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1 | INTRODUCTION

Intratumoral androgen biosynthesis has been recognized as an essential factor of
castration-resistant prostate cancer. The present study investigated the effects of
curcumin on the inhibition of intracrine androgen synthesis in prostate cancer.
Human prostate cancer cell lines, LNCaP and 22Rv1 cells were incubated with or
without curcumin after which cell proliferation was measured at 0, 24, 48 and
72 hours, respectively. Prostate tissues from the transgenic adenocarcinoma of the
mouse prostate (TRAMP) model were obtained after 1-month oral administration of
200 mg/kg/d curcumin. Testosterone and dihydrotestosterone concentrations in
LNCaP prostate cancer cells were determined through LC-MS/MS assay. Curcumin
inhibited cell proliferation and induced apoptosis of prostate cancer cells in a dose-
dependent manner. Curcumin decreased the expression of steroidogenic acute regu-
latory proteins, CYP11A1 and HSD3B2 in prostate cancer cell lines, supporting the
decrease of testosterone production. After 1-month oral administration of curcumin,
Aldo-Keto reductase 1C2 (AKR1C2) expression was elevated. Simultaneously,
decreased testosterone levels in the prostate tissues were observed in the TRAMP
mice. Meanwhile, curcumin treatments considerably increased the expression of
AKR1C2 in prostate cancer cell lines, supporting the decrease of dihydrotestos-
terone. Taken together, these results suggest that curcumin’s natural bioactive com-
pounds could have potent anticancer properties due to suppression of androgen

production, and this could have therapeutic effects on prostate cancer.
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addition, the Western diet does not include certain substances pre-
sent in the Asian diet, such as plant-derived antioxidants, isoflavone-

Prostate cancer is currently the second leading cause of cancer
death among males. In Japan, both morbidity and mortality associ-
ated with prostate cancer are rapidly increasing. Studies have shown
an increase in prostate cancer incidence in Asian men after emigra-
tion to the USA.Y These results suggest the possible role of a Wes-

tern high-fat and low-fiber diet in prostate carcinogenesis. In

containing soy and tea polyphenols, which may protect against can-
cer.? Therefore, it is hypothesized that dietary changes and pharma-
cologic intervention may impact prostate cancer development and
progression. Indeed, increased research on functional food factors
and nutrients involved in prostate cancer prevention will yield a

plausible approach to measuring chemopreventive effects.
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Curcumin, which is extensively used as a source of spice or pigment
in curry and other foods in the Asian diet, is under clinical trial for various
cancers and related diseases.® In cultured cell analyses, curcumin has
been shown to cause apoptosis and cell cycle arrest with inhibited cell
growth in prostate cancer cells.*® Previously, we conducted a double-
blind placebo-controlled clinical trial to evaluate the effects of soy isofla-
vone and curcumin on serum prostate specific antigen (PSA) levels in
male patients with negative prostate cancer biopsies.” In that clinical
trial, PSA levels decreased in the patients among the group which
PSA > 10 and treated with supplement containing isoflavones and cur-
cumin (P =.01). Furthermore, curcumin treatment strongly inhibited
PSA production and suppressed expression of the androgen receptor in
cultured LNCaP prostate cancer cells.” These results were used to evalu-
ate the potential efficacy of curcumin as a prostate cancer preventive
and therapeutic agent because prostate cancer has a strong association
with androgens. In addition, many of curcumin’s biological effects involve
key components of signal transduction pathways within cancer cells,
including prostate cancer cells. We previously reported that curcumin
induces apoptosis through DNA damage response, which obstructs pro-
gression of various cancers.® We performed preliminary microarray anal-
yses to examine changes in gene expression between curcumin-treated
and curcumin-untreated LNCaP cells. Notably, we identified an mRNA
of Aldo-Keto reductase 1C2 (AKR1C2) as being strongly induced by cur-
cumin® These human aldo-keto reductases (AKR) can convert potent
sex hormones into their cognate inactive metabolites or vice versa.
AKR1C2 is 1 of 4 AKR1C subfamily members that has unique substrate
specificity and tissue distribution, despite sharing >84% sequence iden-
tity.” Selective reduction occurred for the gene expression of AKR1C2
and AKR1C1, but not AKR1C3, in prostate tumor samples compared
with that of their paired benign tissue.’® In prostate cells, AKR1C2 acts
as a 3-ketosteroid reductase to decrease the dihydrotestosterone (DHT)
level and prevents activation of the androgen receptor. Ji et al*! suggest
that selective loss of AKR1C2 in prostate cancer may promote clonal
expansion of tumor cells by the enhancement of androgen-dependent
cellular proliferation through reduced DHT metabolism.

