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Pa thw a ys  of  t e s tos t e rone  m e t a b o l i s m  in t issue slices and  cell suspensions of  h u m a n  benign 
hype rp la s t i c  p ros t a t e  (BPH)  t issue and  h u m a n  p ros t a t e  cance r  cell lines (DU145, HPC-36M,  
PC-3/MA2 and  LNCaP)  were  invest igated.  Th in  layer  c h r o m a t o g r a p h y  analysis  was used to iden t i fy  
the fol lowing t r i t i a t ed  metabol i t es :  t es tos te rone ,  5~ -d ihydro t e s to s t e rone  (DHT),  5~-andros tane -  
3~/3fl-17fl-diol (andros taned io l s ) ,  4 -andros tene-3 ,17-d ione  (andros tened ione)  and 5~-andros tane -  
dione. The p r e d o m i n a n t  pa t hway  for  t e s tos t e rone  m e t a b o l i s m  in B P H  was via 5~- reduc tase  
p r o d u c i n g  5~ -d ihyd ro t e s to s t e rone  (71% and  75% total  me tabo l i t e s  in slices and suspensions incu-  
ba t ed  for  24h,  respect ive ly) .  The  cance r  cell lines DU145 and  HPC-36M r e s e m b l e d  B P H  by 
me tabo l i z ing  t e s tos t e rone  p r e d o m i n a n t l y  to D H T  (68% and  82% total  metabo l i t es ,  respect ively) ,  
a l though  the r a t e  of  m e t a b o l i s m  was m u c h  lower in the cell lines (0.099 and 0.05 pmo l  t e s tos te r -  
o n e / m g  p r o t e i n / h  in DU145 and  HPC-36M) c o m p a r e d  to the B P H  cell suspensions (6 .4pmol  
t e s to s t e rone / r ag  p ro te in /h ) .  In con t ras t ,  PC-3/MA2 con ta ined  high 17fl-HSD act iv i ty  f o r m i n g  large 
a m o u n t s  of  4 -andros tene-3 ,17-d ione  (84% tota l  metabol i t es ) ,  conver t ing  t e s tos t e rone  at a ra te  fas te r  
(12.8 p m o l  t e s to s t e rone / r ag  p ro t e in /h )  t han  the B P H  cell suspensions.  LNCaP  rap id ly  conve r t ed  
t e s tos t e rone  exclusively to a g lucuron ide  conjugate  (7.4 pmo l  t e s t o s t e r o n e / m g  pro te in /h ) ,  a l though  
a f t e r  i ncuba t ion  with [3H]-4-androstene-3,17-dione,  5~- reduc tase  ac t iv i ty  was d e m o n s t r a t e d .  LNCaP  
was the only cell line whose g rowth  and  c o l o n y - f o r m i n g  abi l i ty  was s t imu la t ed  by t e s tos t e rone  and 
DHT.  B P H  and  all the cell lines tes ted  had  5~- reduc tase  act ivi ty,  bu t  only the p ros t a t e  t issue and 
the cell lines DU145 and HPC-36M conve r t ed  t e s tos te rone  p r e d o m i n a n t l y  to DHT.  
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INTRODUCTION 

Human prostate cells depend on androgens for growth 
and maintenance of normal function [ 1 ]. Androgens are 
also implicated in the aetiology of the two most com- 
mon disorders of the prostate; namely, benign prostatic 
hyperplasia (BPH) and prostate cancer [2, 3]. Testos- 
terone is the major circulating androgen in man, but in 
the prostate it is converted to 5c¢-dihydrotestosterone 
(DHT) by the enzyme 5~-reductase. The observation 
that 5ct-reductase deficient males (pseudo-herm- 
aphrodites) have small atrophic prostates and do not 
develop BPH or prostate cancer provides evidence that 
D H T  is the active androgen modulating prostate 
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growth in man [4]. Inhibition of 5a-reductase in adult 
males might mimic the effects of 5a-reductase defi- 
ciency and thereby provide treatment for androgen-de- 
pendent disorders of the prostate [5]. Finasteride, the 
first 5~-reductase inhibitor to be tested in man, has 
been shown to cause a substantial reduction in plasma 
and prostatic D H T  levels, a reduction in prostate 
volume and a small improvement in urinary flow [6]. 

Prostate cancer relapses following anti-androgenic 
therapy because there is usually a progression from 
androgen-dependent to androgen-independent growth. 
However, the observation that prostate cancer does not 
develop in men castrated prior to puberty [3] and is not 
reported in 5ct-reductase deficient males [7] suggests 
that suppression of D H T  levels with 5ct-reductase 
inhibitors might be useful in preventing the develop- 
ment of prostate cancer in high risk groups [8] and in 
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the treatment of  prostate cancer which remains andro- 
gen-dependent  [9-11]. Growth  of human prostate tu- 
mours  implanted into rats is inhibited when the major 
source of androgen is removed by castration. These 
tumours  also show decreased growth when the animals 
are treated with 5~-reductase inhibitors [12-14], indi- 
cating that prostate cancer probably depends on D H T  
and not testosterone for its hormonal  support.  

We have compared testosterone metabolism in BPH 
tissue slices and cell suspensions with that in the human 
prostate cancer cell lines DU145,  HP C -36M,  PC-  
3/MA2 and LNCaP .  The  aim of this work was to 
establish whether  these cell lines possess 5~-reductase 
activity and to determine if testosterone was metab-  
olized differently in hormone-sensit ive cells (LNCaP)  
compared to hormone-insensit ive prostate cancer cells 
(DU145, H P C - 3 6 M  and PC-3/MA2).  The  effects of  
testosterone and D H T  on the growth of the cell lines 
was also investigated using colony-forming assays and 
M T T  assays to determine if the effects on growth were 
related to the pattern of  testosterone metabolism. 

