 
to ETO which caused their significant upregulation (about 
80–180%) compared to control cultures (Figure 7B). However, 
regardless of the used chemotherapeutic agent, the addition 
of the uncoupler resulted in a statistically significant decrease 
in the expression of tested genes compared to cells treated 
drugs alone.

Figure 6. (A) Detection of the oxidative stress in LNCaP cells using CellROX Green Reagent treated with 2,4-DNP (100 µM), CIS (20 µM), and ETO (40 µM) or combined 
(2,4-DNP +CIS/ETO) for 12 h. (B) Relative mRNA expression level of genes related to oxidative stress. BACT and RNA18SN5 were used as reference genes. The results were 
calculated as RQ values and presented as mean ± SD. To compare more than two groups, the one-way analysis of variance (ANOVA) and post hoc multiple comparisons 
on a basis of Tukey’s HSD test were used.
* p < 0.05 vs. Control; • p < 0.05 vs. 2,4-DNP; ^ p < 0.05 vs CIS, ETO.
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DISCUSSION

The development of medical sciences in cancer biology 
allowed for the supposition that cancer is a multiclonal, 
heterogeneous disease, and this aspect must be considered in 
the decision-making process on the appropriate therapeutic 
regimen for an oncological patient. The differential sensitivity 
of individual cancer cells to the administered therapy may 
be closely related to the heterogeneity of cancer cells in the 
tumour. Because of the accumulation and/or development of 
additional mutations, malignant cell resistance develops as 
the disease progresses. The biggest problem for clinicians and 
scientists are small and undetectable in clinical conditions 
– clones of cancer cells that remain after treatment and are 
resistant to previously-used therapy. These subpopulations 
are often responsible for the recurrence of neoplastic disease, 
treatment resistance, and the presence of metastasis in other 
tissues and organs. To solve this problem, new ideas and a 
broader approach are needed to overcome the problem of drug 
resistance and therapeutic effectiveness. One of the strategies 
is based on combining classic anti-cancer drugs, such as 
chemotherapeutics, with other compounds of moderate 
toxicity in therapeutic regimens, which would improve 
the effectiveness of therapy. The choice of an additional 
factor should be based on knowledge about the biology of 
the tumour, including changes in the activity of cellular 
pathways, associated not only with rapid proliferation [4, 5]. 
One such change are the shifts in the metabolic phenotype 
of cancer cell associated with altered activity of energy-
producing pathways. The phenomenon associated with 
these effect is called the Warburg effect and is based on the 
activation of glycolysis in cancer cells despite unrestricted 
access to oxygen [31].

Therefore, the disruption of mitochondrial activity in 
cancer cell populations, where the energy production is 
highly dependent on oxidative phosphorylation, may be 
one of the anticancer approaches. One example of the drugs 
widely used in medicine and have the ability to disrupt 
mitochondrial function, is metformin, which is used to 
treat diabetes. Many studies have indicated the anticancer 
potential of metformin based on a complex mechanism of 
action based, among others, on the inhibition of complex 
I of the electron transport chain. In studies conducted by 
Wheaton et al., metformin inhibited the proliferation and 
progression of colon cancer cells, depending on its ability 
to interfere with the function of the mitochondrial complex 
I [32, 33]. Despite the fact that compounds that inhibit 
mitochondrial complexes and disrupt mitochondrial function 
are usually characterized by low selectivity, scientists are still 
searching for new compounds, e.g. AG311, azoxystrobin and 
carboxyamidotriazole (CAI) [34–36].

A different treatment approach may be the combination 
of a compound affecting oxidative phosphorylation with 
chemotherapeutic agents used in routine anticancer therapy 
in cancer cells with a strong dependence on mitochondrial 
respiration. Such a compound may be 2,4-DNP which causes 
uncoupling of oxidative phosphorylation [8]. The aim of the 
current research was to investigate whether 2,4-DNP as a 
mitochondrial uncoupler sensitizes the prostate cancer cells 
to cytotoxic effect of cisplatin and etoposide.

