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T h e  a b i l i t y  o f  i n d o l e - 3 - c a r b i n o l  ( IC) ,  a n  a n t i c a r c i n o g e n  p r e s e n t  in c r u c i f e r o u s  v e g e t a b l e s ,  to  i n d u c e  
CYP1A1,  C Y P I A 2 ,  CYP2B1/2 ,  C Y P 2 E 1  a n d  CYP3A1/2  in f e m a l e  r a t  l i v e r  was  d e t e r m i n e d  b y  W e s t e r n  
a n a l y s i s  u s i n g  m o n o c l o n a l  a n t i b o d i e s  a n d  c o m p a r e d  to  ef fec ts  p r o d u c e d  b y  p r e g n e n o l o n e  c a r b o n i -  
t r i l e  in a n i m a l s  o f  b o t h  sexes.  T h e  o n t o g e n y  o f  i n d u c t i o n  o f  t he se  c y t o c h r o m e  P450  i s o z y m e s  in 
r e s p o n s e  to  o r a l  a d m i n i s t r a t i o n  o f  I C  was  a lso  i n v e s t i g a t e d .  An  i n v e r s e  c o r r e l a t i o n  w a s  o b s e r v e d  
b e t w e e n  the  6 f l - h y d r o x y l a t i o n  o f  a n d r o s t e r o n e  (A) a n d  the  i n d u c t i o n  b y  I C  o f  CYP3A1/2 ,  t he  P450  
i s o z y m e  r e s p o n s i b l e  f o r  t he  b u l k  o f  h e p a t i c  6 / J - h y d r o x y l a t i o n  o f  4 - a n d r o s t e n e d i o n e  (AD).  T h e  e f fec t  
o f  i n h i b i t o r s  on  the  f o r m a t i o n  o f  6 p - O H A  f r o m  A o r  AD was  a lso  d e t e r m i n e d  a n d  s h o w n  to  d i f fe r  
f r o m  t h e i r  a c t i o n  on  the  P450  i s o z y m e s  i n v o l v e d  in t he  f o r m a t i o n  o f  t he  6 f l - h y d r o x y l a t e d  d e r i v a t i v e s  
o f  AD or  l i t h o c h o l i c  ac id .  T h e  r e s u l t s  i n d i c a t e  t h a t  t he  e n z y m e  i n d u c e d  b y  IC  is d i s t i n c t  f r o m  the  
CYP3A1/2  w h i c h  c a t a l y z e s  h y d r o x y l a t i o n s  a t  p o s i t i o n  6fl, a l ly l ic  in A D  b u t  n o t  in t he  fu l ly  s a t u r a t e d  
r i n g  s y s t e m  o f  A. T h e  i n c r e a s e d  h e p a t i c  c o n v e r s i o n  o f  A to  i ts  b i o l o g i c a l l y  less a c t i v e  6 f l - O H A  
m e t a b o l i t e  a f t e r  t r e a t m e n t  o f  f e m a l e  r a t s  w i t h  I C  c o u l d  p o s s i b l y  c o n t r i b u t e  to  t he  a n t i c a r c i n o g e n i c  
a c t i o n  o f  i ndo l e  c a r b i n o l s .  I t  is a l so  p r o p o s e d  t h a t  t he  a c t i o n  o f  m u l t i p l e  i n d u c e r s  p r e s e n t  in 
c r u c i f e r o u s  a n d  o t h e r  v e g e t a b l e s  m i g h t  p r o d u c e  a n d r o g e n  m e t a b o l i c  p ro f i l e s  v e r y  d i f f e r e n t  f r o m  
t h o s e  p r o d u c e d  b y  i n d i v i d u a l  c o m p o n e n t s  i s o l a t e d  f r o m  t h e m .  
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I N T R O D U C T I O N  

Currently,  there is much  interest in identifying those 
dietary components  that could explain the epidemio- 
logical observations which correlate a diet high in 
vegetables with a lower incidence of breast [1], prostate 
[2], and colon cancer [3]. Cruciferous vegetables 
(cabbage, broccoli, cauliflower, Brussels sprouts,  etc.) 
contain several components  which have been observed 
to inhibit tumor  formation in rodents,  e.g. sulforaphane 
[4] and IC  [5]. Sulforaphane appears to act by the 
induction of phase 2 enzymes. The  mechanism for 
breast tumor  inhibition by IC is thought  to be mediated 
by the induction of estrogen-2-hydroxylat ion which 

