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ABSTRACT
OBJECTIVES:  Cisplatin is a widely used anticancer drug for the treatment of many solid cancers. DNA damage 
is thought to be the key mechanism of cisplatin’s anticancer activity. However, cisplatin may also affect cellular 
metabolism. The aim of this study was to determine the effect of cisplatin on the types of ATP production 
(OXPHOS versus glycolysis) and their rate in prostate cancer cells and to determine the potentially protective 
effect of autophagy and amino acids during cisplatin treatment. We also wanted to investigate the potential 
synergy between the metabolic effects of cisplatin on ATP production and the inhibition of autophagy.
METHODS: We used two models of autophagy inhibition, a natural model of dysfunctional autophagy-DU145 
cells and 24-hour inhibition of autophagy by autophinib or SAR405. The effect of cisplatin and autophagy 
inhibition was observed on prostate cancer cell lines 22Rv1, PC-3, and DU145. To assess the type (OXPHOS 
versus glycolysis) and rate of ATP production, the Seahorse XF Real-Time ATP Rate Assay was performed 
by measuring the extracellular acidifi cation rates (ECAR) as a proxy for glycolytic readouts and the oxygen 
consumption rates (OCR) as a proxy for oxidative phosphorylation readouts. We also performed quantitative 
phase imaging and colony-forming assay to assess the metastatic potential of cancer cells. Finally, amino 
acid profi les were examined using ion-exchange liquid chromatography.
RESULTS: After cisplatin treatment, ATP production by OXPHOS was signifi cantly decreased in 22Rv1 and 
PC-3 cells. On the other hand, ATP production by glycolysis was not signifi cantly affected in 22Rv1 cells. 
DU145 cells with dysfunctional autophagy were the most sensitive to cisplatin treatment and showed the 
lowest ATP production. However, short-term autophagy inhibition (24h) by autophinib or SAR405 in 22Rv1 
and PC-3 cells did not alter the effect of cisplatin on ATP production. Levels of some amino acids (arginine, 
methionine) signifi cantly affected the fi tness of cancer cells.
CONCLUSION: Persistent defects of autophagy can affect the metabolic sensitivity of cancer cells due to 
interference with arginine metabolism. Amino acids contained in the culture medium had an impact on the 
overall effect of cisplatin (Fig. 3, Ref. 38).   Text in PDF www.elis.sk
KEY WORDS: cisplatin, autophagy inhibition, amino acids, prostate cancer.

Introduction 
 
Cis-diamminedichloroplatinum (II) (NSC 119875), more often 

referred to as cisplatin, is a widely utilized anticancer drug used 
against testicular cancer, malignancies of ovaries, and head and 
neck cancer (1, 2). However, the potential of cisplatin for treating 
primary prostate cancer is restricted due to its limited effi cacy and 
toxic side effects. Nevertheless, cisplatin was shown to have some 
benefi cial effects in advanced prostate cancer (3, 4). This effect 
of cisplatin in advanced prostate cancer is probably not caused by 
cell cycle arrest as the PC-3 cell line (derived from an androgen-
independent and unresponsive metastatic site) does not show sig-
nifi cant cell cycle arrest after cisplatin treatment (5). 

 It is widely recognised that the main mechanism of cisplatin’s 
anti-cancer effi cacy is based on its ability to impair DNA. However, 
cisplatin may also affect the metabolism and migration ability of 
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cancer cells (6, 7). Inside the cell, cisplatin loses chloride moi-
eties and gains a positive charge, therefore it tends to accumulate 
in the negatively charged mitochondria, where cisplatin reacts 
with nucleophilic sites and forms DNA crosslinks (8). Cisplatin 
also induces mitochondrial ROS (mtROS) which is detrimental 
to the health of the cell. It was found that cisplatin-sensitive cells 
contain higher levels of mtROS than cells resistant to cisplatin. 
Mitochondrial ROS also correlates with the reduction of mito-
chondrial biogenesis (9). Depletion of PTEN in cancer cells can 
further impair mitochondrial structure and respiratory chain func-
tion (10). Consequently, cisplatin can impair mitochondrial respi-
ration and oxidative phosphorylation (OXPHOS) predominantly 
in PTEN-depleted cells (8, 11). Cisplatin also downregulates the 
expression of many glycolysis-related proteins, including hexo-
kinases, phosphofructokinases, pyruvate kinases, lactate dehydro-
genase B, or glucose transporters 1 and 4 (GLUT-1/ SLC2A1 and 
GLUT-4/SLC2A4) and exerts an inhibiting effect on glycolysis 
(7). Recent evidence in humans and mice supports the notion that 
mitochondrial metabolism is necessary for tumor growth. Tumor 
growth requires a functional electron transport chain for oxidation 
of ubiquinol, which is necessary to maintain oxidative TCA cycle 
function and activity of dihydroorotate dehydrogenase (DHODH) 
(12). DHODH donates electrons to mitochondrial ubiquinone dur-
ing the conversion of dihydroorotate to orotate, which is a key step 
in de novo pyrimidine synthesis (13). 