Three prostate cancer cell lines (LNCaP, DU-145, PC-3) 
with established and diverse met-abolic phenotype were 
used in the study. The metabolic phenotype was confirmed in 
studies conducted by Higgins et al., and by the authors of the 
current study. Based on various parameters, the LNCaP cell 
line was found to be the most dependent on mitochondrial 

Figure 7. Relative mRNA expression level of genes related to (A) transporters associated with multi-drug resistance and (B) DNA repair. BACT and RNA18SN5 
were used as reference genes. The results were calculated as RQ values and presented as mean ± SD. To compare more than two groups, the one-way analysis 
of variance (ANOVA) and post hoc multiple comparisons on a basis of Tukey’s HSD test were used.
* p < 0.05 vs. Control, • p < 0.05 vs. 2,4-DNP, ^ p < 0.05 vs CIS, ETO.
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respiration due to the lowest level of lactate production and 
glucose uptake and high level of oxygen uptake. In addition, 
2,4-DNP caused the greatest reduction in ATP level in LNCaP 
prostate cancer cells compared to the other prostate cancer 
cell lines (DU-145, PC-3), and led to the greatest decrease in 
LNCaP cells viability [20, 21].

The performed MTT assay showed that the simultaneous 
incubation of 2,4-DNP with cisplatin or etoposide enhanced 
the cytotoxic effect of the chemotherapeutic agent only 
in LNCaP cells. The obtained results were confirmed by 
microscopic observation, cell cycle analysis and apoptosis 
detection. Etoposide and cisplatin used individually caused 
a cytostatic effect characterized by an increased population 
of LNCaP cells in S and G2/M phase. The occurrence of 
this effect is typical for the used chemotherapeutic agents 
and is consistent with other research studies [37–39]. The 
addition of 2,4-DNP to cisplatin or etoposide results in the 
abolition of the cytostatic effect and the appearance of a 
strong cytotoxic effect in LNCaP cells. Cell cycle analysis 
was also confirmed at the molecular level by examining the 
expression of the CDKN1A gene, which encodes the p21 
protein responsible for regulation of cell proliferation by 
inhibiting the cell cycle through the cyclin kinase pathway 
[40]. A significant decrease in gene expression in the case of 
a combination of a chemotherapeutic agent with 2,4-DNP in 
relation to the drug administered alone indicated a reduction 
in the cytostatic effect.

All the above-mentioned results may indicate that 2,4-DNP 
does not intensify the main mechanism of action of cisplatin 
and etoposide, which are considered to be DNA alkylation 
and topoisomerase II inhibition, respectively [14, 15]. It is 
highly probable that the enhancement of the therapeutic 
effect of chemotherapeutic agents by 2,4-DNP relies on a 
different mechanism of action.

In further research, the authors of the current study assessed 
whether oxidative stress and redox imbalance may be a 
process involved in enhancing the effect of chemotherapeutic 
agents by 2,4-DNP on LNCaP cells. As is well known, the 
main mechanism of action of 2,4-DNP is the uncoupling of 
oxidative phosphorylation, which leads to the disruption of 
basic mitochondrial functions. Disruption of ATP formation 
by 2,4-DNP in mitochondria contributes to a serious redox 
imbalance. 2,4-DNP causes a slight induction of oxidative 
stress as indicated by CellRox fluorescent dye staining. The 
current study shows that 2,4-DNP strongly contributes to the 
redox imbalance. Gene expression analysis revealed that 2,4-
DNP strongly down-regulated all genes related to antioxidant 
defence. In addition, previous research by the authors has 
shown the impact of the uncoupler on redox balance, as 
evidenced by a decrease in the level of GSH which is an 
essential component of the antioxidant defence system and 
an increased amount of AP sites, which indicate oxidative 
DNA damage [22].