*Correspondence to P. H. Jellinck. 
Received 9 June 1994; accepted 13 July 1994. 
Abbreviations : IC, indole-3-carbinol; A, 3:~-hydroxy-5~ -androstane- 
17-one; AD, 4-androstene-3,17-dione; PCN, pregnenolone-16a- 
carbonitrile; 4-MA, 17fl-N,N-diethyl-carbamoyl-4-methyl-4-aza- 
5~-androst-l-ene-3-one; 6-MPA, 6-medroxyprogesterone acetate. 

diverts estrogen metabolism away from the more 
chemically reactive estrogen 16a-hydroxylat ion 
pathway [6]. We have shown recently [7] that IC,  and 
its main gastric conversion product  di indoylmethane 
(DIM) ,  are able to alter the metabol ism of androgens 
as well as estrogens. I t  was found that IC  and D I M  
were able to induce the hepatic hydroxylases which 
catalyze the conversion of androsterone to its 6fl- 
hydroxyla.ted metabolite (3a,6fl-dihydroxy-5~- 
androstane-17-one) without significantly affecting the 
6fl-hydroxylation of AD. These  observations suggest 
that IC and D I M  can induce a P450 isozyme(s) which 
is able to catalyze 6fl-hydroxylation of androgens, with 
preference for 3ct hydroxyl and 5ct reduced substrates. 

Hydroxylat ion at the C-6 position is a minor  reaction 
for estrogens [8], but it is an important  metabolic 
pathway for androgens, [9] glucocorticoids, progestins 
[10] and bile acids [11] in man as well as the rat. T h e  
6a-hydroxylat ion of androgens and progestins is very 
tissue specific with microsomes from rat brain and 
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prostate being more effective in catalyzing the reaction 
than liver [12]. T h e  preferred substrate in these tissues 
is the 3/? hydroxy 5c~ reduced steroid, which differs 
from the 6/?-hydroxylation of the 3~ hydroxy 5~ 
reduced androgen induced in the liver by IC. 

The  present work provides further evidence for the 
existence of separate liver cytochromes P450 able to 
form the 6fl isomer of AD and A, and examines the 
ontogeny of the expression of the isozymes CYP1A1, 
1A2, CYP2B1/2 and CYP3A1/2 in female rat liver after 
oral administration of IC. I t  also compares the abilities 
of IC and P C N  to induce CYP2B1/2, CYP2E1 and 
CYP3A1/2 in adult male and female rat livers. In 
addition, the responses of  the induced enzyme(s) to 
various inhibitors of 6fl-hydroxylation of A have been 
examined and shown to differ from either AD or 
lithocholic acid 6~-hydroxylase.  

M A T E R I A L S  A N D  M E T H O D S  

Chemicals and reagents 

[4-14 C]Androstenedione (53.9 mCi /mmol)  pur-  
chased from New England Nuclear  (Boston, MA) was 
shown by chromatography and autoradiography to be 
free of  radioactive impurities. IC, Metyrapone (2- 
methyl-  1,2-di-3-pyridyl- 1 -propanol),  tamoxifen (1 - [ p - 
dimethylaminoethoxyphenyl]  - 1,2-diphenyl- 1 -butene),  
and the reduced coenzymes were obtained from 
Sigma Chemical Co. (St Louis, MO),  the steroid 
androgens were from Steraloids (Wilton, N H )  P C N  
from The  Upjohn  Co. (Kalamazoo, M I )  and lithocholic 
acid f rom I C N  Biomedicals Inc. (Cleveland, OH). 
Monoclonal  antibodies prepared against CYP1A1 and 
CYP1A2 (Mab 1-7-1), CYP2B1/2 (Mab 2-66-3), 
CYP2E1 (Mab 1-98-1) and CYP3A1 (Mab 2-13-1) 
were a gift f rom Drs  H. V. Gelboin and S. S. Park 
(Laboratory of Molecular Endocrinology, National 
Cancer Institute,  Bethesda, MD).  

