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Recent evidence suggests that oxidative stress contributes to the
pathogenesis of prostate cancer. The present study focused on
the effect of apocynin, an inhibitor of NADPH oxidase, on pros-
tate carcinogenesis using the transgenic rat for adenocarcinoma
of prostate (TRAP) model. There were no toxic effects with
apocynin treatment. The percentages and numbers of carcinomas
in both the ventral and lateral prostate were significantly
reduced by apocynin treatment, with dose dependence. Reduc-
tion of reactive oxygen species by apocynin was confirmed by
immunohistochemistry of 8-OHdG and dihydroethidium staining.
Positivity of Ki67 was significantly reduced by apocynin treat-
ment, and downregulation of clusterin expression, as well as
inactivation of the MEK-ERK1 ⁄ 2 pathway, was a feature of the
apocynin treated groups. In human prostate cancer cell line
LNCaP, apocynin also inhibited reactive oxygen species produc-
tion and blocked cell growth by inducing G0 ⁄G1 arrest with
downregulation of clusterin and cyclin D1. These data suggest
that apocynin possesses chemopreventive potential against pros-
tate cancer. (Cancer Sci 2013; 104: 1711–1717)

P rostate cancer is the second most frequently diagnosed
cancer in men in the world, with particularly high

incidences in Oceania, Europe and North America. In Japan,
incident and mortality rates for prostate cancer are relatively
low are but increasing.(1,2) There are potentially curative
options, such as radical prostatectomy or radiotherapy, but
once the disease is metastatic, the outlook is poor. Therefore,
research into chemoprevention of prostate cancer is critical.
Reactive oxygen species (ROS) can be important factors for

carcinogenesis and tumor progression, not only inducing DNA
damage but also producing cellular alterations, such as upregu-
lation of MAPK and protein kinase C.(3,4) Recently, oxidative
stress has been reported to contribute to cancer and progres-
sion in the prostate.(5,6) Therefore, we have focused on inhibi-
tion of ROS production as an anti-carcinogenic approach.
ROS is produced by mitochondria, peroxisomes, cytochrome
P-450 and other cellular elements as a byproduct, and is gen-
erated by NADPH oxidase, which is also implicated in a vari-
ety of signaling events, including cell growth, cell survival
and cell death.(7) Apocynin, which belongs to the methoxy-
substituted catechol family, inhibits NADPH oxidase activity
by blocking the formation of NADPH oxidase complex(8) and
is commonly used as a standard NOX inhibitor for research
purposes.(7) In addition, apocynin can be converted by peroxi-
dase-mediated oxidation to a dimer, which has been shown to
be a more efficient inhibitor than apocynin itself.(9) We previ-
ously presented evidence that apocynin reduced oxida-
tive stress induced by arsenite treatment of rat urothelium
in vivo.(10)

In the present study we focus on NADPH oxidase and test
whether its inhibitor, apocynin, is able to suppress prostate
carcinogenesis in the transgenic rat for adenocarcinoma of
prostate (TRAP) model, which was generated in our laboratory
and features development of well-differentiated prostate adeno-
carcinomas in prostatic lobes within a short period. The TRAP
rat has a transgene that encodes SV40 T antigen under proba-
sin promoter, so that the carcinomas that develop are andro-
gen-dependent.(11,12)

Materials and Methods

Animal experiment. Male heterozygous TRAP rats estab-
lished in our laboratory with a Sprague–Dawley genetic back-
ground were used in the present study. All animals were
housed in plastic cages on wood-chip bedding in an air-condi-
tioned specific pathogen-free animal room at 22 � 2°C and
55 � 5% humidity with a 12 h light ⁄dark cycle, and fed a
basal diet (Oriental MF, Oriental Yeast, Tokyo, Japan) and
provided water, with or without apocynin, ad libitum. All ani-
mal experiments were performed under protocols approved by
the Institutional Animal Care and Use Committee of Nagoya
City University School of Medical Sciences.
Six-week-old TRAP rats were divided into three groups of