M A T E R I A L S  A N D  METHODS 

Chemicals 

Radioactive steroids [ 1 ~,2~-3H]testosterone 
(51 Ci/mmol)  and [ 1/~,2/3-3H]androst-4-ene-3,17-dione 
(48.1 Ci/mmol)  were obtained from Du Pont, U.K.  
Testosterone,  5~-dihydrotestosterone (DHT) ,  5~- 
androstane-3~- 17/~-diol, 5~-androstane-3/~- 17/~-diol 
(androstanediols), 4-androstene-3,17-dione (andro- 
stenedione), 5~-androstanedione, 5~-androstan-3~-ol-  
17-one (androsterone), 5~-androstan-3/~-ol-17-one 
(isoandrosterone), collagenase type 1A, hyaluronidase, 
/~-glucuronidase (type B10) and the tetrazolium salt 
M T T  [3,-(4,5-dimethylthiazol-2-yl)2,5-diphenyltetra- 
zol iumbromide) were purchased from Sigma, Poole, 
U.K.  Stock solutions of  2 × 10 -2M testosterone and 
D H T  dissolved in absolute ethanol were stored at 
- 20°C, and diluted in R P M I  1640 before each exper- 
iment to produce a final concentration of ethanol of 
0.5% or less. 

Cells and cell culture 

DU145 [15], L N C a P  [16] and PC-3 /MA2 [17] were 
given to us by Dr  J. Fogh, Dr  S. Horoszewicz and Dr  
M. E. Kaighn, respectively. H P C - 3 6 M  is a subline of  
the H P C  line [18] (a gift f rom Dr  D. M. Lubaroff)  
re-established in culture following passage through 
nude mice [19]. All cell lines were routinely maintained 
in R P M I  1640 supplemented with 5 % foetal calf serum 
(FCS) and 2 m M  L-glutamine under  standard tissue 
culture conditions. Steroid-depleted FCS ( D C C - F C S )  
was prepared by treating the same batch of serum with 
dextran-coated charcoal [20] and cell lines were pas- 
saged 3-4 times in 5% D C C - F C S  supplemented 
R P M I  1640 prior to use in growth assays. Levels of 
testosterone and D H T  in FCS were determined by 

radioimmunoassay (Amersham RIA Kit) and the 
efficiency of steroid stripping was evaluated by follow- 
ing the removal of labelled testosterone, D H T  and 
oestradiol from FCS and were found to be 98%, 97% 
and 99% respectively. Total  testosterone plus D H T  
concentration in 5% FCS supplemented R P M I  1640 
medium was approx. 4 × 10 11 M, while the concen- 
tration of D H T  in FCS and total testosterone plus 
D H T  in D C C - F C S  were all lower than the detection 
limit of the RIA. 

Preparation of B P H  slices and cell suspensions 

Human  BPH tissue was obtained at transurethral  
resection ( T U R )  and transported to the laboratory in 
ice-cold phenol-red free R P M I  1640 containing peni- 
cillin (100 units/ml) and streptomycin (100#g/ml) .  
The  external surface of each tissue sample was removed 
to exclude material damaged by the surgical procedure 
prior to cutting into slices of 3 × 2 × I m m  or cubes of 
2 m m  3. Cell suspensions were prepared by incubating 
the cubed tissue at 37°C for 12h in R P M I  1640 
supplemented with 5% FCS containing collagenase 
type 1A (225 units/ml) and hyaluronidase (125 
units/ml) and antibiotics. Dissociated cells were cen- 
trifuged for 10 min (250g)  and the pellet was resus- 
pended in serum-free R P M I  1640 and passed through 
cotton gauze to remove any undigested pieces of  tissue. 
This  was repeated three times to wash out the collagen- 
ase. Finally the pellet was resuspended in 4-5 vol 
R P M I  1640 for every l m l  of PBS displaced by the 
tissue before digestion. Protein levels were measured 
by the method of Lowry  et al. [21]. 

Testosterone metabolism studies 

The  cell lines were grown to near confluency in 5 % 
FCS supplemented R P M I  1640 in 25 cm 2 flasks and 
24 h prior to the experiment the medium was replaced 
with 5 ml serum-free and steroid-free R P M I  1640. The  
monolayers were washed in PBS and then incubated at 
37°C for 3 h in 5 ml of R P M I  1640 containing 1 #Ci  of 
[3H]testosterone. For studies with BPH cell suspen- 
sions, 1 ml samples were incubated for 1 h with 1 # Ci 
of  [3H]testosterone. Tissue slices were set up in 5 cm 
petri dishes containing 3 ml of R P M I  1640 with 1 #Ci  
[3H]testosterone using a modified Trowell  technique 
[22] and were incubated for 24h  at 37°C. In all 
experiments final testosterone concentration was ad- 
justed to give 2 × 10 -8 M, which is reported to be the 
mean plasma level in man [23]. 

Metabolites were extracted from the medium around 
tissue slices and from cells using 2 vol of ethylacetate 
containing 10#g /ml  of trace steroids (testosterone, 
D H T ,  androstenedione, androstanediols, androstane- 
dione, androsterone). For BPH cell digests, 2 m l  of 
ethylacetate was added to the tubes which were vortex 
mixed and then centrifuged for 10min (1000g) .  The  
ethylacetate layer was removed from the aqueous phase 
and evaporated to dryness under  N2, the residue was 
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redissolved in 70 #1 ethanol and spotted onto a silica gel 
T L C  plate (Merck 60F254). 