Treatment of animals 

Mature  female (150-175g),  male (325-350g)  or 
immature  Sprague-Dawley rats of various ages 
(Charles River, St Constant,  Quebec) were maintained 
under  standard conditions of light (0600-2000 h) and 
temperature  (21-22°C) on a diet of  Purina laboratory 
chow (Ralston-Purina,  St Louis, MO) and water ad 
libitum. T h e  animals were given IC (100mg/kg) in 
sesame oil by stomach tube or P C N  (3 x 50 mg/kg in 
oil) by daily intraperitoneal injections. Control animals 
received sesame oil alone. The  rats were killed 20 h 
after the last t reatment  by cervical dislocation after CO2 
anesthesia. 

Preparation of liver microsomal fraction and incubation 

A 10% (w/v) homogenate of  the liver was prepared 
in 0.25 M sucrose using a Pot ter -Elvehjem homogen-  
izer with a Teflon pestle. The  homogenate was 
centrifuged at 8000g  for 15 min and a microsomal 

fraction was obtained from the supernatant by cen- 
trifuging at 105,000g for 1 h, washing with 0 .5ml  of 
0.25 M sucrose, and resuspending the pellet in sucrose. 
The  microsomes derived from 2 0 0 m g  of original 
tissue/ml could be stored at - 70°C for several months  
without significant loss of activity. Protein was 
determined by the method of Lowry  et al. [13]. The  
14C-labeled steroids (4.4 ~tM; ca. 1.2 x 105 dpm) were 
incubated with constant shaking at 37°C with the 
resuspended microsomes from 50 mg liver (approx. 
0 .8mg protein) and N A D P H  (0 .3mM)  in 0.1 M 
potassium phosphate (pH 7.4), in a total volume of 
4ml .  Inhibitors were added in ethanol (10-25/H) 
which was also present in the control tubes. The  
solution was then extracted three times with equal 
volumes of diethyl ether which was dried over anhy- 
drous Na2SO4 and evaporated to dryness under  N2 at 
25°C. 

Separation and identification of metabolites 

The  residue was dissolved in ethanol (0.1-0.2 ml) 
and separated by T L C  on silica gel using chloro- 
form-ethyl  acetate (1:2, v/v) twice, and visualized by 
autoradiography [7]. Areas of  the T L C  plate containing 
the metabolites were scraped directly into vials for 
determination of ~4C-radioactivity by scintillation 
counting. Non-radioact ive androgen metabolites were 
visualized by their fluorescence after separation by 
T L C  on silica gel plates containing a fluorescent indi- 
cator (precoated plates on a luminum backing, E. 
Merck, F-254) or else by spraying with Folin-Ciocalteu 
reagent diluted with water (1:2, v/v) or with H2 SO4 in 
ethanol (1% v/v) and heating on a hot plate. Additional 
evidence of identity was provided by chromatography 
with standards in other T L C  systems (chloro- 
form-ethyl  acetate-ethanol,  11 : 7 : 1 or chloro- 
form-ethanol ,  19:1, v/v). The  main induced steroid 
metabolite of AD after t reatment with IC has been 
shown previously by G C - M S  to be 6/3-OHA [7]. 

Nature of water-soluble products 

T o  measure irreversible binding of the ~4C-labeled 
metabolites of AD and estradiol to protein and liver 
microsomes, 10mg of bovine serum albumin (BSA) 
was added to 2 ml of the extracted aqueous medium to 
increase the yield of precipitate followed by 0.5 ml of 
HC1 ( IM) and 2 m l  of 1 .5M trichloroacetic acid 
(TCA).  The  mixture was stirred by vortex and allowed 
to stand for 2-3 h at 25°C. I t  was then spun at 1000g 
for 15 min and the precipitate washed with T C A  (1 ml) 
followed by ethanol (2 x 2 ml) by repeated stirring and 
sedimentation at 1000 g. The  residue was dissolved in 
1 ml of N C S  tissue solubilizer (Amersham) and 0.1 ml 
of this solution was counted. 