11 rats each. The animals were given drinking water contain-
ing 0, 100 and 500 mg ⁄L apocynin for 8 weeks and body
weight and water consumption were estimated every week. At
experimental week 8, under deep isoflurane anesthesia, blood
was collected from 9.00 to 11.00 h to measure testosterone
and estradiol hormone levels using radioimmunoassays from a
commercial laboratory (SRL, Tokyo, Japan). Adiponectin con-
centrations in serum were determined by ELISA (adiponectin
ELISA kit; Otsuka Pharmaceutical, Tokyo, Japan). The uro-
genital complex of each rat was removed as a whole together
with the seminal vesicles, then the ventral prostate was
weighed. A part of the prostate glands was immediately frozen
in liquid nitrogen and stored at �80°C until processed. After
that, the remaining tissue was fixed. Livers, kidneys and testes
were also removed, weighed and fixed. For clusterin immuno-
staining, normal prostate glands from a 14-week-old male
Sprague–Dawley rat were fixed. The tissues were routinely
processed into paraffin-embedded sections and stained with
H&E.

Histopathology and immunohistochemistry. Neoplastic lesions
in the prostate gland of TRAP rats were evaluated as
previously described.(13,14) Briefly, neoplastic lesions were
classified into three types: low grade prostatic intraepithelial
neoplasia (LG-PIN), high grade PIN (HG-PIN) and adenocarci-
noma. The relative numbers of acini with the histological
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characteristics of each type, that is, LG-PIN, HG-PIN and ade-
nocarcinoma, were quantified by counting the total acini in
each prostatic lobe. Deparaffinized sections were incubated
with diluted antibodies for Ki-67 (Novocastra Laboratories,
Newcastle, UK), anti-8-hydroxy-2′-deoxyguanosine (8-OHdG)
antibody (Japan Institute for the Control of Aging, Fukuroi,
Japan), clusterin (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), androgen receptor (AR) and SV40 T antigen (Santa
Cruz Biotechnology). The number of Ki-67-labeled or
8-OHdG-labeled cells in at least 1000 cells was counted to
determine the labeling indices of HG-PIN and adenocarcinoma.

Detection of reactive oxygen species production. Six-micron
frozen serial sections cut on a standard cryostat with clean
blades were mounted on slides, then incubated with 5 lM
dihydroethidium (Life Technologies, Carlsbad, CA, USA) in
PBS for 15 min in the dark. The slides were washed two times
with warm PBS and the fluorescence intensity was assessed at
518 ⁄605 nm with a spectrofluorometer. Images were also
recorded with a fluorescence microscope (BZ-9000; Keyence,
Osaka, Japan).

Microarray analysis. Total RNA was isolated from ventral
prostate tissues en bloc by phenol–chloroform extraction (ISO-
GEN, Nippon Gene, Toyama, Japan). Gene expression analysis
was performed using a Rat Oligo chip 20k (Toray Industries,
Tokyo, Japan) according to the manufacturer’s instructions.
The RNA ventral prostate expression from 500 mg ⁄L apocy-
nin-treated rats was compared with that from control rats.
After global median normalization, data cleansing was per-
formed to remove the values for which fluorescence intensity
was <100. The genes for which expression were more than
twofold increased or reduced to less than half in 500 mg ⁄L
apocynin-treated rats as compared to control rats were
selected.

Real-time RT-PCR. Total RNAs from ventral prostate tissues
were reverse-transcribed with the ThermoScript first-strand
synthesis system (Life Technologies), and real-time RT-PCR
was performed using a LightCycler (Roche Diagnostics GmbH,
Penzberg, Germany). The quantitative value of clusterin was
normalized to endogenous cyclophilin. Clusterin RT-PCR
primers were 5′-TTATGGACACAGTGGCAGAG-3′ and 5′-T
ACAGAACCCAGAGGAAGGA-3′. Cyclophilin RT-PCR prim-
ers were 5′-TGCTGGACCAAACACAAATG-3′ and 5′-GAAG
GGGAATGAGGAAAATA-3′.