Separation of metabolites was carried out by 
thin layer chromatography (TLC)  using dichloro- 
methane:acetone (12.3:1 v/v) [24]. This system does 
not completely resolve D H T ,  androsterone and epi- 
androsterone and in order to achieve separation of 
these metabolites the appropriate area on the plate 
was scraped off, eluted in 2 x 3ml  dichloro- 
methane:acetone (2:1) and rechromatographed using 
aluminium oxide plates (Merck F254 Type  E) and a 

solvent system of toluene : diethylether (1 : 1) [modified 
from 24]. 

After the first chromatographic separation radioactive 
metabolites were quantified using a Raytest r ad io -TLC 
plate reader (Fig. 1). Metabolites were identified by 
co-chromatography with authentic standards which 
were located by UV light absorption and by develop- 
ment in iodine vapour. Following the second T L C  
separation the areas of silica gel corresponding to D H T ,  
androsterone and epiandrosterone were located, 
scraped off and counted by liquid scintillation counting. 
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Fig. 1. Radio-TLC analyser scan of a thin layer chromatographic separation of [3H]testosterone radio-metab- 
olites produced by human BPH cells. Suspensions of human BPH cells (protein content 2-4 mg/ml) were 
incubated with [3H]testosterone (20nM, lpCi) for 1 h. Metabolites were extracted with ethylacetate a n d  
separated by TLC using a solvent system of dichloromethane:acetone (12.3:1v/v). The metabolites were 

identified by co-chromatography with authentic standards and UV absorption characteristics. 
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In LNCaP,  95% of the radioactivity was recovered 
in the aqueous phase. In order to determine if the 
aqueous fraction contained steroid glucuronides it was 
removed, adjusted to pH4 .5  with acetic acid and 
treated with/3-glucuronidase (400 units/ml) for 20 h at 
37°C to release free steroids [25]. These were extracted 
with ethylacetate and analyzed by T L C  as described 
above. 

Clonogenic assays 

A single cell suspension of exponentially growing 
cells was plated into 5 cm petri dishes containing either 
5ml  of 5% FCS or 5% D C C - F C S  supplemented 
R P M I  1640 so as to produce approx. 150 colonies after 
14 days of growth. After incubation at 37°C for 24 h, 
testosterone or D H T  was added to give final concen- 
trations ranging from 10-'2-10 -SM (3 dishes/ 
concentration). The plates were incubated at 37°C for 
a further 14 days and then the cells were fixed in 70°/0 
methanol and stained with Giemsa's stain. Colonies 
comprising more than 50 cells were counted and results 
expressed as a percentage of control values. 

Determination of  viable cell number 

To determine the effect of the androgens on cell 
number we used the M T T  assay. This assay is based 
on the ability of mitochondrial enzymes in viable cells 
to metabolize a tetrazolium salt ( M T T )  to a coloured 
formazan product [26]. L N C a P  were plated into 96 
well plates at a density of 3000 cells/well in 150~ti 
medium containing either 5% FCS or 5% D C C - F C S  
and left overnight to attach. The medium was then 
replaced with 200~1 medium containing testosterone 
or D H T  (10-,2_10 5 M) with 8 replicates/ 
concentration and the cells left at 37°C for 7 days. 
Viable cell number  was determined by adding 50 ktl of 
M T T  solution (5 mg/ml) to each well followed by 3 h 
incubation at 37°C. The medium was removed and 
100/~i of D M S O  added to each well to solubilize the 
formazan product and absorbance was measured at 
540 nm using a Flow Titertek Multiskan plate reader. 
The first column of 8 wells did not contain cells and 
provided a blank. The second column of 8 wells 
contained control untreated cells to which solvent only 
was added. Results are expressed as a percentage of 
control absorbance in the second column. 

R E S U L T S  

Validation o f  extraction procedure fo r  testosterone and its 
metabolites 

The recoveries of 1/~Ci [3H]testosterone obtained by 
ethylacetate extraction of 1 ml and 5 ml R P M I  1640 
medium after 1 and 3 h incubations, respectively, at 
37°C were 90-95%. T L C  analysis of this extracted 
radioactivity demonstrated that it was 99.5% testoster- 
one, showing that there was no significant conversion 
of testosterone in medium alone. In each experiment 

Table 1. Rates of testosterone metabolism in human 
B P H  cell suspensions and in human prostate cancer 

cell lines 

Rate of testosterone conversion 
In vitro system (pmol/mg protein/h) 

BPH cells 6.4 _+ 0.2 
HPC-36M 0.05 + 0.003 
DU145 0.099 _+ 0.02 
PC-3/MA2 12.8 + 1.2 
LNCaP 7.4 + 1.5 

Rates + SD were estimated using data from 3 h incu- 
bation experiments in PC-3/MA2 and LNCaP (data 
from one time-course experiment during the first 
hour while the rate of conversion was linear), from 
1 h incubation experiments in BPH cell suspensions 
(n = 6) and from various experiments in HPC-36M 
and DU145 (n = 4). Testosterone concentration in 
all experiments was 20nM (lpCi). The rate of 
metabolism in tissue slices was not determined. 

blank incubations (no cells or tissue) were performed 
and analysed in the same way as the samples containing 
cells. The amount of radioactivity detected in the 
blanks (by the T L C  plate analyser) associated with 
each individual metabolite was subtracted from that 
detected in the samples. Individual metabolites de- 
tected in blank incubations never exceeded 0.1% of the 
total radioactivity recovered. 

Testosterone metabolism in human B P H  slices and cell 
suspensions 

Human BPH tissue slices and cell suspensions 
formed predominantly 5~-reduced metabolites from 
testosterone (Tables 1-3). D H T  accounted for 88% 
and 75% of the total metabolites in BPH cell suspen- 
sions (1 h and 24 h incubations, respectively) and 71% 
in BPH tissue slices. The formation of metabolites of 
D H T  (androstanedione and androstanediol), increased 
in the tissue slices and cell suspensions incubated for 
24 h compared to the cell suspensions incubated for 1 h. 
Only low levels of androstenedione (less than 2%) were 
present in both preparations due to its further conver- 
sion to 5~-reduced metabolites. The mean rate of 
metabolism in six cell suspensions at 1 h was 6.4 pmol 
testosterone/mg protein/h (Table 1). The rate of 
metabolism was linear for the first 2-3 h, peaked by 
4-5 h and then plateaued for the remaining period up 
to 24 h (data not shown). The rate of metabolism in the 
tissue slices was not calculated. 