Immunoblotting 

This  was carried out as described previously [14]. 
Liver microsomes ( 2 - 2 0 # g  protein) were kept for 
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5 min at 95°C in the loading buffer [0.25 M Tris-HC1 
(pH6.8), 10% (v/v) glycerol, 5% (v/v) fl-mercap- 
toethanol, 2% (w/v) sodium dodecyl sulfate (SDS) and 
0.001% (w/v) bromophenol blue] and electrophoresed 
on standard 9 x 14 cm 10% polyacrylamide gels [36] at 
35 V for 18 h. The gel was transblotted for 4 h at 35 V 
in 22mM Tris base-190mM glycine-20% (v/v) 
methanol (pH 8.2) onto Hybond-ECL nitrocellulose, 
pore size: 0.45 pm (Amersham). 

Non-specific binding to the blots was prevented by 
preincubation in 5% (w/v) skim milk powder-Tris 
saline [20 mM Tris-HC1 (pH 7.6)/137 mM NaC1] 
containing 5% (v/v) Tween-20 (TBS-T) for 1 h at 
22°C followed by washing (3 x)  with TBS-T.  The 
blots were then incubated for 18h with the diluted 
primary antibody in TBS containing 2.5% (w/v) skim 
milk powder and washed again (3 x)  with T B S - T  
before addition of the secondary antibody (sheep 
antimouse Ig) linked to horseradish peroxidase 
(Amersham) in TBS containing 2.5% (w/v) skim milk 
powder. They were incubated for 1 h and washed (3 x ) 
with TBS-T,  and the protein-antibody complex was 
visualized using an enhanced chemiluminescence 
detection kit (Amersham) based on the oxidation of 
luminal by the peroxidase. 

RESULTS 

Immunoblotting 
The ability of IC to induce different cytochromes 

P450 in male and female rat livers was examined by 
Western blot analysis using monoclonal antibodies and 
compared to the effects produced by PCN (Fig. 1). 
CYP3A1, a steroid-inducible testosterone 6fl-hy- 
droxylase which also has a male-specific isoform 
(CYP3A2) was shown, by using a monoclonal antibody 
(Mab 2-13-1), to be induced by PCN in both sexes but 

CYP 3A1/2 

CYP 3A1/2 

CYP 2E1 

CYP 2B1/2 

/ t t  
2 ? '° ? PoN d PoN d 

Fig. 1. W e s t e r n  blots  of  e y t o c h r o m e  P450 i sozymes .  Micro-  
soma l  p ro te ins  f r o m  control  a nd  t r e a t e d  r a t s  were s e p a r a t e d  
by S D S - p o l y a c r y l a m i d e  gel e l ec t rophores i s  and  then  sub-  
jected to W e s t e r n  blot  ana lys i s  us ing  m o n o c l o n a l  an t ibodies  
as desc r ibed  in Mate r i a l s  and  Methods .  Hepat ic  m i c r o s o m a l  
fract ions  are  as follows: lane 1, cont ro l  f e ma le  (15.3 pg pro-  
tein); lane 2, IC - t r e a t e d  f e ma le  (20 rag, oral; 15.4 #g prote in) ;  
lane 3, P C N - t r e a t e d  f e ma le  (11 rag, i.p. x 3; 19.5 pg prote in) ;  
lane 4, P C N - t r e a t e d  m a l e  (15 mg,  i.p. x 3; 20.5 pg prote in) ;  

lane 5 ma l e  control  (17.7 gg  prote in) .  

not significantly by IC (immunoblot for males treated 
with IC is not shown). The level of hepatic CYP2E1 
(tested with Mab 1-98-1) was not affected significantly 
by treatment with either PCN or IC but both these 
compounds were good inducers of CYP2B1/2 in male 
and female rats as demonstrated by using Mab 2-66-3. 
The response of female rats of various ages to the 
hepatic induction of CYP1A1 and 1A2, CYP2B1/2 and 

