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 Abstract
This study aimed to examine the roles of reactive oxygen species (ROS) in cisplatin treatment of human prostate cancer 
cells; hormone-sensitive LNCaP and hormone-refractory PC3 and DU145 cells. Intracellular levels of ROS and H 2 O 2  
were measured and visualized using specifi c fl uorescent probes. NADPH oxidase (NOX) activity was detected by lucigenin 
chemiluminescence assay. Expression levels of NOX isoforms were determined by semi-quantitative RT-PCR. Cisplatin 
treatment increased the intracellular levels of ROS and H 2 O 2  in three prostate cancer cell lines. The increase was transient 
and robust in hormone-sensitive LNCaP cells compared with hormone-refractory PC3 and DU145 cells. Consistent with 
these fi ndings, the NOX activity induced by cisplatin was higher in LNCaP cells than in PC3 and DU145 cells. Expression 
pattern of NOX isoforms varied among three cell lines and the NOX activity was independent of NOX expression. Taken 
together, we have shown that cisplatin induces production of ROS and H 2 O 2  via NOX activation in human prostate cancer 
cell lines, which is most prominent in hormone-sensitive LNCaP cells.  

  Keywords:   Prostate cancer cells  ,   cisplatin  ,   reactive oxygen species  ,   NADPH oxidase  ,   chemosensitivity   
  Introduction 

 It has been reported that taxol induces oxidative neu-
ronal cell death by enhancing the NOX activity in 
mouse cortical cultures [1]. On the other hand, many 
reports have indicated that inhibition of ROS with anti-
oxidant and NOX inhibitors leads to cell death [2 – 4]. 
It has thus been suggested that ROS is an important 
regulatory factor for cell growth and survival [5,6]. In 
prostate cancer cells, ROS generated by NOX are 
essential for cell growth [7,8]. However, the relation-
ship between ROS and anti-cancer drugs in prostate 
cancer cells has yet to be clarifi ed. In this study, we 
investigated and found that ROS and H 2 O 2  are pro-
duced in response to cisplatin treatment in human 
prostate cell lines and that NOX is involved in the 
cisplatin-induced production of ROS and H 2 O 2 .   
  Correspondence: Tomohiro Itoh, Gifu International Institute of Bio
Japan. Tel: 81-583-71-4646. Fax: 81-583-71-4412. Email: titoh@giib.
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 Materials and methods  

 Reagents 

 Camptothecin,  N -acetyl- L -cysteine (NAC), rotenone 
and diphenyliodonium (DPI) were from Sigma (St. 
Louis, MO). Cisplatin was obtained from WAKO 
Pure Chemical Industries, Ltd. (Osaka, Japan).   

 Cell culture and treatment 

 PrEC normal human prostate epithelial cells were 
obtained from Lonza (Basel, Switzerland, MD) and 
cultured as recommended by the supplier. LNCaP, 
PC3 and DU145 human prostate cancer cells were 
purchased from American Type Culture Collection 
(ATCC) and cultured in RPMI 1640 medium sup-
plemented with 10% foetal bovine serum. Cisplatin 
technology, 1-1 Naka-Fudogaoka, Kakamigahara, Gifu 504-0838, 
or.jp    
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and camptothecin dissolved in DMSO were added to 
the cell culture medium, with the fi nal concentration 
of DMSO not exceeding 0.3% that showed no 
signifi cant effect on cell growth (data not shown). 
Viable cell number was measured by trypan blue dye 
exclusion method.   