Testosterone metabolism in human prostate cancer cell 
lines 

HPC-36M and DU145 formed predominantly 5~- 
reduced metabolites with D H T  accounting for 82% of 
the total in HPC-36M and 68% in DU145 (Tables 2 
and 3). Androstenedione, androstanediols and an- 
drostanedione accounted for the remaining 18% 
of metabolites in HPC-36M. In contrast, DU145 
produced greater amounts of androstanediols and 
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Table 2. Metabolites of testosterone formed by B P H  slices, B P H  cells and human 
prostate cancer cell lines 

%Total  metabolites 
In vitro system and 
exposure period A D I O L S  D H T  AD AAD A T - G  o//oT Met 

BPH slices (24h) 11 -t-6 71 + 7  2 + 3  1 6 + 5  0 N D  4 7 + 9  
BPH cells (24h) 8 + 1 . 2  7 5 + 3  5 + 2 . 4  12+_2.4 0 N D  89___7 
BPH cells (1 h) 4 + 0.4 88 + 1 2 _+ 0.2 6 ___ 0.9 0 N D  59 + 10 
HPC-36M (3h) 8 + 1 . 4  8 2 + 2  8 + 3  2___1 0 N D  5 . 9+3 . 0  
DU145 (3h)  2 3 + 4  6 8 + 5  9-t-4 0 0 N D  11.9_+4.4 
PC-3/MA2 (3h) 0 0 84_+2 1 5 + 1  1_+0.2 N D  9 5 + 2  
LNCaP (3 h) 0 0 0 0 0 100 98 + 1.8 

BPH slices (n = 10 independent experiments), BPH cells (protein 2--4 mg in 1 ml RPMI 
1640, 1 h and 24 h incubation, n = 11 independent experiments) and prostate cancer cell 
lines (monolayers in 25 cm 2 flasks, n = 4 independent experiments). After incubation with 
[3H]testosterone (2 × 10 8M, 1/~Ci) metabolites in solvent extracts were separated by 
T L C  in dichloromethane : acetone (12.3 : 1) and quantified using a radio-TLC plate reader. 
The identity of the metabolites was confirmed by co-chromatography with authentic 
standards and UV absorption (testosterone and androstenedione). Results are expressed 
as percentage total metabolites (mean _+_ SD). ADI OLS ,  androstanediols; D H T ,  5~-dihy- 
drotestosterone; AD, androstenedione; AAD, androstanedione; A, androsterone; T-G,  
testosterone-glucuronide; 0, not detected; ND,  not done. 

androstanedione could not be detected. A single t ime- 
course study of testosterone metabol ism in these two 
cell lines over 3 h indicated that metabol ism was linear 
throughout  this period (data not shown). On the basis 
of  four experiments  (including the t ime-course) the 
estimated rates of  testosterone metabol ism by DU145 
and H P C - 3 6 M  were 0.081 and 0.042 pmol testoster- 
one/mg protein/h,  respectively (Table 1). 

T h e  predominant  metabolites of  testosterone formed 
by PC-3 /MA2 were androstenedione and androstane- 
dione which accounted for 84% and 15% of total 
metabolites,  respectively. Androsterone was also pre- 
sent (1% total metabolites), but D H T  could not be 
detected. PC-3 /MA2 converted over 90% of the added 
testosterone to metabolites during a 3 h incubation, 
with an estimated rate during the first hour while there 
was a linear increase of  12 .8pm/mg  protein/h 
(Table 1). 

After 3 h incubation of L N C a P  monolayers with 
[3H]testosterone only 2% of the added radioactivity 
was recovered f rom the med ium in the ethylacetate 
fraction (see Table  4), in comparison to over 85% in 

the other cell lines. T L C  analysis demonstrated that 
only unchanged substrate was present in the ethylac- 
etate fraction. A t ime course experiment  demonstrated 
the rapid loss of ethylacetate-extractable radioactivity 
from the med ium and a concomitant  increase in radio- 
activity in the aqueous phase (data not shown). After 
30min  it was possible to recover only 25% of the 
radioactivity in the non-polar  phase of  the medium.  
Trea tmen t  of  the polar phase with /%glucuronidase 
resulted in approx. 50% of the radioactivity being 
converted to an ethylacetate-extractable form, which 
again on T L C  analysis was found to consist entirely of 
free testosterone. This  result showed that in L N C a P  
approximately half the testosterone is rapidly converted 
to a glucuronide conjugate. The  other 50% might  be in 
the form of sulphate. When L N C a P  was incubated 
with [3H]androstenedione (2 × 10 -8 M), which is not a 
direct substrate for conjugation, 90°/o of  the radioac- 
tivity was recovered in the ethylacetate fraction as 
unmetabolized androstenedione with the 5~-reduced 
metabolite androstanedione accounting for the remain-  
ing 10%. 