In the present study, we investigated the effect of curcumin on
steroidogenesis in prostate cancer. We observed that curcumin sig-
nificantly decreased testosterone and DHT levels, thereby suppress-
ing the proliferation of LNCaP and 22Rv1 prostate cancer cells. In
prostate tissues, curcumin decreased the testosterone level, which
may be important for the suppression of prostate cancer tissues
in vivo. Curcumin was involved in the regulation of steroidogenic
enzyme expression, including AKR1C2, and suppresses prostate can-
cer cell growth by decreasing testosterone production, possibly by

interfering with the androgen signaling pathway.

2 | MATERIALS AND METHODS

2.1 |
culture

Human prostate cancer cell lines and cell

Human prostate cancer cell lines LNCaP and 22Rv1 were obtained

from the American Type Culture Collection (ATCC, Manassas, VA,
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USA), cultured in 10-cm diameter dishes with RPMI 1640 Medium
(Gibco, Gran Island, NY, USA) containing 10% (v/v) FBS (Gibco, Gran
Island, NY, USA) and 1% penicillin-streptomycin (Gibco, Gran lIsland,
NY, USA) at 37°C under 5% CO,, and passaged with TrypLE Select
(Gibco, Gran Island, NY, USA) every 3 days to maintain the cell
monolayer. For investigation of testosterone and DHT levels in
LNCaP cells, charcoal stripped FBS (Gibco, Gran Island, NY, USA)
was used in the medium instead of FBS for 24 hours culture before
curcumin treatment. LNCaP and 22Rv1 cells were characterized for
androgen receptor expression. We obtained an effective preparation
of curcumin (THERACURMIN),*? a nano-particle colloidal dispersion
with improved oral bioavailability (THERACURMIN, Theravalues,
Tokyo, Japan). Curcumin was dissolved in ethanol at a concentration

of 10 mmol/L, and was stored at —20°C until use.

2.2 | Cell proliferation assay

LNCaP and 22Rv1 cells were incubated with or without curcumin,
after which cell proliferation was measured by MTS assay (Promega,
Madison, WI, USA). The cell proliferation of LNCaP and 22Rv1 cells
were measured at the time points of 0, 24, 48 and 72 hours, respec-
tively; responses to all treatments were assayed in quintuplicate, and
results were expressed as the means of 3 separate experiments.

2.3 | JC-1 Dye to detect apoptosis

To verify the mechanism by which curcumin can induce apoptosis, we mea-
sured mitochondrial membrane potential changes in LNCaP cells. Cells
were plated in 12-well plates at a density of 1 x 10° cells/well and incu-
bated at 37°C overnight. Cells were treated with curcumin and incubated
for 6 hours. Subsequently, cells were washed with PBS 3 times and
100 pL of the JC-1 (5,5,6,6'-tetrachloro-1,1',3,3' tetraethylbenzimidazolyl-
carbocyanine iodide; Cayman Chemical, Michigan, USA). staining solution
was added to each well. The cells were then incubated for 20 min in a 5%
CO, incubator at 37°C. Apoptotic cells were directly visualized with
inverted fluorescence microscopy (Olympus DP72, Tokyo, Japan). In
healthy cells, the dye stains the mitochondria bright red. The negative
charge established by the intact mitochondrial membrane potential allows
the lipophilic dye, bearing a delocalized positive charge, to enter the mito-
chondrial matrix and accumulate. When the critical concentration is
exceeded, J-aggregates form and become fluorescent red. In apoptotic
cells, JC-1 remains in the cytoplasm in a green fluorescent monomeric form
reflecting a collapse of the mitochondrial membrane potential and an inabil-
ity of JC-1 to accumulate within the mitochondria. A viability reagent was
added to wells and viability was measured after incubation for 30 minutes
at 37°C. Then Caspase-GloR 3/7 Reagent was added and luminescence

was measured after 30 minutes incubation at room temperature.