CYP 2B1/2 

CYP 1 A1 
CYP 1 A2 

/tt \ 7 t t  
TREATMENT -- IC IC IC IC IC - IC - IC - 

AGE (days) ~ 20 30 40 50 80 20 20 40 40 50 

6B-OHA (%) ~ 1.1 2.0 16.2 17.1 11.7 1.2 0.7 0.7 15.1 1.2 

H20-sof. (%) -- 38.2 28.3 18.2 12.7 6.7 27.5 36.4 16.3 23.5 12.0 

Fig. 2. On to g eny  of  i nduc t ion  of CYP1A1, CYP1A2, CYP2B1/2 a nd  CYP3A1/2 a n d  cor re la t ion  wi th  6f l -hydrox-  
y la t ion  of A and  AD. C y t o c h r o m e  P450 i sozymes  f r o m  f e m a l e  r a t s  t r e a t e d  with IC (100 mg /kg )  at  d i f ferent  
ages were de tec ted  by W e s t e r n  ana lys i s  as desc r ibed  in Fig. 1 a nd  the  conve r s ion  of  AD to 6~-OHA by the  s a m e  

m i c r o s o m a l  p r e p a r a t i o n s  was also m e a s u r e d  as desc r ibed  in Ma te r i a l s  a nd  Methods .  
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Table 1. Comparative binding of 14C-labeled estradiol (E2) and AD to protein after incubation with liver 
microsomes from male or female rats treated with IC or PCN  

Treatment Substrate 

Water-soluble Water-soluble products 
products 

(%) Supernatant (%) Ethanol wash (%) Protein-bound (%) 

Male AD 19.8 (42.6) 78.2 (85.3) 14.0 (4.7) 2.7 (2.5) 
E 2 49.6 + 2.9 (76.4) 44.6 (91.4) 26.4 (6.0) 26.4 (1.2) 

Male PCN AD 51.5+3.7 (65.2) 87.2+2.6  (86.1) 4 .9+0 .5  (3.4) 2.1 +0.4  (0.9) 
E 2 52.5 (75.4) 41.5 (84.3) 30.6 (9.8) 20.0 (3.6) 

Female AD 11.0 (14.3) 78.0 (75.4) 17.7 (8.4) 3.9 (3.9) 
E 2 21.5 (38.4) 34.0 (78.5) 41.9 (8.1) 29.0 (0.7) 

Female IC AD 16.4 _+ 0.7 (17.4) 73.7 + 1.9 (83.2) 15.7 _+ 1.2 (10.4) 4.1 _+ 1.0 (3.7) 
E 2 44.5 (62.5) 22.2 (82.6) 55.8 (6.7) 22.2 (0.8) 

Microsomes from the liver (50 mg) of rats treated as indicated were incubated with [4-14C]AD or E 2 (4.4 #M) 
and NADPH (0.3 mM) for 30 rain before extraction with ether. BSA was then added to the water-soluble 
fraction and, after precipitation with TCA, the pellet was washed twice with ethanol and the residue dissolved 
in NCS tissue solubilizer for determination of 14 C-radioactivity. Other conditions are as described in Materials 
and Methods. Values are means of 2 experiments or means ___ SEM from 4 experiments; those in parentheses 
are from incubations with added GSH (5 mM). 

C Y P 3 A 1 / 2  a f t e r  o r a l  a d m i n i s t r a t i o n  o f  I C  is s h o w n  in  

F ig .  2. C Y P 1 A 1  a n d  1A2 c o u l d  b e  i n d u c e d  a t  all  ages  

b e t w e e n  20  a n d  8 0 d a y s  w h i l e  C Y P 2 B 1 / 2  s h o w e d  

m a x i m u m  r e s p o n s e  a t  30  d a y s  o f  age  f o l l o w e d  b y  a 

g r a d u a l  d e c r e a s e .  C Y P 1 A 2  w as  p r e s e n t  in  t r a c e  

a m o u n t s  in  u n t r e a t e d  a n i m a l s  ( n o t  s h o w n )  w h i l e  