Immunoblot analyses. Ventral prostate tissues were homoge-
nized with RIPA buffer (Pierce Biotechnology, Rockford, IL,
USA) containing a protease inhibitor (Pierce Biotechnology)
on ice. The insoluble matter was removed by centrifugation at
10 000g for 20 min at 4°C and supernatants were collected.
Protein concentrations were determined with a Coomassie Plus
– The Better Bradford Assay Kit (Pierce Biotechnology). Sam-
ples were mixed with 29 sample buffer (Bio-Rad Laboratories,
Hercules, CA, USA) and heated for 5 min at 95°C and then
subjected to SDS-PAGE. The separated proteins were trans-
ferred onto nitrocellulose membranes followed by blocking
with SuperBlock Blocking Buffer (Thermo Fisher Scientific,
Waltham, MA, USA) for 1 h at room temperature. Membranes
were probed with antibodies for cyclin D1, clusterin, cleaved

caspase-3, MEK, phospho-MEK, p44 ⁄42 MAPK (ERK1 ⁄2),
phopho-ERK1 ⁄2, p38 MAPK, phospho-p38 MAPK, and cas-
pase 3 and 7 (Cell Signaling Technology, Danvers, MA, USA)
in 19 TBS with 0.1% Tween 20 at 4°C overnight, followed
by exposure to peroxidase-conjugated appropriate secondary
antibodies and visualization with an enhanced chemilumines-
cence detection system (GE Healthcare Bio-sciences, Bucking-
hamshire, NA, UK). To confirm equal protein loading, each
membrane was stripped and reprobed with anti-b-actin (Sigma-
Aldrich, St. Louis, MO, USA).

Cell line. The human androgen-dependent prostate cancer cell
line LNCaP was obtained from the American Type Culture
Collection (Manassas, VA, USA). The cells were grown in
RPMI1640 medium with 10% FBS, 100 U ⁄mL penicillin and
100 lg ⁄mL streptomycin (all from Life Technologies) under
an atmosphere of 95% air and 5% CO2 at 37°C.

Cell proliferation assay. Cell proliferation of prostate cancer
cell lines was assessed by 4-[3-(4-iodophenyl)-2-(4-nitrophe-
nyl)-2H-5-tetrazolio]-1,3-benzene disulfonate tetrazolium salt
(WST-1) assay (Roche Applied Science, Mannheim, Ger-
many). Briefly, cells were seeded in 96-well plates at
500 cells ⁄well in 200 lL of culture medium. Apocynin was
added 24 h after seeding and incubated for 3 days. WST-1
reagent was added to each well with incubation for 60 min at
37°C, and then each well was measured for absorbance at
430 nm.

Detection of reactive oxygen species production in LNCaP cells.
The culture supernatant was removed from all wells 24 h after
apocynin treatment, and the cells were washed twice with
warm PBS, then 2′,7′-dichlorofluorescin-diacetate (100 lg ⁄mL,
DCFH-DA, Sigma-Aldrich) was added with further incubation
at 37°C for 20 min, in the dark. The cells were washed two
times with warm RPMI1640 medium, and images were
recorded using a fluorescence microscope (BZ-9000;
Keyence).

Cell cycle analysis. Cells were treated with apocynin for 24 h,
then suspensions were prepared and stained with propidium
iodide (Guava Cell Cycle Reagent, Guava Technologies, Hay-
ward, CA, USA) according to the Guava Cell Cycle Assay
protocol. Cell cycle phase distributions were determined on a
Guava PCA Instrument using CytoSoft Software.

Statistical analysis. All in vitro experiments were performed
at least in triplicate to confirm reproducibility. Statistical
analyses were performed with mean � SD values using one-
way ANOVA and Dunnett’s test. Statistical significance was
concluded at *P < 0.05, **P < 0.01 or ***P < 0.001.