Table 3. Metabolites of testosterone formed by B P H  slices, B P H  cells and human prostate cancer cell lines 

pmol Testosterone converted/rag protein 
In vitro system and 
exposure period A D I O L S  D H T  AD AAD A T - G  % T  Met 

BPH slices (24 h) 0.02 + 0.01 0.139 + 0.014 0.004 + 0.005 0.03 _ 0.01 0 N D  47 __+ 9 
BPH cells (24 h) 0.70 _+ 0.1 4.54 + 0.01 0.31 +_ 0.19 1.0 + 0.32 0 N D  89 _+_ 7 
BPH cells (1 h) 0.26 + 0.03 5.63 +_ 0.06 0.13 _+ 0.013 0.38 + 0.06 0 N D  59 + 10 
HPC-36M (3 h) 0.011 + 0.002 0.11 + 0.004 0.011 + 0.004 0.003 + 0.001 0 N D  5.9 + 3.0 
DU145 (3h) 0.061 +0.011 0.132+0.013 0.024+0.011 0 0 N D  11.9+4.4  
PC-3/MA2 (3 h) 0 0 1.78 + 0.04 0.32 + 0.02 0.02 ___ 0.004 N D  95 + 2 
LNCaP (3h)  0 0 0 0 0 2 .18+0.04  98__ 1.8 

Results are expressed as pmol testosterone converted per mg protein (mean + SD). A D I O L S ,  androstanediols; D H T ,  5~-dihydrotestos- 
terone; AD, androstenedione; AAD, androstanedione; A, androsterone; T-G,  testosterone-glucuronide; 0, not detected; ND,  not done. 
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Table 4. Recovery of radioactivity from LNCaP 
monolayers before and after treatment with fl- 

glucuronidase 

% Radioactivity 
recovered from 

Cells Medium 

Pre-hydrolysis 
Aqueous fraction 6 __ 1 76 _+ 8 
Ethylacetate fraction 4 _+ 0.6 2 _+ 0.8 

Post -hydrolysis 
Aqueous fraction <0.5 33 _+ 20 
Ethylacetate fraction 4 _ 1 26 _+ 10 

Monolayers of LNCaP (25 cm 2 flasks) were incubated 
with [3H]testosterone (100 nM, 1 pCi) for 3 h. After 
ethylacetate extraction of cells and medium the 
recovery of radioactivity was determined before and 
after treatment with fl-glucuronidase (400 units/ml, 
20 h, pH 4.5) by liquid scintillation counting. Re- 
sults expressed as Oo total radioactivity recovered 
from the medium (mean _+ SD, 4 replicates). 

The effect of testosterone and D H T  on the growth of 
prostate cell lines using clonogenic assays 

A d d i t i o n  o f  t e s tos te rone  and  D H T  to L N C a P  g rown  
in m e d i u m  con ta in ing  5 %  D C C - F C S  p r o d u c e d  s t imu-  
la t ion o f  c o l o n y - f o r m a t i o n  wi th  a m a x i m u m  s t imu-  
la t ion at 10 I ° M  tes tos t e rone  or  10 -11M D H T  
(Fig .  2). Concen t r a t i ons  o f  10 9 M and  grea te r  resu l ted  
in i nh ib i t i on  o f  c o l o n y - f o r m a t i o n  by  L N C a P .  N o  
s t imula t ion  was o b s e r v e d  in m e d i u m  con ta in ing  5 %  
F C S  and  c o l o n y - f o r m a t i o n  was inh ib i t ed  by  t e s tos te r -  
one and  D H T  at concen t ra t ions  g rea te r  than  10 -1° M 
(Fig .  3). C o l o n y - f o r m a t i o n  by  H P C - 3 6 M  was com-  
p le te ly  i nh ib i t ed  when  the  concen t ra t ion  of  t e s tos te r -  
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Fig. 2. The effects of a n d r o g e n s  on  co lony- format ion  in 
pros ta te  cancer  cell lines grown in 5o/0 D C C - F C S - s u p -  
p l emen ted  med ium.  T e s t o s t e r o n e  a n d  DHT (10-12-10-SM) 
were added  to h u m a n  pros ta te  cancer  cell lines in 5% 
DCC-F C S  supp lemen ted  m e d i u m  and colonies were c o u n t e d  
af ter  14 days. Results  are expressed as percentage  of colony 
fo rma t ion  in controls  (mean  + SD, 3 independen t  

experiments). 
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Fig. 3. The effects of androgens  on colony-formation in 
prostate cancer cell lines grown in 5% FCS-supplemented 
medium. Testosterone  and DHT (10 1 2 - - 1 0 - 5  M) were added to 
human prostate cancer cell lines in 5% DCC-FCS sup- 
plemented medium and colonies were counted after 14 days. 
Results are expressed as percentage of colony formation in 

controls (means + SD, 3 independent experiments). 

one or  D H T  reached  10 5 M ,  whi le  there  was still  
approx .  50% and  100% c o l o n y - f o r m a t i o n  by  D U 1 4 5  
and  P C - 3 / M A 2  respec t ive ly  (F igs  1, 2). T h e  effect of 
t e s tos te rone  and  D H T  on c o l o n y - f o r m a t i o n  by  
D U 1 4 5 ,  H P C - 3 6 M  and P C - 3 / M A 2  was not  affected by  
rep lac ing  F C S  s u p p l e m e n t e d  m e d i u m  wi th  D C C - F C S  
m e d i u m  (Fig.  3). 

The effect of testosterone and D H T  on the growth oJ 
L N C a P  using M T T  assays 

In  o rde r  to assess the  effects o f  and rogens  on the 
v iable  cell n u m b e r  o f  L N C a P ,  as o p p o s e d  to co lony-  
fo rma t ion ,  we used  the M T T  assay. In  5 %  F C S  
s u p p l e m e n t e d  m e d i u m ,  t e s tos te rone  or  D H T  p r o d u c e d  
a d o s e - d e p e n d e n t  i nh ib i t i on  of  L N C a P  cell p ro l i f e r -  
at ion,  whereas  in s t e r o i d - d e p l e t e d  m e d i u m  the re  was a 
b iphas ic  response  wi th  ma x ima l  s t imula t ion  of  g rowth  
at 1 0 - l ° M  tes tos te rone  or  D H T  and  inh ib i t i on  at 
10 -8 M and  above  (Fig .  4). T h e  resul ts  the re fore  reflect  
those  ob t a ined  f rom c o l o n y - f o r m i n g  assays. M T T  as- 
says were  not  p e r f o r m e d  on D U 1 4 5 ,  H P C - 3 6 M  and  
P C - 3 / M A 2  as no s t imula t ion  of  g rowth  was seen in the  
c o l o n y - f o r m i n g  assays. 