Furthermore, deregulation of the amino acid pool can affect tu-
mor cell survival under anticancer treatment (14). As autophagy is 
often required for the maintenance of amino acid levels, we tested 
the effect of autophagy inhibition on the metabolic impacts of cis-
platin. The correlation between levels of amino acids and the ability 
of cells to produce ATP was also assessed. We used two models of 
autophagy inhibition, a natural model of dysfunctional autophagy-
DU145 cells, which have defective autophagy machinery due to 
the defi ciency of a critical autophagy-related protein ATG5 (15) 
and 24-hour inhibition of autophagy by autophinib or SAR405.

Material and methods

Cell lines
Three human prostatic cell lines were used in this study. The 

human prostate carcinoma epithelial cell line 22Rv1is derived 
from a xenograft serially propagated in mice after castration. The 
cell line expresses prostate-specifi c antigen (PSA). Its growth 
is weakly stimulated by dihydroxy testosterone and lysates are 
immunoreactive with androgen receptor antibodies. The 22Rv1 
line is PTEN-positive (16). The 22Rv1 cells have a heterozygous 
(p53wt/mut) missense mutation (Q331R) in the tetramerization do-
main (amino acids 323–363) of p53 (17). PC-3 human epithelial 
cell line was established from a 4-grade prostatic adenocarcinoma, 
androgen-independent and unresponsive metastatic site in bone. 
PC-3 is PTEN-negative (16, 18). DU145 is a PTEN+/−cell line 
with epithelial morphology that was isolated from the brain of 
a 69-year-old male with prostate cancer (16). DU145 and PC-3 
cells harbor pairs of deleted or inactivated p53 alleles and display 
a complete loss of p53 function. DU145 cells express a truncated, 

nonfunctional, retinoblastoma (Rb) protein (17) and have defective 
autophagy machinery due to the defi ciency of a critical autophagy-
related gene product, the ATG5 protein. This explains the loss of 
ATG12–ATG5 conjugates (15).

All three cell lines used in this study were purchased from HPA 
Culture Collections (Salisbury, UK). All cell lines were cultured in 
RPMI-1640 medium with 10 % FBS and supplemented with an-
tibiotics (penicillin 100 U/ml and streptomycin 0.1 mg/ml). Cells 
were maintained at 37 °C in a humidifi ed (60 %) incubator with 
5 % CO2 (Sanyo, Japan). The passages of cell lines ranged from 
10 to 35. RPMI-1640 medium, fetal bovine serum (FBS) (myco-
plasma-free), penicillin/streptomycin, and trypsin were purchased 
from Sigma Aldrich Co. (St. Louis, MO, USA). Phosphate-buff-
ered saline PBS was purchased from Invitrogen Corp. (Carlsbad, 
CA, USA). Ethylenediaminetetraacetic acid (EDTA) and all other 
chemicals of ACS purity were purchased from Sigma Aldrich Co. 
(St. Louis, MO, USA). Concentrations for cisplatin treatments 
were derived from the MTT assay (IC 25 values after 24h-treatment 
were 50 μmol/l for PC-3, 17.5 μmol/l for 22Rv1, and 12.5 μmol/l 
for DU145). MTT assay is based on the activity of NAD(P)H-de-
pendent cellular oxidoreductase enzymes reducing the tetrazolium 
dye 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
to insoluble formazan, which has a purple color. In experiments, 
IC25 concentrations of cisplatin were used.