Results

Apocynin reduction of progression of prostate tumorigenesis
as well as cell proliferation and reactive oxygen species in TRAP
rats. During the experiments, water consumption by 500 mg ⁄L
apocynin-treated rats was approximately 10% lower than in
the controls (Table 1). However, administration of apocynin
did not cause adverse effects (e.g. impacting the growth of
rats) during the study. There were no significant differences
in the final body weights or in absolute and relative liver,

Table 1. Body and organ weights, water consumption

Treatment
Number

of rats
Body weight (g) Liver (g) Kidneys (g) Testes (g) Ventral prostate (g)

Water consumption

(mL ⁄ rat ⁄day)

Control 11 533 � 58 18.5 � 2.0 3.2 � 0.2 3.5 � 0.4 0.30 � 0.06 45.5 � 4.4

100 mg ⁄ L 11 553 � 49 20.1 � 2.3 3.1 � 0.3 3.6 � 0.3 0.36 � 0.09 46.5 � 5.5

500 mg ⁄ L 11 558 � 65 20.2 � 3.2 3.2 � 0.4 3.6 � 0.4 0.30 � 0.04 39.6 � 2.6*

*Significantly different from control group, P < 0.05.
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kidney, testes and prostate weights among the groups
(Table 1). Histologically, there were no changes indicative of
toxicity in the liver, kidneys, and testes with apocynin (data

not shown). The serum level of testosterone in 500 mg ⁄L
apocynin treated rats (3.1 � 1.6 ng ⁄mL) was slightly higher
than in other groups (control and 100 mg ⁄L apocynin:

(a)

(d)

(e)

(f)

(g)

(h)

(b)

(c)

Fig. 1. Effects of apocynin on prostatic lesions. Representative histopathological findings for lesions in the ventral and lateral prostates of the
controls, 100 and 500 mg ⁄ L apocynin groups (a). Number of adenocarcinoma per area in ventral (b) and lateral (c) prostate of TRAP rats treated
with apocynin. Photos (d) and data (e) for reactive oxygen species production detected by dihydroethidium staining in ventral prostate of TRAP
rats treated with apocynin. Expression of clusterin detected by quantitative RT-PCR (f) and western blotting (g). Results of immunoblot analysis
of MAPK, cyclin D1 and caspases in ventral prostates of TRAP rats treated with apocynin. Data are mean � SD values from 3 independent experi-
ments. *,**,***P < 0.05, 0.01 and 0.001 compared to controls, respectively.

Suzuki et al. Cancer Sci | December 2013 | vol. 104 | no. 12 | 1713
© 2013 Japanese Cancer Association



1.7 � 1.0 and 1.9 � 0.8 ng ⁄mL, respectively) but that of
estradiol was not affected (control, 100 and 500 mg ⁄L apocy-
nin: 3.2 � 1.0, 3.4 � 1.2 and 3.3 � 0.7 pg ⁄mL, respectively).
Adiponection concentration in the serum did not differ among
the groups (control, 100 and 500 mg ⁄L apocynin: 3.5 � 1.1,
3.2 � 0.5 and 3.5 � 0.8 ng ⁄mL, respectively).
Representative histopathological findings of ventral and

lateral prostate in each group are presented in Figure 1(a). In
the ventral prostate, there was a marked or partial pathologic

response to apocynin treatment, as demonstrated by a signifi-
cant reduction in the prostatic neoplastic lesions in TRAP rats;
however, small foci of PIN remained. Decrease in the inci-
dence of adenocarcinoma was also observed in the lateral pros-
tate (Table 2). Quantitative evaluation of the proportion of
preneoplastic and neoplastic lesions in the prostate gland
showed significant suppression of progression from LG-PIN or
HG-PIN to adenocarcinoma in rats treated with apocynin in a
dose-dependent manner (Table 2). To focus on adenocarci-
noma, the number of foci per area in both the ventral and
lateral prostate was significantly reduced by apocynin in a
dose-dependent manner (Fig. 1b,c). There was no difference in
the average size of adenocarcinomas in both the ventral and
lateral prostate among the groups (data not shown). There was
a significant decrease in the labeling index of Ki-67 and
8-OHdG in HG-PIN of the ventral and lateral prostates of
TRAP rats given apocynin in a dose-dependent manner
(Table 3). Although the rate of significance was slightly less,
the results were mostly the same in the adenocarcinoma of the
ventral and lateral prostates (Table S1). Results for ROS detec-
tion in ventral prostate by dihydroethidium are presented in
Figure 1(d), with significant reduction (11 and 22% reduction