D I S C U S S I O N  

W e  have d e m o n s t r a t e d  tha t  5~ - r e duc t a se  ac t iv i ty  is 
p r e sen t  in the  a nd roge n - se ns i t i ve  L N C a P  pros ta te  can-  
cer  cell l ine and  also in the  a n d r o g e n  insens i t ive  l ines 
D U 1 4 5 ,  H P C - 3 6 M  and  P C - 3 / M A 2 .  S t e ro id  5 e - r e -  
duc tase  ac t iv i ty  has p rev ious ly  been  r e p o r t e d  in 
D U 1 4 5 ,  P C - 3 / M A 2  and L N C a P  [27, 28]. T h e  cell 
l ines re ta in  the  c o m p l e m e n t  o f  a n d r o g e n  me ta bo l i z i ng  
enzyme  act ivi t ies  tha t  are expressed  in slices and  cell 
suspens ions  o f  B P H  t issue (see T a b l e  5). H o w e v e r ,  the  
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Fig. 4. Effects  o f  a n d r o g e n s  on  cell p r o l i f e r a t i o n  in L NCaP .  
L N C a P  cells we re  p l a t ed  (3000/well) in 5% F C S  o r  5% 
D C C - F C S  s u p p l e m e n t e d  m e d i u m .  Af t e r  24h  i n c u b a t i o n  
m e d i u m  c o n t a i n i n g  t e s t o s t e r o n e  or  D H T  (10-~2-10 -5 M) was  
a d d e d  a n d  the  p la tes  i n c u b a t e d  a t  37°C fo r  a f u r t h e r  6 days.  
M T T  w a s  a d d e d  to the  cells fo r  3 h and  then  the  a b s o r b a n c e  
o f  D M S O - s o l u b i l i z e d  f o r m a z a n  m e a s u r e d  at  540 n m .  Resu l t s  
we re  e x p r e s s e d  as a p e r c e n t a g e  of  con t ro l  a b s o r b a n c e  

( m e a n  _+ SD, 3 i n d e p e n d e n t  e x p e r i m e n t s ) .  

overall profiles of metabol ism are quite distinct due to 
differences in the relative rates and levels of  each 
activity, and although 5~-reductase is present  in all the 
cell lines, D H T  is the predominant  metabolite of  
testosterone in only two of the four prostate cancer cell 
lines. 

T h e  catalysis of  testosterone reduction by 5~-re- 
ductase is dependent  on N A D P H .  Our  finding that 
B P H  cell suspensions prepared by collagenase diges- 
tion display a high capacity for conversion of testoster- 
one to D H T  in the absence of exogenously added 

NADPI-I  suggests that the cells are intact and metabol-  
ically active. Fur thermore ,  our observations that the 
profile of testosterone metabolites produced by these 
cells is similar to that in prostate tissue slices and also 
resembles the profile of  androgen metabolites reported 
for BPH tissue [29], indicate that the cell suspension 
system is representative of  the prostate in vivo. 

Despite the high level of D H T  formation in cells 
from B P H  tissue, the rate of further  metabol ism is 
relatively low, indicating that the tissue's capacity for 
producing D H T  far exceeds that for removing it. This  
is in contrast to the situation in DU145 and H P C - 3 6 M  
where overall conversion of testosterone was low but 
androstanediols (formed by 3~/ f l -HSD)  and an- 
drostenedione (formed by 17fl-HSD) were detectable. 
The  capacity for removal of  potent  androgens (testos- 
terone and D H T )  was greatest in PC-3 /MA2 which 
appears to over-express 17f l -HSD activity, producing 
high levels of androstenedione, and is in contrast  to 
DU145,  H P C - 3 6 M  and BPH tissue where D H T  is the 
major metabolite of testosterone. However ,  PC-3 /MA2 
also possesses 5~-reductase activity as indicated by 
androstanedione formation which may arise f rom D H T  
or androstenedione by the action of 3~ / f l -HSD and 
5~-reductase, respectively. I t  is not clear whether  
17f l -HSD activity in the prostate is due to a single form 
of enzyme possessing oxidative and reductive activities, 
or form(s) having only oxidative activity similar to 
those reported in human breast tissue [30]. Our  
data indicates that PC-3 /MA2 may express only the 
oxidative form since the ratio of  androstene- 
dione: testosterone after incubation with testosterone 
exceeded 9 : 1. T h e  PC-3 /MA2 line, therefore, provides 
a useful system in which to further  study 17fl-HSD. 