2.4 | Apoptosis assay for viability and caspase
activation

To quantify the apoptosis induced by curcumin, we measured cas-
pase-3/7 activity consistent with apoptosis by ApoLive-Glo Multiplex
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assay (Promega). LNCaP cells in a 96-well plate at a density of
1 x 10° cells/mL were incubated at 37°C overnight. Cells were then
incubated with curcumin at a final concentration of 0, 10, 25 and
50 umol/L for 6 hours. As per manufacturer protocol, following incu-
bation, 20 pL of viability reagent was added to each well and the
cells were incubated for 30 m at 37°C. We measured fluorescence
(relative fluorescence units [RFU]) at the wavelength of 400gy/
505gp for viability using a fluorescence spectrophotometer F-7000
(Hitachi, Tokyo, Japan). We then added 100 pL of Caspase-Glo 3/7
Reagent to each well and incubated for 1 h at room temperature.
We measured luminescence (relative luminescence units [RLU]) for

apoptosis using Luminometer AB-2350 (Atto, Tokyo, Japan).

2.5 | Relative quantitation of AKR1C2 mRNA
expression by RT-PCR

Total RNA of cells were extracted with RNA-Bee isolation reagent
(Tel-Test, Oxfordshire) according to the manufacturer’s instructions.
First-strand cDNA was synthesized from total RNA with Oligo(dt),q
by SuperScript Ill First-Strand Synthesis System (Gibco, Gran Island,
NY, USA). RT-PCR was carried out in a 20-uL reaction mixture at
65°C for 5 minutes, and at 50°C for 50 minutes, using 1 pg of total
RNA; 1 uL of synthesized cDNA was used for real-time PCR using
the LightCycler 480 System (Roche Molecular Systems, Mannheim,
Germany). The sequences of primers for human AKR1C2 were as
follows: forward 5 GTGTGAAGCTGAATGATGGTCA 3’ and reverse
5 TCTGATGCGCTGCTCATTGTAGCTC 3/, B-actin: forward 5 GAC-
TACCTCATGAAGATCCT-3' and reverse 5 GCGGATGTCCACGTCA-
CACT 3/, respectively. Real-time PCR was carried out in a 20-uL
reaction mixture (SYBR Green Realtime PCR Master Mix; Toyobo,
Tokyo, Japan) at 95°C for 30 seconds, after which amplification was
performed for 40 cycles by denaturing at 95°C for 5 seconds,
annealing at 58°C for 10 seconds, and extending at 72°C for 15 sec-
onds before continuing with melting curve analysis. All quantitative

analyses were normalized to f-actin.

2.6 | Immunoblotting analysis

Subconfluent LNCaP and 22Rv1 cells were treated with curcumin
for 24 h. Cells were washed twice with cold PBS and then lysed in
RIPA buffer on ice for 10 min. The cell lysates were centrifuged at
10 000 g for 10 minutes at 4°C, and the supernatants were col-
lected. Protein concentrations were measured by a Pierce BCA Pro-
tein Assay Kit (Thermo Fisher Scientific, Rockford IL, USA). Proteins
were separated by SDS-PAGE (5-20%, SuperSep Ace, Wako, Tokyo,
Japan) and transferred to a PVDF membrane (Millipore). The mem-
brane was blocked in Blocker (Thermo Fisher Scientific, Rockford IL
USA), 1% BSA in TBS (Tris-buffered saline) for 1 hour at room tem-
perature and then blotted with AKR1C2 (ABGENT, WuXi, China;
1:1000 dilution) rabbit polyclonal antibody, type 2 3B-hydroxysteroid
dehydrogenase  (HSD3B2) (Abcam, Cambridge, UK, clo-
ne#373CT9.1.3; 1:1,000 dilution) mouse monoclonal antibody, Cyto-