 Measurement of intracellular ROS and H 2 O 2  levels 

 Intracellular levels of ROS and H 2 O 2  were measured 
using 5-(and-6)-carboxy-2 ’ ,7 ’ -dichlorodihydrofl uores-
cein diacetate (CM-H 2 DCF -DA, Invitrogen, Carls-
bad, CA) and BES-H 2 O 2  (Wako), respectively. We 
used CM-H 2 DCF-DA to detect ROS including super-
oxide (O 2  

 −  •  ), hydrogen peroxide (H 2 O 2 ) and hydroxyl 
radicals (HO • ) and BES-H 2 O 2  to specifi  cally detect 
H 2 O 2 . Cells were stained with 10  μ M CM-H 2 DCF-
DA or 25  μ M BES-H 2 O 2  for 30 min at 37 ° C. After 
washing twice with PBS, cells were mounted on the 
slide glass. Then, photomicrographs were taken with a 
fl uorescent microscope (Olympus BX-50, Tokyo, 
Japan). For quantitation of the intracellular ROS lev-
els, cells stained with CM-H 2 DCF-DA were lysed and 
fl uorescence was measured at 490 nm for excitation 
and at 530 nm for emission using a fl uorometer (MTP-
600F, Corona Electric, Hitachinaka, Japan). The ROS 
level was expressed as an arbitrary unit.   

 Measurement of mitochondrial membrane potential 

 Mitochondrial membrane potential was measured 
using a fl uorescent dye, Mito-Tracker Red (Invitro-
gen) that accumulates selectively in active mitochon-
dria and becomes fl uorescent when oxidized. Cells 
were treated with Mito-Tracker Red (10 nM) for 
Table 1. Primer sequences and semi-quantitative RT-PCR condition 

Primer sequence

NOX1 (5′→3′)
Forward: AAACAGAGGAGAGCATGAATGAGAG

Reverse: AAGAATGACCGGTGCAAGGA

NOX2 (5′→3′)
Forward: TGGTGATGTTAGTGGGAGCA
Reverse: GCCAGTGAGGTAGATGTTGTAGC

NOX3 (5′→3′)
Forward: TCACAAACTGGTCGCCTATG
Reverse: GTTGTGTTTGTGGGGAAGGT

NOX4 (5′→3′)
Forward: TGAATGCAGCAAGATACCGAGA
Reverse: TGAGGAATAGCACCACCACCA

NOX5 (5′→3′)
Forward: CAACAAGGAGAAGAAAGACTCCAT
Reverse: GTGAGGCTAGAAATTCTCTTGGAA

GAPDH (5′→3′)
Forward: CCACCCATGGCAAATTCCATGGCA
Reverse: TCTAGACGGCAGGTCAGGTCCACC
30 min. After washing twice with PBS, cells were 
subjected to microscopic observation.   

 Measurement of NOX activity 

 Membrane fractions were prepared using a Proteo 
Extract Subcellular Proteome Extraction kit 
(Calbiochem). The NOX activity was measured 
according to the method of Li et al. [9] with a slight 
modifi cation. Briefl y, lucigenin chemiluminescence 
assay was performed in the presence of 5  μ M 
lucigenin (Sigma) and 100  μ M NADPH (Sigma) 
as a substrate. Reaction was initiated by adding 10 
 μ l of membrane fractions. In the absence of 
NADPH, no enzymatic activity was detected. The 
chemiluminescence signal was collected for 10 min 
with a luminescence reader (TD-20/20, Promega, 
Madison, WI).   

 Reverse transcription-PCR 

 Total RNA was extracted from cells by TRIzol reagent 
(Invitrogen) followed by DNase I treatment. cDNA 
was synthesized from 0.5  μ g of total RNA using the 
PrimeScript reagent kit (Takara Bio, Ohtsu, Japan). 
PCR primers and conditions are described in Table I. 
PCR products were analysed by electrophoresis on 
3% agarose gels.   

 Statistical analysis 

 All data were analysed by one-way ANOVA with 
Fisher ’ s-multiple comparison test. The differences among 
the means were considered signifi cant at  p   �  0.05.    
for various NOX isoforms.