Table 2. Incidence of carcinoma and quantitative evaluation of neoplastic lesions in ventral and lateral prostate

Treatment
Number

of rats

Ventral Lateral

Incidence of

carcinoma

% of lesions in prostate
Incidence of

carcinoma

% of lesions in prostate

LG-PIN HG-PIN Carcinoma LG-PIN HG-PIN Carcinoma

Control 11 11 (100%) 6.6 � 2.5 81.8 � 4.8 11.7 � 4.5 10 (91%) 11.8 � 5.2 82.8 � 6.8 5.4 � 3.9

100 mg ⁄ L 11 11 (100%) 8.0 � 2.5 83.6 � 3.8 8.4 � 2.8* 10 (91%) 17.4 � 4.3 80.1 � 4.3 2.5 � 1.4*

500 mg ⁄ L 11 11 (100%) 8.3 � 1.6 87.3 � 3.2** 4.4 � 1.9*** 6 (55%) 26.8 � 9.9*** 71.8 � 9.0** 1.5 � 1.7**

*,**,***Indicate significant difference from the control group, P < 0.05, 0.1, 0.001, respectively.

Table 3. Labeling indices of Ki67 and 8-OHdG in HG-PIN of ventral

and lateral prostate

Treatment
Ventral prostate Lateral prostate

Ki67 8-OHdG Ki67 8-OHdG

Control 52.6 � 1.1 2.9 � 0.4 49.7 � 1.6 2.7 � 0.4

100 mg ⁄ L 43.8 � 2.2*** 2.3 � 0.4** 35.2 � 7.2*** 2.0 � 0.2***

500 mg ⁄ L 24.4 � 1.8*** 1.5 � 0.3*** 18.4 � 2.8*** 1.5 � 0.2***

**, ***Significantly different from control group, P < 0.01, 0.001,
respectively.

Table 4. Upregulated and downregulated genes by apocynin treatment in ventral prostate

ID Reference ID Symbol Description Ratio

Upregulated genes

ENSRNOG00000038093 – LAC2_RAT Ig lambda-2 chain C region 5.62

ENSRNOG00000033745 – Q5FVP9_RAT Cfh protein 3.10

ENSRNOG00000005743 NM_001108582.1 NP_001102052.1 LOC362136 (predicted) (RGD1309610_predicted), mRNA 2.58

ENSRNOG00000033615 – NU3M_RAT NADH-ubiquinone oxidoreductase chain 3 (EC 1.6.5.3) 2.45

ENSRNOG00000015155 NM_001037351.1 Tnnc2 Troponin C2, fast 2.11

ENSRNOG00000008746 NM_001108594.1 NP_001102064.1 Histidyl tRNA synthetase 2 2.07

ENSRNOG00000001333 NM_012826.1 Azgp1 Zinc-alpha-2-glycoprotein precursor 2.06

ENSRNOG00000002871 NM_001108984.1 NP_001102454.1 RNA binding motif protein 25 2.05

ENSRNOG00000023151 NM_203333.2 Scgb2a2 Secretoglobin family 2A member 2 precursor 2.01

Downregulated genes

ENSRNOG00000021604 NM_001008835.1 RT1-CE1 RT1 class I, CE1 0.28

ENSRNOG00000002343 NM_017237.2 Uchl1 Ubiquitin carboxyl-terminal hydrolase isozyme L1 (EC 3.4.19.12) 0.36