Colony-forming assay
Cancer cells were seeded in 6-well plates and left to adhere 

overnight. Cells were seeded at 1,000 cells per well. Cisplatin treat-
ment was added after 24 h and let to form colonies for 2 weeks. 
After cultivation, the colonies were fi xed with cold methanol, 
visualized by trypan blue, and analyzed. For analysis, regions of 
interest were chosen by registering each image to the reference 
image (with the manually labelled area of interest). Next, the 
colonies were segmented by thresholding of the blue component 
of the image transformed into Lab color space, where a single 
fi xed threshold was used. Finally, the fraction of areas covered 
by colonies was computed. 

Live-cell metabolic assay Seahorse
The assay was performed according to the manufacturer’s in-

structions. Briefl y, cells were seeded at the density of 1x105 cells 
per well in a Seahorse 24-well plate (Agilent Technologies, USA) 
and incubated for 24 h at 37 °C in the chosen treatment (IC25 of 
cisplatin, 1 mmol/l AA, autophagy inhibitor: 50nM autophinib 
or 10μM SAR405). A day before the analysis, Seahorse carti-
lage (Agilent Technologies, USA) was hydrated and incubated 
at 37 °C without CO2. On the day of the experiment, the Seahorse 
XFp analyzer (Agilent Technologies, USA) was calibrated using 
hydrated cartilage. The culture medium was changed to Seahorse 
XF RPMI medium, pH 7.4 (Agilent Technologies, USA). After 
incubating cells for 1 h at 37 °C without CO2, the Seahorse XF 
Real-Time ATP Rate Assay was performed by measuring the ex-
tracellular acidifi cation rates (ECAR) as a proxy for glycolytic 
readouts and the oxygen consumption rates (OCR) as a proxy 
for oxidative phosphorylation readouts. The data were acquired 
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Fig.1. Metabolism of model cancer cells. A) ATP production via glycolysis and OXPHOS based on Seahorse parameters OCR and ECAR ob-
tained from XF Real-Time ATP Rate Assay. p-values from group comparisons based on the t-test are shown. Asterisks represent statistical 
signifi cance (* p < 0.05; ** p < 0.01; *** p < 0.001). B) Total ATP production in model cancer cells. P-values from group comparisons based 
on the t-test are shown. Asterisks represent statistical signifi cance (* p < 0.05; ** p < 0.01; *** p < 0.001). C) Levels of amino acids in cells and 
medium before and after cisplatin treatment. Due to cisplatin treatment, a decrease in relative levels of arginine was observed in 22Rv1 and 
PC-3 cells. DU145 cells had a relative lack of arginine compared to 22Rv1 and PC-3 cells.
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and analyzed using Wave Controller 2.4 software (Agilent Tech-
nologies, USA).

Quantitative phase imaging
The migration capacity of cancer cells was assessed using 

Tescan multimodal holographic microscope Q-PHASE which 
is based on the original concept of a coherence-controlled holo-
graphic microscope. Measurements were carried out under con-
ditions optimized in our previous study (19). Briefl y, cells were 
cultivated in fl ow chambers μ-Slide I Lauer Family (Ibidi, Ger-
many). T  o obtain an image of a suffi cient number of cells in one 
fi eld of view, lens Nikon Plan 10/0.30 was chosen. Holograms 
were captured by a CCD camera (XIMEA, Slovakia). Complete 
image reconstruction and image processing were performed in Q-
PHASE control software. 

Amino acids profi ling
Determination of amino acids was performed by high-perfor-

mance liquid chromatography with fl uorescence detection. An HP 
1100 (Hewlett-Packard, Waldbronn, Germany) chromatographic 
system with a fl uorescence detector (FLD) was used. A Zorbax 
Eclipse AAA chromatographic column (Agilent Technologies, 
California USA) with dimension 4.6 × 150 mm, and 3.5 μm particle 
size was used. The column effl uent was monitored with a fl uores-
cence detector at ex/em 340/450 nm and 266/305 nm respectively 
using the o-phtalaldehyde (OPA) for primary amino acids and 
9-fl uorenylmethyl chloroformate (FMOC) for secondary amino 
acids reagents for pre-column derivatization. The fl uorescence 
wavelengths were switched at 14.52 min.