Semi-RT-PCR condition

40 cycle Denaturation: 94°C for 30 sec
Annealing: 60°C for 30 sec

Extension: 72°C for 30 sec

40 cycle Denaturation: 94°C for 30 sec
Annealing: 60°C for 30 sec
Extension: 72°C for 30 sec

40 cycle Denaturation: 94°C for 30 sec
Annealing: 60°C for 30 sec
Extension: 72°C for 30 sec

55 cycle Denaturation: 94°C for 30 sec
Annealing: 65°C for 30 sec
Extension: 72°C for 30 sec

30 cycle Denaturation: 94°C for 30 sec
Annealing: 55°C for 30 sec
Extension: 72°C for 30 sec

20 cycle Denaturation: 94°C for 30 sec
Annealing: 60°C for 30 sec
Extension: 72°C for 30 sec
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 Results  

 Chemosensitivity of human prostate cancer 
cells to cisplatin 

 We examined cytotoxic effects of cisplatin on PrEC, 
LNCaP, PC3 and DU145 cells by trypan blue dye 
exclusion method. The viable cell number of LNCaP 
cells was remarkably decreased by cisplatin treatment, 
whereas that of PrEC was not affected and that of PC3 
and DU145 cells were slightly decreased (Figure 1). 
These results indicate that LNCaP cells are more sen-
sitive to cisplatin than PrEC, PC3 and DU145 cells.   
 Intracellular ROS generation by cisplatin treatment 
in human prostate cancer cells 

 We determined intracellular ROS levels using 
CM-H 2 DCF-DA in order to examine the effect of 
cisplatin on ROS generation. As shown in Figure 2, 
the intracellular ROS levels in hormone-sensitive 
LNCaP cells robustly (1200%) and transiently 
(5 – 15 min) increased following cisplatin treatment 
and remained elevated thereafter. ROS generation 
was also seen in hormone-refractory PC3 and 
DU145 cells at 60 min after cisplatin treatment, but 
to a much lesser extent. In PrEC normal human 
prostate epithelial cells, however, little or no signifi -
cant ROS production was observed in response to 
cisplatin. A similar profi le of ROS generation was 
also seen with another anti-cancer drug, campto-
thecin, topoisomerase II inhibitor. Furthermore, we 
examined microscopically intracellular ROS and 
H 2 O 2  production in cisplatin-treated PrEC, LNCaP 
and PC3 cells using ROS and H 2 O 2 -specifi c fl uores-
cence probes. The data presented in Figure 3 show 
that production of ROS and H 2 O 2  in LNCaP cells 
by cisplatin treatment was much higher than that in 
PC3 cells. Cisplatin-induced ROS and H 2 O 2  pro-
duction in DU145 cells was almost similar to that 
observed in PC3 cells (data not shown). On the 
other hand, mitochondrial membrane potential was 
not changed by cisplatin treatment in all prostate cell 
lines tested, suggesting that cisplatin-induced ROS 
production is unlikely due to defective mitochon-
dria. Since NOX generates superoxide, which is 
immediately converted to H 2 O 2 , it was considered 
that H 2 O 2  production in cisplatin-treated cells was 
a consequence of the conversion of superoxide 
generated by NOX.   
  Figure 1.      Effects of cisplatin on growth of PrEC, LNCaP, PC3 and 
DU145 cells. Each cell line was treated with 10  μ M cisplatin for 
48 h. Viable cell number was measured by the trypan blue dye 
exclusion method.  ° : PrEC,  � : LNCaP,  � : PC3,  � : DU145.  
Figure 2. Effects of cisplatin and camptothecin treatment on intracellular ROS generation in PrEC, LNCaP, PC3 and DU145 cells. 
Intracellular ROS levels were determined using CM-H2DCF-DA at indicated times after treatment with cisplatin (10 μM) or camptothecin 
(10 μM) in PrEC (°), LNCaP (�), PC3 (�) and DU145 (�). Values are mean � SEM (n � 9).
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 Involvement of NOX in intracellular ROS 
generation by cisplatin treatment 

 To gain further insight into the mechanisms under-
lying cisplatin-induced ROS production, we investi-
gated the effects on ROS production in cisplatin-treated 
cells of antioxidant, NAC (1 mM), mitochondrial 
complex I inhibitor, rotenone (10  μ M) and NOX 
inhibitor, DPI (200 nM). Cisplatin-induced ROS 
generation in PC3 and DU145 cells was signifi cantly 
suppressed by pre-treatment with NAC and DPI, 
whereas rotenone pre-treatment showed a marginal 
effect (Figure 4). We were unable to examine the 
effects of these agents on cisplatin-induced ROS gen-
eration in LNCaP cells, because each of them alone 
exhibited a cytotoxic effect (Supplementary Figure 1).   