We have demonstrated that L N C a P  forms testoster- 
one-glucuronide,  while previous reports have shown 
that L N C a P  also forms DHT-g lucu ron ide  [31] and 
androsterone-glucuronide [32]. This  shows that in 
L N C a P  conjugation may occur via either the 17-pos- 
ition (with D H T )  or the 3-position (with andros- 

Table 5. Summary of testosterone metabolizing enzyme activities in human B P H  
tissue and human prostate cancer cell lines 

5a-reductase 17fl-HSD 3a/f l -HSD Glucuronyl-transferase 

Prostate in v i v o *  + + + + + + + N D  
BPH cells + + + + + + + N D  
BPH slices + + + + + N D  
HPC36M + + + N D  
DU145 + + + N D  
PC-3/MA2 + + + + + + N D  
LNCaP + ( - )  ( - )  + + + 

Key: + ,  less than 2°,o of radioactivity recovered; + + ,  2-20% total radioactivity 
recovered; + + + ,  more than 20% total radioactivity recovered. The relative 
activities were assessed as follows: 5~-reductase, from the sum of the 5a-reduced 
metabolites formed; 17fl-HSD, from the sum of androstenedione and androstanedione 
formed; 3a/f l -HSD, from the amount of androstanediols formed. Abbreviations: 
17fl-HSD, 17fl-hydroxysteroid dehydrogenase; 3ot/fl, 3a/fl-hydroxysteroid dehydro- 
genase, ( - ), not detected; ND,  not determined. * from [34]. 
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terone), whereas in v i v o  the predominant glucuronide 
in plasma is androsterone-glucuronide [32]. The  glu- 
curonidation of  testosterone by L N C a P  is an interest- 
ing finding when considered in relation to the 
colony-forming assays which have shown that concen-  
trations of  testosterone and D H T  exceeding 10-9 M are 
inhibitory. Stimulation of  growth of  L N C a P  occurred 
only when testosterone and D H T  over the range 
I0-12-10-1°M was added to medium containing ster- 
oid-depleted serum, suggesting that androgen levels in 
FCS are sufficient to maintain max imum cell prolifer- 
ation. Thus ,  L N C a P  is stimulated by low concen- 
trations of  androgens under certain conditions and is 
also inhibited by androgen concentrations which fall 
within the range found in prostate and plasma [23]. 

This  study has shown that the ability of  prostate 
cancer cell lines to form D H T  is much  lower than that 
of  BPH tissue. Furthermore,  the two cell lines forming 
D H T  as the predominant metabolite,  H P C - 3 6 M  and 
D U 1 4 5 ,  had much lower rates of  metabol ism than BPH 
tissue. However ,  the low rate of  metabol ism was not 
characteristic o f  all the cell lines. L N C a P  metabolized 
testosterone at a similar rate and P C - 3 / M A 2  at twice 
the rate of  BPH tissue. However ,  these two cell lines 
did not produce detectable D H T .  In the light of  the 
recent reports describing two forms of  5~-reductase in 
the prostate [33] it is our aim to determine which form 
is expressed in the prostate cancer cell lines, in particu- 
lar D U 1 4 5  and HPC-36M.  

REFERENCES 

1. Coffey D. S. and Isaacs J. T.:  T he  control of prostate growth. 
Urology 17 Suppl. (1981) 17-24. 

2. Wilson J. D.: T h e  pathogenesis of  benign prostatic hyperplasia. 
Am. J. Med. 68 (1980) 745-756. 

3. Huggins  C. and Hodges C. V.: Studies on prostatic cancer: I. 
Effect of  castration, of  oestrogen and of  androgen injections on 
serum phosphatases  in metastatic carcinoma of the prostate. 
Cancer Res. 1 (1941) 293-297. 

4. Impera to-McGin ley  J., Guerro  L., Gautier  T.  and Peterson 
R. E.: Steroid 5~-reductase deficiency in man: an inherited form 
of pseudobermaphrodi t i sm.  Science 27 (1974) 1213-1215. 

5. Geller J.: Overview of enzyme inhibitors and ant i -androgens in 
prostatic cancer. J .  Andrology 12 (1991) 364-372. 

6. Gormley G. J., Stoner E., Brusekewitz R. C., Impera to -McGin-  
ley J., Walsh  P. C., McConnel l  J. D.,  Andriole G. L., Geller J., 
Bracken B. R., Tenover  J. S., Vaughan E. D.,  Pappas F., Taylor  
A., Binkowitz B. and Ng  J.: T h e  effect of  Finasteride in men  with 
Benign Prostatic Hyperplasia.  New Engl. J. Med. 327 (1992) 
1185-1191. 

7. Gormley G. J.: Role of  5ct-reductase inhibitors in the t reatment  
of  advanced prostatic carcinoma. Urologic Clinics of N. America 
18 (1991) 93-98. 

8. Ross R. K.,  Bernstein L.,  Lobo R. A., Shimizu H.,  Stanczyk 
F. Z., Pike M. C. and Henderson  B. E.: 5-alpha reductase activity 
and risk of prostate cancer among Japanese and US white and 
black males. Lancet 336 (1992) 887-889. 

9. Yoshikazu Z. I., Nakazato Y. and Petrow V.: A new approach to 
prostate cancer. `7. Pharm. Pharmac. 41 (1989) 488-489. 

10. Labrie C., Trude l  C., Li  S., Martel  C., Couet  J. and Labrie F.: 
Combinat ion  of an ant iandrogen and a 5:t-reductase inhibitor: a 
fur ther  step towards total androgen blockade? Endocrinology 128 
(1991) 1673-1674. 

11. Geldof  A. A., Meulenbroek M. F. A., Dijkstra I., Bohlken S. and 
Rao B. R.: Considerat ion of the use of 17fl-N,N-diethylcar- 

bamoyl-4-methyl -4-aza-5-~-andros tan-3-one  (4MA), a 5e- 
reductase inhibitor, in prostate cancer therapy. .7.  Cancer Res. 
Clin. Oncol. 118 (1992) 50-55. 

12. Van Weerden  W. M.,  Van Steenbrugge G. J., Van Kreun ingen  
A., Moerings E. P. C. M.,  De Jong F. H. and Schroder F. H.: 
Effects of low testosterone levels and of adrenal androgens  on 
growth of prostate turnout  models  in nude  mice. ,7. Steroid 
Biochem. Molec. Biol. 37 (1990) 903-907. 

13. Andriole G. L., Ri t tmaster  R. S., Loriaux D. L.,  Kish  M. L. and 
Linhan  W. M.: The  effect of  4MA, a potent  inhibitor of  5 alpha 
reductase, on the growth of androgen-responsive h u m a n  geni- 
tourinary tumours  grown in athymic nude mice. Prostate 10 
(1987) 189-197. 