Mobile phase A, 40 mM Na 2 HPO 4 adjusted to pH 7,8 with 10 
M NaOH solution; mobile phase B, ACN/MeOH/water (45:45:10 
v/v/v); gradient, from 0 min 0 % B, 1.9 min 0 % B, 18.1 min 57 
% B, 18.6 min 100 % B, 22.3 min 100 % B, 23.2 min 0 % B to 26 
min; fl ow rate 2 mL/min; temperature of the column oven 40 °C 
was applied. The concentrations of individual amino acids were 
calculated based on the calculation of the linear regression equation 
from constructed calibration curves. Measurements were carried 
out under conditions optimized in (20). 

Statistical analysis
The statistical analysis was performed using R 4.0.2 language 

(http://www.R-project.org/) with the following packages: ggplot2, 
tidyverse, corrplot, rstatix (21-24). Pearson correlation was com-
puted to analyze the data in preparation for assessing the overall 
effects of treatments, ANOVA was used with simple t-tests or 
Tukey HSD as post hoc analysis. Unless noted otherwise p < 0.05 
was considered signifi cant. 

Results

Prostate cancer cell lines differ in ATP production
To examine the predominant type of metabolism in our model 

cancer cells (22Rv1, PC-3, DU145), we used Seahorse XF Real-
Time ATP Rate Assay Kit (Fig. 1A). This assay quantifi es the rate 
of adenosine triphosphate (ATP) production from glycolysis and 

mitochondrial oxidative phosphorylation (OXPHOS) simultane-
ously using label-free technology in live cells. The PTEN-posi-
tive 22Rv1 cells derived from the primary tumor showed a high 
proportion of OXPHOS but ATP production from glycolysis was 
signifi cantly lower compared to cells derived from metastases. The 
amount of glutamate and hydroxyproline in the culture medium 
of 22Rv1 cells positively correlated with total ATP production. 
The a mounts of glutamine and tryptophan in the medium were 
negatively correlated with total ATP production. 

The highest production of ATP was observable in PC-3 cells. 
The amounts of cystine and glycine in the culture medium were 
positively correlated with total ATP production in PC-3 cells. The 
amount of serine in the medium was negatively correlated with 
total ATP production. 

On the other hand, DU145 cells had the lowest total ATP pro-
duction (Fig. 1B), and they also were the most sensitive to cispla-
tin (IC25 value of cisplatin was 12.5 μmol/l for DU145, 50 μmol/l 
for PC-3, and 17.5 μmol/l for 22Rv1). In DU145, the amounts of 
serine, alanine, and lysine in the medium correlated negatively 
with total ATP production. DU145 cells had also a relative lack 
of arginine compared to 22Rv1 and PC-3 cells (Fig. 1C). Due to 
cisplatin treatment, a decrease in the levels of arginine (relative 
to other amino acids) was observed in 22Rv1 and PC-3 cells, sug-
gesting that cisplatin interferes with arginine metabolism (Fig.1C). 
As the depletion of arginine induces autophagy as a cytoprotec-
tive response and DU145 cells are autophagy-incompetent, it may 
contribute to their sensitivity to cisplatin. Therefor e, we set out 
to determine whether inhibition of autophagy with autophinib or 
SAR405 would lead to increased metabolic sensitivity to cisplatin 
in the PC-3 and 22Rv1 lines known to have functional autophagy 
machinery (25).

The short-term autophagy inhibition has no effect on metabolic 
sensitivity to cisplatin 

After cisplatin treatment, ATP production by OXPHOS was 
signifi cantly decreased in 22Rv1 and PC-3 cells. On the other 
hand, ATP production by glycolysis was not signifi cantly affected 
in 22Rv1 cells (Fig. 2A). The addition of 1 mmol/l methionine 
to the culture medium attenuated OXPHOS in 22Rv1 cells (Fig. 
2B). Autophagy inhibition (24-hour exposure to inhibitors) did 
not change the effect of cisplatin in PC-3 or 22Rv1 cells. On the 
c ontrary, SAR405 treatment slightly enhanced the ATP production 
via OXPHOS in DU145 cells during cisplatin exposure (Fig. 2A). 