 NOX activity and expression in human 
prostate cancer cells 

 The basal levels of NOX activity and ROS concentra-
tion in DU145 cells were lower than those of LNCaP 
and PC3 cells (Figure 5A). Cisplatin treatment increased 
Figure 3. Effects of cisplatin treatment on intracellular ROS and H2O2 generation and mitochondrial membrane potential in PrEC, LNCaP 
and PC3 cells. Intracellular ROS and H2O2 in cisplatin-treated PrEC (A), LNCaP (B) and PC3 (C) cells were visualized using CM-
H2DCF-DA (for detecting ROS; H2O2, superoxide and hydroxyl radicals) and BES-H2O2 (for detecting H2O2). Mitochondrial membrane 
potential was visualized using Mito-Tracker Red.
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 the NOX activity in LNCaP, PC3 and DU145 cells 
(Figure 5B). Cisplatin-induced NOX activation was 
higher in LNCaP cells than in PC3 and DU145 cells, 
which correlated with the differences in cisplatin-induced 
production of ROS and H 2 O 2  among these cell lines 
(Figures 2 and 3). 

 We further determined the mRNA expression lev-
els of  NOX  isoforms by semi-quantitative RT-PCR in 
LNCaP, PC3 and DU145 cells (Figure 5C). Expres-
sion of  NOX1 ,  2  and  3  were observed in all these cell 
lines.  NOX2  was highly expressed in PC3 and DU145 
cells, while  NOX5  was present only in PC3 cells and 
 NOX4  was not detected in any cell line.    

 Discussion 

 In the present study, we investigated the roles of 
ROS in anti-cancer drug treatment of human pros-
tate cancer cell lines. It has been previously reported 
that several cancer cells produce ROS, which cause 
DNA damage and activation of nuclear factor   κ  B 
(NF-  κ  B), activator protein-1 and mitogen-activated 
protein (MAP) kinase and regulate cell migration 
and pro liferation [10 – 13]. Indeed, intracellular ROS 
production was detected in human prostate cancer 
cell lines (Figure 5A). We further demonstrated that 
cisplatin and camptothecin transiently increase 
intracellular ROS levels in human prostate cancer 
cell lines (Figure 2). Other anti-cancer drugs have 
been also shown to generate ROS in several cancer 
cell lines [14 – 16]. It was thus postulated that ROS 
generated by cisplatin may damage proteins, lipids 
and DNA, as well as mitochondria, leading to cell 
death such as apoptosis [17,18]. Intriguingly, ROS 
production induced by cisplatin and camptothecin 
was much higher in LNCaP cells than in PC3 and 
DU145 cells (Figure 2). It was also found that 
LNCaP cells are more sensitive to cisplatin than 
PrEC, PC3 and DU145 cells (Figure 1) [19]. These 
fi ndings suggest that a robust increase in ROS pro-
duction may explain chemosensitivity of LNCaP 
cells to cisplatin. In contrast, PC3 and DU145 cells 
were resistant to cisplatin treatment (Figure 1). It 
has been reported that docetaxel-treated breast can-
cer cells up-regulate expression of redox-related 
genes such as thioredoxin, glutathione S-transferase 
and peroxiredoxins [20]. It is therefore possible that 
high adaptability to oxidative stress of PC3 and 
DU145 cells attenuated excess ROS production that 
would lead to cell death. 