Studies performed by Yu et al. and Shin et al. indicated that 
both cisplatin and etoposide can induce oxidative stress [16, 
41], results confirmed in the research by the authors of the 
current srtudy. Both chemotherapeutics used alone caused 
not only oxidative stress in LNCaP cells (CellRox staining), 
but also statistically significant increased in the expression 
of genes related to defence against oxidative stress. This study 
indicates that simultaneous incubation of cells with 2,4-DNP 
and cisplatin or etoposide do not lead to an increase in the 
level of oxidative stress, but to the abolition of the LNCaP 

cell s̀ ability to defend against the toxic effect of free radicals. 
Analysis of gene expression showed that the addition of 2,4-
DNP results in a significant decrease in the expression of 
antioxidant defence genes, compared with single agents used 
alone. The lack of antioxidant defence caused by 2,4-DNP and 
the induction of oxidative stress by etoposide and cisplatin 
may be one of the proposed mechanisms responsible for the 
increased cytotoxic effect in LNCaP cells.

A major role in the resistance of prostate cancer cells to 
chemotherapy is played by transmembrane transporters 
belonging to the ATP-binding cassette (ABC) efflux 
transporters family (MRP/ABCC) i.a. MRP1 (ABCC1 gene) 
and MRP4 (ABCC4 gene) [42–44]. The over-expression of 
these proteins in cancer cells is responsible for the efflux of 
the chemothera-peutic drugs from the inside of the cancer 
cell through the cell membrane using the energy derived from 
ATP hydrolysis [45]. Analysis of the expression of ABCC1 and 
ABCC4 genes revealed that both cisplatin and etoposide cause 
upregulation of the expression of both tested genes. However, 
incubation of LNCaP cells with 2,4-DNP alone, as well as 
simultaneous incubation with a chemotherapeutic agent and 
an uncoupler, result in a dramatic decrease in the expression 
of genes encoding MRP1 and MRP4 multidrug resistance 
proteins. It is likely that the inhibition of ATP formation by 2,4-
DNP in LNCaP cells results in a lack of the energy necessary 
for the functioning of ABC transporters. Consequently, the 
chemotherapeutic agent may accumulate in cancer cells, 
thus enhancing the cytotoxic effect. Enhancement of the 
therapeutic effect of cisplatin and etoposide by 2,4-DNP 
occurred only in the case of the LNCaP line, which may 
be due to the fact that these cells obtain energy mainly in 
the process of oxidative phosphorylation. Uncoupling of 
this process by 2,4-DNP resulted in a significant decrease 
in ATP production [21; however, elucidation of the role of 
ABC transporters requires further in-depth research. In 
addition, analysis of the expression of repair genes showed 
that the simultaneous incubation of prostate cancer cells with 
2,4-DNP and chemotherapeutic drugs reduces the ability of 
cells to repair the resulting DNA damage. Thus, the increased 
effects of cisplatin and etoposide under the influence of 
2,4-DNP are responsible for the disturbed redox balance, 
the reduced ability of cells to repair DNA, and the oxidative 
metabolic phenotype of prostate cancer cells.

CONCLUSIONS

Despite the fact there have been significant advances in 
anticancer therapy, they have not minimized the burden 
of the disease and cancer remains a major global health 
issue. The discovery of novel treatments for cancer, including 
prostate cancer, is therefore of paramount importance. One of 
the novel approaches might be to sensitize cancer cells with 
a certain metabolic profile by employing drugs that disrupt 
multiple energy metabolism pathways.

The enhanced effect of 2,4-DNP and cisplatin/etoposide on 
LNCaP prostate cancer cells with an oxidative phenotype, as 
demonstrated in this study, might serve as a starting point 
for future research into various types of malignancies and 
substances.

Data availability statement. Data presented in this study are 
available on request from the corresponding author.

45Annals of Agricultural and Environmental Medicine 2024, Vol 31, No 1



Grzegorz Adamczuk, Ewelina Humeniuk, Kamila Adamczuk, Aneta Grabarska , Barbara Madej-Czerwonka, Mariola Michalczuk﻿﻿﻿ et al. 2,4-dinitrophenol enhances cisplatin…

REFERENCES

1.	Cancer today. Accessed March 14, 2023. http://gco.iarc.fr/today/home
2.	Amoêdo ND, Valencia JP, Rodrigues MF, Galina A, Rumjanek FD. How 

does the metabolism of tumour cells differ from that of normal cells. 
Bioscience Reports. 2013;33(6). doi:10.1042/BSR20130066