chrome P450scc (CYP11A1) (Abcam, Cambridge, UK,

clone#EPR6293; 1:400 dilution) rabbit polyclonal antibody, Cyto-
chrome P450 (17a) (CYP17A1) (Santa Cruz, Dallas, TX, USA,
clone#D-12; 1:1,000 dilution) rabbit monoclonal antibody, steroid
S5a-reductase type 1 (SRD5A1) (Proteintec, WuHan, China; 1:1,000
dilution), steroid 5a-reductase type 2 (SRD5A2) (Abcam, Cambridge,
UK, clone#EPR6181(B); 1:1000 dilution) rabbit monoclonal antibody
and steroidogenic acute regulatory protein (StAR) (Abcam, Cam-
bridge, UK, clone#EP7639; 1:3,000 dilution) rabbit monoclonal anti-
body, and were incubated overnight at 4°C. B-actin antibody (Sigma-
Andrich, St. Louis, MO, USA, Clone#AC-15; 1:10,000 dilution) was
used as an internal loading control. Blots were washed 3 times
(15 minutes each) with TBST (Tris-buffered saline containing 0.1%
Tween-20). The blots were then incubated with HRP-conjugated
secondary antibody (Bio-Rad Laboratories, Hercules, CA, USA) at a
dilution of 1 in 3000 for 1 hour at room temperature and washed 3
times (15 minutes each) with TBST. Proteins were visualized with
ECL Western Blotting Detection Reagents (GE Healthcare, Little
Chalfont Buckinghamshire, UK) and the LAS-3000 mini detection
system (Fujifilm Medical Systems, Tokyo, Japan). An image process-
ing program (ImagelJ, NIH) was used to quantify the band density.

2.7 | Immunohistochemistry

Prostate tissues excised from control and the TRAMP mice were
fixed in buffered formalin and embedded in paraffin. Immunostain-
ing was done according to standard procedures. Briefly, 4-um
paraffin sections were deparaffinized and hydrated, and endoge-
nous peroxidase was blocked with 3% H,O,. Antigen retrieval was
done by boiling in 0.01 M citrated buffer and blocking with normal
serum. Sections were incubated with primary antibody of rabbit
anti-human AKR1C2 (ABGENT, WuXi, China; 1:200 dilution) over-
night at 4°C, then incubated with a second antibody (EnVision+
System Labelled Polymer-HRP, Dako North America, CA, USA) for
30 min at room temperature. The enzyme reaction was developed
with liquid chromogen-DAB (EnVision+ Kit/HRP, Dako North Amer-
ica, CA, USA). Mayer's hematoxylin (MUTO PURE CHEMICALS,
Tokyo, Japan) was used for nuclear counterstain according to stan-

dard protocol.

2.8 | Animals

All experiments were conducted in accordance with institutional
guidelines and approved by the Animal Ethics Committee (Approval
No. 11-013). All manipulations of mice were performed in accor-
dance with the Guidelines for Proper Conduct of Animal Experi-
ments (Science Council of Japan, 1 June 2006). C57BL/6 mice and
heterozygous female TRAMP mice were purchased from The Jack-
son Laboratory. Briefly, the TRAMP model is a transgenic line of
C57BL/6 mice that develop histologic prostatic intraepithelial neo-
plasia by 8 to 12 weeks of age, which progresses to adenocarcinoma
with metastasis by 24 to 30 weeks of age. The TRAMP was estab-
lished using simian virus 40 (SV40) early genes (large and small T
tumor antigens) under the control of the rat probasin promoter.*®
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Male TRAMP mice (8 to 12 weeks old) were generated by mat-
ing TRAMP+/— females (C57BL/6 background) with non-transgenic
C57BL/6 males. The PB-SV40 T transgene was identified using DNA
extracted from tail samples and PCR primers directed at the PB-
SV40 T antigen sequence. Prostate tissues from C57BL/6 mice and
TRAMP mice were obtained after 1-month oral administration of
200 mg/kg curcumin. The prostate tissues were collected under

stereoscopic microscope and stored at —80°C until analysis.

2.9 | Mass-spectrometric assay of testosterone and
dihydrotestosterone

1415 and we here

Detailed procedures are described elsewhere,
briefly describe the procedures with some modifications. For extrac-
tion of steroids, cultured LNCaP cells and prostate tissues were sus-
pended in 1 mL of distilled water and homogenized by Ultra-Turrax
homogenizer. For determination of the concentration of testosterone
and DHT, the LC-MS/MS system, which consists of an Agilent 1290
Infinity LC System (Agilent technologies, Santa Clara, CA, USA) and
an API-5000 triple stage quadrupole mass spectrometer (Applied

Biosystems, USA), were employed. MS analysis was operated with
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electro spray ionization (ESI) in the positive-ion mode. In the multiple
reaction monitoring mode, the instrument monitored the m/z transi-
tion, from 394 to 253 for T-picolinoyl anf from 396 to 203 for
DHT-picolinoyl.*#

terone and DHT.

The limits of quantification were 1 pg for testos-

2.10 | Statistical analysis

Data are expressed as mean & SEM. For statistical analysis, we used
1-way ANOVA tests (SPSS). **P < .01 was considered significant.