C Y P 3 A 1 / 2  was  s h o w n  to  o c c u r  c o n s t i t u t i v e l y  in  2 0 -  

d a y - o l d  r a t s  b u t  to  b e  a b s e n t  at  4 0  o r  50  d a y s  a n d  n o  

l o n g e r  i n d u c i b l e  b y  I C  in  t h e s e  o l d e r  a n i m a l s .  O t h e r s  

h a v e  f o u n d  p r e v i o u s l y  [15, 16] t h a t  t h e  6 f l - h y d r o x y l -  

a t i o n  o f  a n d r o s t e n e d i o n e  a n d  t e s t o s t e r o n e  b y  f e m a l e  r a t  

l i v e r  m i c r o s o m e s  r e a c h e s  a m a x i m u m  a r o u n d  2 0 - 3 0  

d a y s  o f  age.  T h e  e x t e n t  o f  6 f l - h y d r o x y l a t i o n  o f  A d i d  

n o t  c o i n c i d e  w i t h  t h e  a m o u n t s  o f  C Y P 3 A 1 / 2  p r e s e n t  

w h i c h  p a r a l l e l e d  t h e  6 f l - h y d r o x y l a t i o n  o f  A D  a n d  t h e  

f o r m a t i o n  o f  w a t e r - s o l u b l e  p r o d u c t s  n o t  e x t r a c t a b l e  b y  

e t h e r .  

Covalent binding 

S o m e  o f  t h e  r a d i o a c t i v e  p r o d u c t s  p r e s e n t  in  t h e  

w a t e r - s o l u b l e  f r a c t i o n  c o - p r e c i p i t a t e d  w i t h  p r o t e i n  

b u t  m o s t  o f  t h e m  c o u l d  b e  r e m o v e d  b y  w a s h i n g  t h e  

p e l l e t  w i t h  e t h a n o l  u n l i k e  w h e n  [ ' 4 C ] e s t r a d i o l  was  

u s e d  as s u b s t r a t e  ( T a b l e  1). T h e r e f o r e ,  t h e  m e t a b o l i t e s  

a re  n o t  b o u n d  c o v a l e n t l y  a n d  m i g h t  r e p r e s e n t  h i g h l y  

p o l a r  e t h e r - i n s o l u b l e  d e r i v a t i v e s .  H o w e v e r ,  t h e  

a d d i t i o n  o f  g l u t a t h i o n e  ( G S H )  to  t h e  i n c u b a t i o n  

m i x t u r e  g e n e r a l l y  i n c r e a s e d  t h e  y i e l d  o f  w a t e r - s o l u b l e  

p r o d u c t s  a n d  in  t h e  case  o f  [,4 C ] e s t r a d i o l  a lso  d e c r e a s e d  

t h e  p e r c e n t a g e  o f  1 4 C - r a d i o a c t i v i t y  b o u n d  to  p r o t e i n .  

A m i n e s  s u c h  as c a d a v e r i n e ,  p u t r e s c i n e  a n d  s p e r m i n e  

h a d  n o  e f fec t  o n  a n y  o f  t h e  r e a c t i o n s  w h i c h  w e r e  

c o m p l e t e l y  a b o l i s h e d  b y  p r e v i o u s  b o i l i n g  o f  t h e  l i v e r  

m i c r o s o m e s .  

Table 2. Effect of inhibitors on the conversion of 14C-labeled AD or A to 6fl-OHA by 
liver microsomes from IC-treated rats 

Conversion to 6fl-OHA (%) 
Conc. 

Additions (/~M) AD Inhibition (%) A Inhibition (%) 

Control - -  18.2 + 1.1 - -  26.6 __+ 1.4 - -  
Metyrapone 1 10.9 40 17.3 35 

10 3.1 + 0.5 83 3.0 __+ 0.7 88 
Tamoxifen 10 10.9 ___ 0.8 40 23.2 + 1.9 13 

25 10.2 -+- 3.2 44 24.0 + 0.3 10 
Lithocholic acid 10 16.1 + 0.9 12 28.5 + 2.0 0 

25 14.8 __+ 1.5 19 27.3 + 7.6 0 
4-MA 1 3.4 _+ 0.8 81 27.6 + 4.8 0 

10 1.4 + 0.2 92 23.7 + 3.9 11 
6-MPA 10 6.7 + 0.5 63 24.1 + 3.0 9 

25 4.5 + 1.2 75 23.3 + 4.8 12 

Microsomes from IC-treated female rats were incubated with [4-1aC]AD or [4-14C]A (4.4 #M) 
and NADPH (0.3 mM) for 30 min in the presence or absence of inhibitors before extraction 
with ether and separation of products by TLC (CHC13-ethyl acetate 1:2, v/v, x 2). Other 
conditions as described in Materials and Methods. Values are means + SEM from 3 
experiments. 
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Comparative effect of inhibitors 