3.	Kalyanaraman B. Teaching the basics of cancer metabolism: Developing 
antitumour strategies by exploiting the differences between normal 
and cancer cell metabolism. Redox Biol. 2017;12:833–842. doi:10.1016/j.
redox.2017.04.018

4.	Dagogo-Jack I, Shaw AT. Tumour heterogeneity and resistance to 
cancer therapies. Nat Rev Clin Oncol. 2018;15(2):81–94. doi:10.1038/
nrclinonc.2017.166

5.	Parsons BL. Multiclonal tumour origin: Evidence and implications. 
Mutat Res Rev Mutat Res. 2018;777:1–18. doi:10.1016/j.mrrev.2018.05.001

6.	Baghban R, Roshangar L, Jahanban-Esfahlan R, et  al. Tumour 
microenvironment complexity and therapeutic implications at a glance. 
Cell Communication and Signaling. 2020;18(1):59. doi:10.1186/s12964-
020-0530-4

7.	Rui L. New Antidiabetes Agent Targeting Both Mitochondrial 
Uncoupling and Pyruvate Catabolism: Two Birds With One Stone. 
Diabetes. 2019;68(12):2195–2196. doi:10.2337/dbi19-0024

8.	Geisler JG. 2,4 Dinitrophenol as Medicine. Cells. 2019;8(3):E280. 
doi:10.3390/cells8030280

9.	Grundlingh J, Dargan PI, El-Zanfaly M, Wood DM. 2,4-Dinitrophenol 
(DNP): A Weight Loss Agent with Significant Acute Toxicity and Risk of 
Death. J Med Toxicol. 2011;7(3):205–212. doi:10.1007/s13181-011-0162-6

10.	Han YH, Kim SW, Kim SH, Kim SZ, Park WH. 2,4-dinitrophenol 
induces G1 phase arrest and apoptosis in human pulmonary 
adenocarcinoma Calu-6 cells. Toxicol In Vitro. 2008;22(3):659–670. 
doi:10.1016/j.tiv.2007.12.005

11.	Berghmans T, Durieux V, Holbrechts S, et al. Systemic treatments for 
thymoma and thymic carcinoma: A systematic review. Lung Cancer. 
2018;126:25–31. doi:10.1016/j.lungcan.2018.10.018

12.	Shi H, Guo N, Zhao Z, et al. Comparison of the second-line treatments 
for patients with small cell lung cancer sensitive to previous platinum-
based chemotherapy: A systematic review and Bayesian network 
analysis. Front Oncol. 2023;13:1154685. doi:10.3389/fonc.2023.1154685

13.	Funt SA, McHugh DJ, Tsai S, et  al. Four Cycles of Etoposide plus 
Cisplatin for Patients with Good-Risk Advanced Germ Cell Tumours. 
Oncologist. 2021;26(6):483–491. doi:10.1002/onco.13719

14.	Dasari S, Tchounwou PB. Cisplatin in cancer therapy: molecular 
mechanisms of action. Eur J Pharmacol. 2014;740:364–378. doi:10.1016/j.
ejphar.2014.07.025

15.	Montecucco A, Zanetta F, Biamonti G. Molecular mechanisms of 
etoposide. EXCLI J. 2015;14:95–108. doi:10.17179/excli2015-561

16.	Shin HJ, Kwon HK, Lee JH, Anwar MA, Choi S. Etoposide induced 
cytotoxicity mediated by ROS and ERK in human kidney proximal 
tubule cells. Sci Rep. 2016;6(1):34064. doi:10.1038/srep34064

17.	Chaiswing L, St Clair WH, St Clair DK. Redox Paradox: A Novel 
Approach to Therapeutics-Resistant Cancer. Antioxid Redox Signal. 
2018;29(13):1237–1272. doi:10.1089/ars.2017.7485

18.	Li L ya, Guan Y di, Chen X sha, Yang J ming, Cheng Y. DNA Repair 
Pathways in Cancer Therapy and Resistance. Front Pharmacol. 
2021;11:629266. doi:10.3389/fphar.2020.629266