3 | RESULTS
3.1 | Growth inhibition in prostate cancer cell lines
by curcumin

We examined the effects of curcumin on the proliferation of both
LNCaP and 22Rv1 cells that express androgen receptors. Curcumin
inhibited the growth of these cells in a dose-dependent manner.
Figure 1A shows that cell viability of LNCaP decreased by 50%

when 5 umol/L of curcumin was added to the culture medium.
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FIGURE 1 Effects of curcumin on the growth of prostate cancer cell lines. Cells were treated with different concentrations of curcumin
(0 pmol/L [@], 5 umol/L [M], 25 pmol/L [A] and 50 pmol/L [X]) and 3 days of MTS proliferation assays were performed. Each point
represents mean £ SEM for 6 wells. Curcumin has an inhibitory effect on cell viability of both LNCaP (A) and 22Rv1 (B) cells. Statistical

significance (**P < .01) was obtained for all cases of curcumin treatments (5, 25 and 50 pumol/L) compared with the control (O pmol/L) at the
time points of 24, 48 and 72 h, except for 22Rv1 with 5 umol/L curcumin at the 72-h time point. Induction and quantification of apoptosis
after treatment of curcumin were examined. LNCaP cells were incubated with 25 pmol/L of curcumin for 6 h. Red fluorescence shows intact
mitochondria in healthy cells. Green fluorescence shows that cells underwent apoptosis. JC-1 was stained with fluorescent dye JC-1 (C).
Quantification of apoptotic cells after 6-h treatment with curcumin (D). Error bar represents mean + SEM from 6 wells. Vertical axis shows
the ratio of caspase-3/7 activity (relative luminescence units [RLU]) to viable cells (relative fluorescence units [RFU]). Statistical significance
(**P < .01) was obtained for all cases of curcumin treatments (10, 25 and 50 umol/L) compared with the control (O umol/L)
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FIGURE 2 (A) Testosterone and (B) dihydrotestosterone levels in

3.3 | Testosterone and dihydrotestosterone levels
decreased in LNCaP cells after treatment with
curcumin

The levels of androgens in LNCaP decreased with 24 hours curcumin

treatments in a dose-dependent manner. Testosterone level
decreased from 1.19 ng/g (control without curcumin) to 0.76 ng/g
(10 umol/L curcumin), 0.63 ng/g (25 pmol/L curcumin) and 0.33 ng/
g (50 umol/L curcumin; Figure 2A). DHT level also considerably
decreased from 0.34 ng/g (control without curcumin) to 0.12 ng/g
(10 pmol/L curcumin), 0.04 ng/g (25 pmol/L curcumin), and to an

undetectable level (<0.03 ng/g) (50 pumol/L curcumin; Figure 2B).

3.4 | Curcumin upregulated AKR1C2 expression in
LNCaP

AKR1C2 proteins were detected in LNCaP, 22Rv1 and DU145 cells,
but not in PC3 cells (Figure 3A). AKR1C2 mRNA expression was
considerably elevated, by approximately 170-fold at 50 pmol/L cur-
cumin, compared with control, suggesting the increase of DHT

reduction (Figure 3B).

3.5 | Alteration of testosterone metabolism in
prostate cancer cell lines treated with curcumin

To evaluate the effect of curcumin on the proteins involved in
steroidogenesis in LNCaP prostate cancer cells (Figure 3C), we
examined these proteins expression using western immunoblotting
after treatment with various concentrations of curcumin. StAR trans-
ports cholesterol into the mitochondria for downstream conversion

LNCaP cells after curcumin treatment at various concentrations.
Statistical significance (**P < .01) was obtained for all cases of
curcumin treatments (10, 25 and 50 umol/L) compared with the
control (O umol/L)

into androgens.!” This is the first reaction in the process of steroido-
genesis. The expression of StAR was decreased by curcumin in a
dose-dependent manner in LNCaP cells (Figure 4A). Low level
expression of CYP11A1 (P450scc) was decreased after treatment of
curcumin. CYP11A1 catalyzes conversion of cholesterol to preg-
nenolone.*® The HSD3B2 expression was decreased. CYP17A1 was
expressed at a very low level but increased after treatment with cur-
cumin. We examined the protein expression of SRD5A1 and
SRD5A2, which convert testosterone to DHT. The expression of
SRD5A2 was unaffected by the treatment of curcumin. The result
showed that SRD5A1 expression in LNCaP cells was dose-depen-
dently increased with curcumin (10 to 50 pmol/L) compared with
control (Figure 4A). We also performed these analyses in another
androgen receptor-positive prostate cancer cell line, 22Rv1, and sim-
ilar results were obtained (Figure 4B).