To assess the motility of cancer cells, a scratch test was per-
formed. As expected, 22Rv1 cells (derived from the primary tu-
mor) hardly moved and their motility was negligible compared to 
metastasis-derived cells (Fig. 3A). Cisplatin signifi cantly enhanced 
the free area showing a lower motility of cancer cells (Fig. 3B). 
The speed of motion of metastatic cells (PC-3) was also signifi -
cantly decreased by cisplatin (Fig. 3C). Cisplatin also signifi cantly 
decreased the number of colonies, but in PTEN-defective meta-
static cells (PC-3, DU145), this effect was more prominent (Fig. 
3D). The concentration of 1 mmol/l lactate supported the growth 
of metastatic cell colonies but decreased the growth of 22RV1 
colonies (Fig. 3E).
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Discussion

Most cancers become less effi cient in energy production as they 
undergo malignant transformation accompanied by the Warburg 
effect. On the other hand, prostate cancer cells become more ener-
gy-effi cient as their malignant transformation includes the switch 
from citrate-secreting cells to citrate-oxidizing cells, allowing an 
increased fl ow through the TCA cycle. This metabolic transfor-
mation is an early event in prostate tumorigenesis (26). Changes 
in glucose metabolism, amino acid pool, and other metabolic 
pathways can deeply affect the cisplatin resistance of cancer cells 
(27). Here, we assessed the metabolic and amino acid profi les of 
model cancer cell lines depicting prostate cancer progression. The 
22Rv1 cell line is PTEN-positive (16) with a heterozygous (p53wt/
mut) missense mutation in p53 (17) used by us as a model of the 

primary prostatic tumors. PC-3 acts as a PTEN-negative androgen 
unresponsive metastatic bone tumor with inactivated p53 (16, 18). 
DU145 cells were used as a PTEN+/−, p53-negative, Rb-negative 
cell line model of brain metastases derived from prostate tumor 
(16, 17). DU145 cells have a defect in autophagy machinery due 
to the loss of ATG12–ATG5 conjugates (15). DU145 cells had the 
lowest total ATP production, and they were the most sensitive to 
cisplatin (IC25 value was 12.5 μmol/l) and have also a relative 
lack of arginine compared to 22Rv1 and PC-3 cells. The lack of 
arginine in DU145 cells can be caused by the loss of functional 
ATG12–ATG5 conjugates. The emergence of functional ATG12–
ATG5 conjugates is regulated by ATG7 (28). Consequently, the 
loss of functional ATG12–ATG5 conjugates can upregulate the 
expression of Arginase I (ARG1) which is a cytosolic enzyme 
that catalyzes the hydrolysis of L-arginine (29). Due to cisplatin 

Fig. 2. Metabolism of model cancer cells. A) ATP production via glycolysis and OXPHOS based on Seahorse parameters OCR and ECAR ob-
tained from XF Real-Time ATP Rate Assay before and after cisplatin/autophagy inhibitor treatment. p-values from group comparisons based 
on the t-test are shown. Asterisks represent statistical signifi cance (* p < 0.05; ** p < 0.01; *** p < 0.001). B) Total ATP production in 22RV1 
cells before and after cisplatin/methionine treatment. p-values from group comparisons based on the t-test are shown. Asterisks represent sta-
tistical signifi cance (* p < 0.05; ** p < 0.01; *** p < 0.001).

A
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treatment, a decrease in relative levels of arginine was observed 
in 22Rv1 and PC-3 cells. It was reported that cisplatin suppresses 
de novo biosynthesis of arginine by argininosuccinate synthetase 
1 (ASS1) (30). Consequently, cisplatin-treated cells can develop 
a dependency on arginine. DU145 cells are disadvantaged in argi-
nine synthesis from the start (due to the autophagy defect), which 
may contribute to their higher sensitivity to cisplatin. Moreover, 
the depletion of arginine induces autophagy as a cytoprotective 
response while DU145 cells are autophagy-incompetent, which 
may further contribute to their sensitivity to cisplatin (31). Nev-

ertheless, short-term autophagy inhibition (24-hour exposure to 
VPS34 inhibitors autophinib or SAR405) did not change the 
metabolic effect of cisplatin in PC-3 or 22Rv1 cells. Surprisingly, 
SAR405 treatment slightly enhanced ATP production via OXPHOS 
in DU145 cells during cisplatin exposure. This effect is probably 
associated with the role of VPS34 in PI3P production and oxida-
tive stress management (32, 33).