19.	Zheng Y, Ma L, Sun Q. Clinically-Relevant ABC Transporter for 
Anti-Cancer Drug Resistance. Frontiers in Pharmacology. 2021;12. 
Accessed March 14, 2023. https://www.frontiersin.org/articles/10.3389/
fphar.2021.648407

20.	Higgins LH, Withers HG, Garbens A, et  al. Hypoxia and the 
metabolic phenotype of prostate cancer cells. Biochim Biophys Acta. 
2009;1787(12):1433–1443. doi:10.1016/j.bbabio.2009.06.003

21.	Adamczuk GM, Humeniuk E, Adamczuk K, Madej-Czerwonka 
B, Dudka J. Disruption of mitochondrial function augments the 
radiosensitivity of prostate cancer cell lines. Ann Agric Environ Med. 
Published online October 21, 2022. doi:10.26444/aaem/155382

22.	Adamczuk G, Humeniuk E, Adamczuk K, Grabarska A, Dudka J. 
2,4-Dinitrophenol as an Uncoupler Augments the Anthracyclines 
Toxicity against Prostate Cancer Cells. Molecules. 2022;27(21):7227. 
doi:10.3390/molecules27217227

23.	Kuruburu MG, Bovilla VR, Naaz R, Leihang Z, Madhunapantula SV. 
Variations in the Anticancer Activity of Free and Bound Phenolics of 
Finger Millet (Eleusine coracana (L) Gaertn; Variety KMR-301) Seeds. 
Phytomedicine Plus. 2022;2(2):100276. doi:10.1016/j.phyplu.2022.100276

24.	Allambergenova Z, Kasela M, Adamczuk G, et  al. Phytochemical 
Profile and Biological Activity of the Ethanolic Extract from the 
Aerial Part of Crocus alatavicus Regel & Semen Growing Wildly in 

Southern Kazakhstan. Molecules. 2022;27(11):3468. doi:10.3390/
molecules27113468

25.	Maszczyk M, Banach K, Karkoszka M, et al. Chemosensitization of U-87 
MG Glioblastoma Cells by Neobavaisoflavone towards Doxorubicin and 
Etoposide. Int J Mol Sci. 2022;23(10):5621. doi:10.3390/ijms23105621

26.	Bonnay F, Veloso A, Steinmann V, et al. Oxidative Metabolism Drives 
Immortalization of Neural Stem Cells during Tumourigenesis. Cell. 
2020;182(6):1490–1507.e19. doi:10.1016/j.cell.2020.07.039

27.	Chomczynski P, Sacchi N. Single-step method of RNA isolation by 
acid guanidinium thiocyanate-phenol-chloroform extraction. Anal 
Biochem. 1987;162(1):156–159. doi:10.1006/abio.1987.9999

28.	Rajkumar P, Mathew BS, Das S, et al. Cisplatin Concentrations in Long 
and Short Duration Infusion: Implications for the Optimal Time of 
Radiation Delivery. J Clin Diagnostic Res. JCDR. 2016;10(7):XC01. 
doi:10.7860/JCDR/2016/18181.8126

29.	Bruni E, Reichle A, Scimeca M, Bonanno E, Ghibelli L. Lowering 
Etoposide Doses Shifts Cell Demise From Caspase-Dependent to 
Differentiation and Caspase-3-Independent Apoptosis via DNA 
Damage Response, Inducing AML Culture Extinction. Front 
Pharmacol. 2018;9:1307. doi:10.3389/fphar.2018.01307

30.	Geraldo de Campos E, Fogarty M, Spinosa De Martinis B, Kerr Logan 
B. Analysis of 2,4-Dinitrophenol in Postmortem Blood and Urine by 
Gas Chromatography-Mass Spectrometry: Method Development and 
Validation and Report of Three Fatalities in the United States. J Forensic 
Sci. 2020;65(1):183–188. doi:10.1111/1556-4029.14154

31.	Liberti MV, Locasale JW. The Warburg Effect: How Does it Benefit 
Cancer Cells? Trends Biochem Sci. 2016;41(3):211–218. doi:10.1016/j.
tibs.2015.12.001