3.6 | Testosterone and dihydrotestosterone levels
in mouse prostate tissues after curcumin treatment

Figure 5A shows the androgen concentrations of prostate tissue of
TRAMP mice, a well-established prostate cancer model,*® after 1-
month oral administration of 200 mg/kg/d of curcumin. Curcumin
reduced the testosterone level in mouse prostate tissues of TRAMP
mice compared with untreated mice (P < .01) (Figure 5A). Neverthe-

less, the DHT concentration was not decreased (Figure 5B).
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FIGURE 3 Aldo-Keto reductase 1C2 (AKR1C2) expression in prostate cancer cell lines. (A) Expression of AKR1C2 protein shows a 37-KDa
band (arrow) in LNCaP, 22Rv1 and DU145 but not in PC-3 cells. (B) After treatment with curcumin in LNCaP for 6 h, expression of AKR1C2
mMRNA was dose-dependently increased, approximately 170-fold at 50 pumol/L compared with untreated cells. Values represents mean + SEM
(n = 5). All quantitation was undertaken after normalization to B-actin. Statistical significance (**P < .01) was obtained for all cases of curcumin
treatments (10 and 50 umol/L) compared with the control (O umol/L). (C) Pathway of steroid metabolism in cells. Enzyme and genetic names
are indicated. Steroid metabolism in the prostate tissue of transgenic adenocarcinoma of the mouse prostate (TRAMP) mouse may be very

similar to the pathway of steroid metabolism in cells
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As shown in Figure 5c, AKR1C2 was expressed in prostate
epithelial cells although the staining pattern was heterogeneous. The
expressed protein was localized in nucleus and also weakly detected
in cytoplasm of prostate epithelial cells. AKR1C2 expression was
upregulated in the prostate cancer tissues of TRAMP mice after cur-
cumin treatment for 1 month (Figure 5D). After 1-month consump-

tion of curcumin diets, no significant changes in body weight and

10 25 50

- e e=

FIGURE 4 Curcumin alters the
expression of enzymes involved in
testosterone metabolism. Protein
expression in LNCaP (A) and 22Rv1 (B)
were measured by western blot after 24-h
treatment with curcumin. The protein
bands from top to bottom were Aldo-Keto
reductase 1C2 (AKR1C2), steroidogenic
acute regulatory protein (StAR),
Cytochrome P450scc (CYP11A1), type 2
3p-hydroxysteroid dehydrogenase
(HSD3B2), Cytochrome P450(17a)
(CYP17A1), steroid 5a-reductase type 1
(SRD5A1), steroid 5a-reductase type 2
(SRD5A2) and B-actin. Molecular weight is
37, 30, 60, 42, 55, 28, 29 and 42 KDa,
respectively. Mouse anti-human B-actin
antibody was used as an internal control

prostate volume were observed between the treatment and control
groups. Administration of curcumin in these mice showed no influ-
ence on the serum testosterone level (data not shown). According to
recent research,’® 1000 mg/d curcumin was used in clinical trials. In
our study, we estimated that approximately 10 times the circulating
concentration of curcumin was used in in vitro (50 pmol/L) and

in vivo (200 mg/kg/d) experiments compared with this clinical trial.
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(B) £ 3 P mice, respectively. Statistical significance
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% 10 - . treatment compared with the control. (C)
5 81 . Immunohistochemistry showing Aldo-Keto
% 6 reductase 1C2 (AKR1C2) proteins were
2 4 (D) expressed in prostate epithelial cells of
é 2 Control Curcumin TRAMP mice. (D) Expression of AKR1C2 in
5 o individual prostate tissue of curcumin-
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4 | DISCUSSION reduced metabolism of DHT, which corresponded with a loss of

Many prostate cancer cells undergo androgen-dependent prolifera-
tion. Signal transduction aiding androgen and androgen receptors
plays an important role, by governing propagation and differentiation
of prostate cancer cells. However, there is no clear data indicating
any correlation between serum testosterone levels and prostate can-