14. Petrow V.: T h e  dihydrotestosterone (DHT)  hypothesis  of 
prostate cancer and its therapeutic implications. Prostate 9 (1986) 
343-361. 

15. Stone K. R., Mickey D. D.,  Wunder l i  H.,  Mickey G. H. and 
Paulson D. F.: Isolation of a h u m a n  prostate carcinoma cell line 
(DUI45) .  Int. `7. Cancer 21 (1978) 274-281. 

16. Horoszewicz J. S., Leong S. S., Kawinski  E., Karr  J., Rosenthal  
H.,  Chu  T.  M.,  Mirand E. A., M u r p h y  G.: L N C a P  model of 
h u m a n  prostatic carcinoma. Cancer Res. 43 (1983) 1809-1818. 

17. Kaighn  M. E., Narayan K. S., Ohnuki  Y., Lechner  J. F. and 
Jones L. W.: Establ ishment  and characterisation of a h u m a n  
prostatic carcinoma cell line (PC-3). Invest. Urol. 17 (1979) 
17-23. 

18. Lubaroff  D. M.: HPC-36:  an epithelial tissue culture line derived 
from h u m a n  prostate adenocarcinoma. Natn. Canc. Inst. Monogr. 
49 (1979) 35-39. 

19. Metcalfe S. A., Whelan  R. D.,  Masters  J. R. W. and Hill 
B. T.:  In vitro responses of  h u m a n  prostate t umour  cell lines 
to a range of an t i tumour  agents, lnt. `7. Cancer 32 (1983) 
351-358. 

20. Leake R. E., Freshney R. I. and Mun i r  I.: Steroid response 
in vivo and in vitro. In Steroid Hormones A Practical Approach 
(Edited by B. Green and R. E. Leake). I R L  Press. (1987) 
pp. 205-218. 

21. Lowry O. H., Rosebrough N. J., Farr  A. L. and Randall R. J.: 
Protein measurement  with the Folin phenol reagent. `7. Biol. 
Chem. 193 (1951) 265-268. 

22. Trowell  O. A.: The  culture of  mature  organs in a synthetic 
medium.  Expl Cell Res. 16 (1959) 118-147. 

23. Belanger A,, Couture  J., Caron S. and Roy R.: Determinat ion of 
nonconjugated and conjugated steroid levels in plasma and 
prostate after separation on C-18 columns. Ann. N. Y. Acad. Sci. 
595 (1990) 251-259. 

24. Schweikert H. U.,  Hain H. J., Romijn  J. C. and Schroder R. H.: 
Testosterone metabol ism of fibroblasts grown from prostate 
cancer, benign prostatic hyperplasia and skin fibroblasts. J. Urol. 
127 (1982) 361-367. 

25. C h u n g  L. W. K. and Coffey D. S.: Androgen glucuronides,  
Direct formation in rat accessory sex organs. Steroids 30 (1977) 
223-243. 

26. Romijn  J. C., Verkoelen C. F. and Schroeder F. H.: Application 
of the M T T  assay to h u m a n  prostate cancer cell lines in vitro: 
establ ishment  of  test conditions and assessment  of  hormone-  
st imulated growth and drug- induced cytostatic and cytotoxic 
effects. Prostate 12 (1988) 99-110. 

27. Farley D. L., Nick H. P. and Schnebli H. P.: Metabol ism of 
testosterone in prostatic cell lines. Abstr. 138 22nd Ann. Meet. 
Swiss Soc. Expl. Biol. (1990). 

28. Castagnetta L., Carruba G., Granata O. M.,  Casto M. L., Arcuri  
F., Mesiti  M. and Pavone-Macaluso M.: Prostate long-term 
epithelial cell lines. Biological and biochemical features. Ann. 
N . Y .  Acad. Sci. 595 (1990) 149-164. 

29. Becker H.,  K a u f m a n n  J., Klosterhalfen H. and Voigt K. D.: In 
vivo uptake and metabol ism of [3H]testosterone and 
[3H]dihydrotestosterone by h u m a n  benign prostatic hypertro-  
phy. Acta Endocrinologica 71 (1972) 589-599. 

30. M a n n  V. Z., Newton C. J. and Tai t  G. H.: 17fl-hydroxysteroid 
dehydrogenases in h u m a n  breast tissues: purification and charac- 
terization of soluble forms in adipose~ non-adipose and tumour  
tissues..7.  Molec. Endocr. 7 (1991) 45-55. 

31. Damassa  D. A., L in  T - M . ,  Sonnenschein C. and Soto A. M.: 
Biological effects of  sex hormone-b ind ing  globulin on androgen-  
induced proliferation and androgen metabol ism in L N C a P  
prostate cells. Endocrinology 129 (1991) 75-84. 



H u m a n  Prostate  Tes tos te rone  Metabol i sm 159 

32. Belanger A., Brochu M., Lacoste D., Noel C., Labrie F., Dupont 
A., Cusan L., Caron S. and Couture J.: Steroid glucuronides: 
human circulatory levels and formation by LNCaP cells. 
J.  Steroid Biochem. Molec. Biol. 40 (1991) 593-598. 

33. Jenkins E. P., Andersson J., Imperato-McGinley J., Wilson J. D. 
and Russell D. W.: Genetic and pharmacological evidence for 

more than one human steroid 5~-reductase. J. Clin. Invest. 89 
(1992) 293-300. 

34. Harper M. E., Pike A., Peeling W. B. and Griffiths K.: 
Steroids of adrenal origin metabolised by human prostate 
tissue both in in vivo and in vitro. J. Endocr. 60 (1974) 
117-125. 