32.	Wheaton WW, Weinberg SE, Hamanaka RB, et al. Metformin inhibits 
mitochondrial complex I of cancer cells to reduce tumourigenesis. Elife. 
2014;3:e02242. doi:10.7554/eLife.02242

33.	Fontaine E. Metformin-Induced Mitochondrial Complex I Inhibition: 
Facts, Uncertainties, and Consequences. Frontiers in Endocrinology. 
2018;9. Accessed March 14, 2023. https://www.frontiersin.org/
articles/10.3389/fendo.2018.00753

34.	Bastian A, Matsuzaki S, Humphries KM, et al. AG311, a small molecule 
inhibitor of complex I and hypoxia-induced HIF-1α stabilization. 
Cancer Lett. 2017;388:149–157. doi:10.1016/j.canlet.2016.11.040

35.	Chen H, Li L, Lu Y, et al. <p>Azoxystrobin Reduces Oral Carcinogenesis 
by Suppressing Mitochondrial Complex III Activity and Inducing 
Apoptosis</p>. CMAR. 2020;12:11573–11583. doi:10.2147/CMAR.
S280285

36.	Stephenson ZA, Harvey RF, Pryde KR, et  al. Identification of a 
novel toxicophore in anti-cancer chemotherapeutics that targets 
mitochondrial respiratory complex I. Elife. 2020;9:e55845. doi:10.7554/
eLife.55845

37.	Nam C, Doi K, Nakayama H. Etoposide induces G2/M arrest and 
apoptosis in neural progenitor cells via DNA damage and an ATM/p53-
related pathway. Histol Histopathol. 2010;25(4):485–493. doi:10.14670/
HH-25.485

38.	Velma V, Dasari SR, Tchounwou PB. Low Doses of Cisplatin Induce 
Gene Alterations, Cell Cycle Arrest, and Apoptosis in Human 
Promyelocytic Leukemia Cells. Biomark Insights. 2016;11:113–121. 
doi:10.4137/BMI.S39445

39.	Wang P, Cui J, Wen J, Guo Y, Zhang L, Chen X. Cisplatin induces HepG2 
cell cycle arrest through targeting specific long noncoding RNAs and 
the p53 signaling pathway. Oncology Letters. 2016;12(6):4605–4612. 
doi:10.3892/ol.2016.5288

40.	Kreis NN, Louwen F, Yuan J. The Multifaceted p21 (Cip1/Waf1/
CDKN1A) in Cell Differentiation, Migration and Cancer Therapy. 
Cancers. 2019;11(9):1220. doi:10.3390/cancers11091220

41.	Yu W, Chen Y, Dubrulle J, et al. Cisplatin generates oxidative stress 
which is accompanied by rapid shifts in central carbon metabolism. 
Sci Rep. 2018;8(1):4306. doi:10.1038/s41598-018-22640-y

42.	Zalcberg J, Hu XF, Slater A, et al. MRP1 not MDR1 gene expression 
is the predominant mechanism of acquired multidrug resistance 
in two prostate carcinoma cell lines. Prostate Cancer Prostatic Dis. 
2000;3(2):66–75. doi:10.1038/sj.pcan.4500394

43.	Schinkel AH, Jonker JW. Mammalian drug efflux transporters of the 
ATP binding cassette (ABC) family: an overview. Adv Drug Deliv Rev. 
2003;55(1):3–29. doi:10.1016/s0169-409x(02)00169-2

44.	Wang JQ, Wu ZX, Yang Y, et  al. ATP-binding cassette (ABC) 
transporters in cancer: A review of recent updates. J Evidence-Based 
Med. 2021;14(3):232–256. doi:10.1111/jebm.12434

45.	Giddings EL, Champagne DP, Wu MH, et al. Mitochondrial ATP fuels 
ABC transporter-mediated drug efflux in cancer chemoresistance. Nat 
Commun. 2021;12(1):2804. doi:10.1038/s41467-021-23071-6

46 Annals of Agricultural and Environmental Medicine 2024, Vol 31, No 1