 To clarify the mechanisms underlying ROS produc-
tion by cisplatin treatment, we visualized intracellular 
ROS and H 2 O 2  production in response to cisplatin 
treatment. We found that cisplatin-induced produc-
tion of ROS and H 2 O 2  in LNCaP cells was much 
higher than that in PC3 cells (Figure 3). We also exam-
ined the effects of NAC, rotenone and DPI on intra-
cellular ROS production in cisplatin-treated cells. 
ROS production by cisplatin in PC3 and DU145 cells 
were signifi cantly suppressed by pre-treatment with 
NAC and DPI, but not with rotenone (Figure 4). 
These results suggested that production of ROS by 
cisplatin is likely due to activation of NOX. How-
ever, we could not examine the mechanism of cispl-
atin-induced ROS generation in LNCaP cells, because 
the same treatments caused their cell death. Several 
Figure 4. Effects of NAC, rotenone and DPI pre-treatment on cisplatin-induced ROS production in PC3 and DU145 cells. Cells were 
pre-treated with either NAC (1 mM), rotenone (10 μM) or DPI (200 nM) for 1 h at 37°C and then treated with cisplatin. Intracellular 
ROS levels were measured at indicated times using CM-H2DCF-DA. Values are mean � SEM (n � 9).
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antioxidants and NOX inhibitors have been shown to 
induce growth inhibition of cancer cells through scav-
enging of ROS or inhibition of NOX [2 – 4]. Kumar 
et al. [6] reported that antioxidant or NOX inhibitor 
suppresses cell growth and survival signalling such as 
extracellular signal-regulated kinase (ERK)1/ERK2, 
p38 MAP kinase and PI3K/Akt signalling. It was thus 
assumed that pre-treatment of LNCaP cells with NAC 
and DPI might have eliminated ROS necessary for cell 
growth and survival. Landriscina et al. [21] indicated 
that cancer cells constitute antioxidant networks for 
maintaining intracellular homeostasis and favouring 
cell survival. These reports and our data suggest that 
the balance between intracellular ROS concentration 
and adap tability to oxidative stress is very important 
for cell survival. 

 The NOX family consists of fi ve isoforms (NOX1 – 5) 
[22]. In prostate cancer cells, several reports have 
demonstrated expression profi les of NOX isoforms 
[6,8,23]. Furthermore, Arbiser et al. [24] described 
that ectopic expression of NOX1 positively regulates 
cell growth, tumourigenicity and angiogenicity in 
prostate cancer cells. Brar et al. [8] demonstrated 
that NOX5 negatively regulates growth and apop-
tosis in DU145 cells. We examined the NOX activity 
as well as mRNA expression of  NOX  isoforms in 
LNCaP, PC3 and DU145 cells (Figure 5). Although 
the expression levels of  NOXs  in LNCaP cells were 
lower than those in PC3 and DU145 cells, the NOX 
activity in LNCaP cells was higher than PC3 and 
DU145 cells (Figures 5B and C). NOX is activated 
through the Rho-like small GTPase Rac1 or Rac2 
and PKC [25]. The differences in cisplatin-induced 
ROS production among cell lines might be due to 
aberrant upstream signalling rather than distinct 
expression patterns of NOX isoforms.   
Figure 5. Effects of cisplatin treatment on NOX activity and expression in LNCaP, PC3 and DU145 cells. (A) The basal levels of NOX 
activity (i) and intracellular ROS levels (ii) in LNCaP, PC3, and DU145 cells. Means values with different letters are signifi cantly 
different (p � 0.05, one-way ANOVA analysis of variance followed by Fisher’s-multiple range test). (B) The NOX activity was measured 
at indicated times after cisplatin treatment in LNCaP, PC3 and DU145 cells. Values are mean � SEM (n � 9). Means values with 
different letters are signifi cantly different (p � 0.05, one-way ANOVA analysis of variance followed by Fisher’s-multiple range test). (C) 
The mRNA expression levels of NOX isoforms were examined by semi-quantitative RT-PCR. A representative data from three 
independent experiments is shown.
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 Conclusions 

 We have demonstrated that cisplatin induces produc-
tion of ROS and H 2 O 2  via NOX activation in human 
prostate cancer cell lines. Cisplatin-induced NOX acti-
vation and subsequent ROS and H 2 O 2  production were 
most prominent in hormone-sensitive LNCaP cells 
compared with hormone-refractory PC3 and DU145 
cells, which may in part explain higher chemosensitivity 
of LNCaP cells to cisplatin. 
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