ENSRNOG00000038999 NM_001008827.1 RT1-A1 RT1 class Ia, locus A1 0.36

ENSRNOG00000029579 NM_001008840.1 RT1-CE2 RT1 class I, CE2 0.41

ENSRNOG00000030251 – RT1-CE10 RT1 class I, CE10 0.41

ENSRNOG00000032872 – UBIQ_RAT Ubiquitin 0.43

ENSRNOG00000034234 – COX1_RAT Cytochrome c oxidase subunit 1 (EC 1.9.3.1) 0.43

ENSRNOG00000037414 – Q5I1B4_RAT ABP beta (Fragment) 0.44

ENSRNOG00000030371 – COX2_RAT Cytochrome c oxidase subunit 2 0.45

ENSRNOG00000039668 NM_001107100.1 NP_001100570.1 Procollagen, type VIII, alpha 1 0.46

ENSRNOG00000016460 NM_053021.2 Clu Clusterin precursor 0.49

ENSRNOG00000011647 NM_053485.2 S100a6 Protein S100-A6 0.50

ENSRNOG00000007539 NM_138881.1 Best5 Radical S-adenosyl methionine domain-containing protein 2 0.50

ENSRNOG00000002052 NM_022543.2 Ssg1 Coiled-coil domain-containing protein 80 precursor 0.50

1714 doi: 10.1111/cas.12292
© 2013 Japanese Cancer Association



at 100 and 500 mg ⁄L, respectively) documented (Fig. 1e).
Androgen receptors and SV40 T antigen were diffusely
detected immunohistochemically in areas of PIN and adenocar-
cinomas in the ventral and lateral prostate, with no differences
among the groups (data not shown).

Reduction of cell proliferation by apocynin treatment was asso-
ciated with changes in clusterin and the MEK-ERK1 ⁄ 2 path-
way. To elucidate the mechanisms of anti-carcinogenesis of
apocynin, microarray analysis was performed (GEO:
GSE47200). Genes that were upregulated or downregulated by
apocynin are listed in Table 4. After selection, 9 upregulated
and 14 downregulated genes were detected, some related to
oxidative responses (NADH-ubiquinone oxidoreductase chain
3, cytochrome c oxidase subunit 1 and 2) and others immuno-
logical responses (Ig lambda-2 chain C region, Cfh protein,
secretoglobin family 2A member 2 precursor, RT1 class I,
CE1, CE2 and CE10, RT1 class Ia, locus A1). Because apocy-
nin reduced rat prostate carcinogenesis, we focused on the
clusterin precursor belonging to downregulated genes, which is
known to be related to tumorigenesis in many sites. Reduction
of clusterin expression in the ventral prostate of apocynin-trea-
ted rats was confirmed by real-time RT-PCR (Fig. 1f) and also
by western blotting (Fig. 1g). Immunohistochemical analyses
revealed that clusterin expression was observed mainly in the
epithelial membranes of the ventral prostate of TRAP rats, but
no staining was observed in the epithelium of the prostate of
Sprague–Dawley rats (Fig. S1a). Differences in the intensity of
clusterin immunostaining determined by optical density mea-
surement was relatively inconspicuous among LG-PIN,
HG-PIN or adenocarcinoma in the ventral lobes of the control
TRAP rats (Fig. S1b). However, clusterin expression in
HG-PIN of ventral prostate of apocynin-treated TRAP rats was
significantly reduced compared to the control (Fig. S1c; con-
trol, 100 and 500 mg ⁄L apocynin: 50.1 � 5.0, 43.2 � 7.4 and
35.6 � 4.3, respectively). Reduction of phosphorylation in
MEK and p44 ⁄42 MAPK (ERK1 ⁄2), and cyclin D1 were also
detected. Cleaved caspases 3 and 7 were detected in the
ventral prostate of some apocynin-treated rats (Fig. 1h).