After cisplatin treatment, the ATP production via OXPHOS 
was signifi cantly decreased in 22Rv1 and PC-3 cells. On the other 
hand, the ATP production by glycolysis was not signifi cantly af-

A B C

D E

Fig. 3. Motility and colony-forming potential. A) Scratch test in nontreated cells and after cisplatin treatment. B) Scratch test; cisplatin signifi -
cantly enhanced free area showing lower motility of cancer cells. C) Cell speed calculated from QPI (Quantitative Phase Imaging). D) Colony-
forming assay; effect of cisplatin. E) Colony-forming assay; effect of cysteine and lactate. p-values from group comparisons based on the t-test 
are shown. Asterisks represent statistical signifi cance (* p < 0.05; ** p < 0.01; *** p < 0.001).
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fected in 22Rv1 cells. The amount of glutamate and hydroxyproline 
in the culture medium of 22Rv1 cells positively correlated with 
total ATP production. On the contrary, the amounts of glutamine 
and tryptophan in the medium were negatively correlated with to-
tal ATP production. The high levels of glutamine in the medium 
may point to the low activity of glutaminase and attenuation of 
glutaminolysis. On the other hand, high levels of glutamate can be 
caused by the activation of glutaminolysis, which is a hallmark of 
cancer metabolism. The fi rst s tep in the process of glutaminolysis 
involves a conversion of glutamine into glutamate via glutamin-
ase (GLS/GLS2) (34). Surprisingly, the addition of 1 mmol/l me-
thionine to the culture medium attenuated the OXPHOS pathway 
in 22Rv1 cells. Methionine  is a direct target of reactive oxygen 
species (ROS), as its sulfur can be oxidized, transforming methio-
nine into methionine sulfoxide (MetO). Due to the repair of MetO 
through methionine sulfoxide reductases, methionine can act as 
a scavenger and protect cells from oxidative stress. Nevertheless, 
accumulated MetO may act as an inhibitor of Met metabolism 
and can contribute to the exacerbation of oxidative stress (35).

After cisplatin treatment, total ATP production, cell speed, and 
the number of colonies were signifi cantly decreased in metastatic 
cancer cells. Moreover, PTEN-defective PC-3 cells seemed to be 
more prone to the effects of cisplatin on colony-forming ability. 
Depletion of PTEN impairs mitochondrial structure and respiratory 
chain function (10) and therefore it is crucial for PTEN-negative 
cells to keep high mitochondria fi tness through proper defense 
against reactive oxygen species (ROS). Recent evidence in hu-
mans and mice supports the notion that mitochondrial metabolism 
is necessary for tumor growth (12). The amount of cysteine and 
glycine in the culture medium positively correlated with total ATP 
production in PC-3. Cysteine and glycine are glutathione precur-
sors and therefore, they can lower the levels of oxidative stress 
and oxidant damage (36). 

The addition of 1 mmol/l lactate supported the growth of meta-
static cell colonies but decreased the growth of 22RV1 colonies. 
Although long considered to be a metabolic waste product, lactate 
plays a critical role in carcinogenic signaling, fueling the prolif-
eration of cancer cells, and supporting metastasis and tumor resis-
tance (37). Nevertheless, lactate can promote a HIF-1α-mediated 
metabolic shift from OXPHOS to glycolysis, which can disrupt the 
ability of citrate-oxidizing prostate cancer cells to grow (26, 38). 

In conclusion, it was shown that short-term autophagy inhi-
bition (24h) by autophinib or SAR405 does not alter the effect of 
cisplatin on ATP production in prostate cancer cells. On the other 
hand, persistent defects of the autophagy machinery can affect 
the metabolic sensitivity of prostate cancer cells due to interfering 
with arginine metabolism. It was also shown that the amino acids 
contained in the culture medium had a signifi cant impact on the 
overall effect of cisplatin.
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