20 Multiple studies have shown that intratumoral

cer in humans.
steroidogenesis of testosterone in prostate cancer cells is active,
including the case of castration-resistant prostate cancer (CRPC).2°
To date, a series of steroidogenic enzymes necessary for androgen
biosynthesis from cholesterol were observed in prostate cancer (Fig-
ure 3C).2%2% Moreover, circulating cholesterol levels were directly
correlated with tumor expression of CYP17A1.24 CYP17A1 is the
critical enzyme required for de novo synthesis of androgens, because
CYP17A1 (DHEA). These

results are consistent with the hypothesis that intratumoral androgen

synthesizes dehydroepiandrosterone
synthesis may accelerate the growth of prostate tumors. Currently,
abiraterone, an inhibitor of cytochrome CYP17A1, has yielded high
durable responses in CRPC patients, by reducing testosterone
levels.?> We studied the effect of curcumin on the proliferation of
other cancer cell lines, such as T24 and RT4 bladder cancer cells, by
MTS assay. Although at the concentration of 50 pmol/L curcumin
demonstrated suppression of cell proliferation, the degree of growth
suppression in bladder cancer cells was lower compared with pros-
tate cancer cells. As we previously, reported curcumin also induces
DNA damage response to suppress the cell growth, and we suppose
that this signaling pathway may be involved in bladder cancer cells.®

In LNCaP, cDNA microarray analysis identified AKR1C2 as a fac-
tor in androgen metabolism and verified that curcumin increases its
expression. In the prostate, DHT is predominantly metabolized by
AKR1C2.710 AKR1C2 is highly expressed in human prostate.?® Com-

pared to the paired benign tissues, prostate cancer tissues showed

AKR1C2 expression.’® Transient expression of AKR1C2 reduced
DHT-stimulated proliferation of LAPC-4 prostate cancer cells. Cellu-
lar proliferation experiments showed that increased AKR1C2 expres-
sion reduced DHT-stimulated cell growth, and the decrease of DHT
blocked the activation of AR.** Therefore, the induction of AKR1C2
by curcumin may reduce androgenic activities in prostate cancer
cells. We observed a decrease of concentration in testosterone and
DHT when AKR1C2 expression was increased by curcumin adminis-
tration in LNCaP cells. We also examined the testosterone and DHT
levels in LNCaP cells treated with siRNA of AKR1C2. The testos-
terone and DHT levels were increased from 0.51 to 1.09 pg per
assay and 0.95 to 1.17 pg per assay, respectively (data not shown).
Intraprostatic androgen levels in castrated male patients with
locally recurrent CRPC are further elevated relative to serum levels,
while testosterone levels in tissues in metastatic CRPC may actually
be higher than in the prostate prior to castration.?>2”-2° Moreover,
the recent study showed that the high testosterone levels in pros-
tate tissue had a good correlation with high Gleason scores and
advanced clinical stages.®® The presence of significant amounts of
testosterone in the tissues of recurrent prostate cancers may be due
to endogenous synthesis of androgens from adrenal steroid precur-
sors or cholesterol.?’ It could be deduced from the current study
that curcumin may reduce testosterone in these prostate cancer cells
through the reduction of expressions of testosterone synthesizing
proteins, because in LNCaP, the expression of StAR, CYP11A1 and
HSD3B2 were significantly decreased. A decrease in testosterone
concentration in the prostate was observed in both in vitro and
in vivo analysis when AKR1C2 expression was increased by cur-
cumin administration. However, the concentration of DHT, which
has higher androgen activity than testosterone, remained unchanged
in an in vivo model. One possible reason is that DHT synthesis
through HSD17B10 may be able to convert 5a-androstanediol into
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DHT in vivo.3* Further studies should be conducted in different
prostate cancer mouse models.

The current study is the first report of a curcumin-facilitated
reduction in intracellular prostate testosterone. As curcumin reduces
testosterone activity in LNCaP and prostate cancer model TRAMP, it
may have a role in inhibiting cancer onset and growth. Collectively,
our studies suggest that curcumin can directly and indirectly regulate
the intracellular activity of androgen signaling, thereby providing
new therapeutic targets for prostate cancer. The combination of
docetaxel and curcumin in patients with CRPC was well tolerated in
a phase Il study; and a randomized trial is pending.®? As a new
molecular targeted therapy, combination therapy of curcumin with
some of the enzyme inhibitors of testosterone metabolism may allow
lower doses of these inhibitors for improved efficacy and decreased

side effects.
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