Apocynin affected reduction of cell growth via the same path-
ways in a human prostate cancer cell line. In the human prostate
cell line, significant reduction of cell growth and ROS genera-
tion was detected after apocynin treatment at concentrations
higher than 250 lM (Fig. 2a,b). Apocynin-treated cells
appeared to accumulate in G1 phase at 500 lM, compared to
the controls (P < 0.05), with concomitant decrease in the
percentage of cells in the S phase (Fig. 2c). Downregulation of
clusterin around 70 kDa and cyclin D1 expression were
detected by western blotting (Fig. 2d).

Discussion

In the present study, we demonstrated suppressive effects of
apocynin treatment on prostatic carcinogenesis in the TRAP
rat model. Because apocynin is known to be an NADPH oxi-
dase inhibitor, we focused on ROS conditions in prostate tissue
using immunohistochemistry for 8-OHdG and dihydroethidium
staining. Some reports have indicated that antioxidants such as
N-acetylcysteine and vitamin C clearly reduce oxidative stress
in vitro, but exert less effects with oral dosing in vivo.(15,16)

ROS is generally produced from mitochondria, peroxisomes,
cytochrome P450 and NADPH oxidase.(4,6,7) Apocynin only
affects ROS reduction from NADPH oxidase, but it would be
expected to be a good antioxidant in vivo. In addition, we did
not detect any toxic effects of apocynin in this study.
Reactive oxygen species generation is not only considered

associated with tissue injury and ⁄or DNA damage, but also
neoplastic transformation, aberrant growth and ⁄or prolifera-
tion.(4,7) Indeed, ROS may play broad roles in cellular

processes associated with initiation and development of many
cancers, including prostate cancer.(6) In this study, apocynin
reduced the Ki-67 labeling index and cyclin D1 expression,
which indicates that ROS generation is related to cell prolifera-
tion in prostate lobes of TRAP rats. Furthermore, NADPH
oxidase is reported to regulate plasma adiponectin,(17) whose
concentration may be negatively correlated with prostate
cancer progression.(18) Therefore, we investigated adiponectin
concentration in serum, but did not find any differences among
the groups.
In TRAP rats, we previously detected activation of p38

MAPK and ERK1 ⁄2 in prostate tissue, and inactivation by
chemopreventive agents such as angiotensin II receptor blocker
or purple corn color.(14,19) These also reduced cell proliferation
and ⁄ or induced apoptosis in prostate tissue. In this study, we
also detected dephosphorylation of ERK1 ⁄2 in the prostate after
apocynin treatment. To assess the relationship between ROS
generation and phosphorylation of ERK1 ⁄2, microarray analy-
sis was employed. The data obtained for upregulated and down-
regulated genes indicated associations with ROS generation,
immune function and translation by gene ontology.(20) We
focused on clusterin, dysregulated in many types of cancer,
including prostate cancer,(21) with cellular functions such as a
sulfated glycoprotein in regulation of apoptosis, cell cycle con-
trol, DNA repair, cell adhesion and tissue remodeling.(22,23) It
has two isoforms. Secretory clusterin (sCLU) has a chaperone

(a)

(d)

(b)

(c)

Fig. 2. Anti-growth effects of apocynin in LNCaP cells. Cells were
incubated with apocynin for 72 h and then cytotoxicity was assessed
by WST-1 assay (a). Reactive oxygen species production data detected
by DCFH-DA after apocynin treatment for 24 h (b). Cell cycle distribu-
tion of LNCaP cells after treatment with apocynin for 24 h (c). Immu-
noblot analysis of the protein levels of clusterin, cyclin D1 and ß-actin
with apocynin treatment (d). *P < 0.05, **P < 0.01 and ***P < 0.001
compared to controls. O.D, optical density.
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action like that of small heat shock proteins, and is sized around
70–80 kDa. The other clusterin isoform is the nuclear form
(nCLU) of 55 kDa, associated with cell death.(21–23) In this
study, we detected significant reduction of clusterin protein
around 70 kDa. Because sCLU is reported to be downregulated
by p53 in some tumor cells,(22) high expression of clusterin in
the prostate would be expected given dysfunction of p53 under
the influence of SV40 T antigen in TRAP rats.(24)

In human prostate cancer, clusterin expression is initially low
in contrast with the prostate cancer cells resistant to conven-
tional chemotherapy or hormonal therapy which show upregu-
lation.(21,25) Meanwhile, we detected rather high expression of
clusterin in all stages of prostate cancer development in TRAP
rats. In te transgenic adenocarcinoma of mouse prostate
(TRAMP) model, higher expression of clusterin in the prostate
glands was detected compared to that in non-transgenic mice;
however, analyses of overt carcinoma revealed no expres-
sion.(26) These data suggest that SV40 T antigen supports to
induce clusterin expression among the carcinogenic process in
the prostate of both mice and rats. The difference in clusterin
expression in carcinoma may be related to the different histol-
ogy between mice (poorly-differentiated neuroendocrine-like
carcinomas) and rats (moderately differentiated adenocarcino-
mas), because clusterin is mainly stained in the membrane.
Recently, sCLU was reported to induce phosphorylation of

ERK1 ⁄2 in lung adenocarcinoma and pancreatic cancer
cells.(27,28) Therefore, we considered that apocynin reduced
prostate carcinogenesis via clusterin, acting on the ERK1 ⁄ 2
pathway and reducing cell proliferation in TRAP rats. We also
found that apocynin reduced cell growth and ROS generation,
along with expression of clusterin and cyclin D1 in LNCaP
cells (human prostate cell line). Although there is a possibility
that the exact intracellular molecular pathways affected by
apocynin treatment may be different between humans and rats,
we suggest that there may be similar anti-neoplastic effects
caused by apocynin, especially related to clusterin expression,
in rat and human prostate.

Chemoprevention attempts are comprehensive in prostate
cancer, and various agents are reported to prevent, reverse or
delay tumor deveolpment and progression.(29) In this study,
we detected lower incidence of adenocarcinoma in the lateral
lobes of 500 mg ⁄L apocynin-treated rats, and reduction of
cell proliferation was observed in both PIN and adenocarci-
noma. Thus, we consider that apocynin has potential to pre-
vent and delay the carcinogenic process, and is suitable as a
chemopreventive drug. Recently, custirsen (OGX-011), a
clusterin inhibitor, was selected for use as an anti-cancer drug
in a randomized phase II study of patients with metastatic
castration-resistant prostate cancer.(30,31) We earlier reported
that apocynin inhibited growth of androgen-independent pros-
tate cancer with inhibition of phosphorylation of Rac1 and
NF-jB and angiogenesis.(32) Together with the present data,
we confirm that apocynin has the potential to be a candidate
anti-cancer drug for androgen-dependent ⁄ independent prostate
cancer.
In conclusion, apocynin, an NADPH oxidase inhibitor, sup-

pressed prostate carcinogenesis while reducing ROS in the
TRAP rat model. The mechanism of prevention appears to
involve regulation of cell proliferation via clusterin and the
MEK-ERK1 ⁄2 pathway. Apocynin warrants further attention
as a promising chemopreventive drug for prostate cancer.
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Supporting Information

Additional supporting information may be found in the online version of this article:

Fig. S1. Expression of clusterin in ventral lobe of prostate. Pictures of H&E and immunohistochemistry of clusterin in normal epithelium in
Sprague–Dawley rat, LG-PIN, HG-PIN and carcinoma in TRAP rats (a) and expression of clusterin (b). Expression of clusterin in HG-PIN of
ventral lobe of control, 100 and 500 mg ⁄L apocynin treated rats (c). Carcinoma; Adenocarcinoma. *,***P < 0.05 and 0.001 compared to Normal
epithelium or control, respectively.

Table S1. Labeling indices of Ki67 and 8-OHdG in adenocarcinoma of ventral and lateral prostate.
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