T h e  effect of  various inhibitors on the formation of 
6 f l -OHA from A or AD is shown in Table  2. 
Metyrapone  was found to be a good inhibitor as shown 
previously [17] for the 6fl-hydroxylat ion of AD but  not 
lithocholic acid while tamoxifen differed in producing 
only weak inhibition of 6 f l -OHA formation. T h e  
addition of lithocholic acid had no effect showing that 
it was not compet ing for the enzyme induced by IC. As 
expected, a 5~-reductase inhibitor 4 -MA [18] 
prevented the formation of 6 f l -OHA from AD but not 
A while 6-MPA,  a 3a-hydroxysteroid  dehydrogenase 
inhibitor [19], showed a similar but less pronounced 
effect on the conversion of AD to 6f l -OHA. However,  
it did not inhibit the 6fl-hydroxlation of A which is 
already hydroxylated at C-3. 

DISCUSSION 

In recent studies, we have shown that IC  as well as 
its dimer when given orally, induce CYP1A1, 1A2, 
2B 1/2 and possibly other cytochrome P450 isozymes in 
rat liver [7]. T h e  indole carbinols resembled isosafrole 
more closely than 3-methylcholanthrene in their induc- 
tion specificities and they increased the conversion of 
estradiol to its catechol derivatives [6] as well as altering 
androgen metabolism. With the latter group of 
steroids, an increase in the formation of 6 f l -OHA was 
observed [7] without a concomitant  increase in 6fl- 
hydroxylation of the parent  compound,  4-androstene-  
dione. 

T w o  closely homologous (90% with respect to amino 
acids) cytochrome P450 isozymes are known to cata- 
lyze the 6fl-hydroxylat ion of androgens [16, 20, 21]. 
CYP3A1 is a PCN-induc ib le  testosterone 6fl- 
hydroxylase and appears not to be present constitu- 
tively in male or female rat hepatic tissues at any age, 
while CYP3A2 is a male-specific testosterone 6fl-hy- 
droxylase. By means of Western analysis using Mab  
2-13-1 against CYP3A1, we showed the absence of 
CYP3A1 in adult female rat liver and its inducibility by 
P C N  but  not by IC. However,  CYP3A2, which is 
known to be present  in rats up to just after 30 days of  
age appeared to cross-react with Mab  2-13-1 and to be 
inducible by IC  in these younger  animals. CYP3A2 is 
known to be suppressed in adult females which develop 
a more continuous growth hormone secretory profile 
than males [15, 22, 23]. Thus ,  the indole carbinol could 
be inducing either or both isozymes particularly since 
the ant ibody gave a positive immunoreact ion with liver 
microsomes f rom untreated adult male rats known to 
contain CYP3A2; it is for this reason they are 
designated CYP3A1/2 in this paper. The  ability of 
monoclonal antibodies to cross-react with different 
members  of  the CYP3A subfamily has been described 
by others [24-26]. T h e  CYP3A1/2 levels were paral- 
leled by the extent of  6fl-hydroxylat ion of AD but not 

of A. The  6fl-hydroxylation of A, the fully reduced 
metabolite of AD, occurred only in IC- induced  mature  
female rats when CYP3A1/2 was shown to be no longer 
present. A similar developmental  pat tern was observed 
with CYP2B1/2 [16,20] although its decrease was 
delayed by about a week and, unlike CYP3A1/2, it 
could be induced by IC in adult female rat liver. 
CYP2B1/2 levels were increased by P C N  or IC 
t reatment  in both sexes but  neither this steroid nor IC 
had any significant effect on the expression of ethanol- 
inducible CYP2E1 [20, 27]. However,  these isozymes 
are not associated with the 6fl-hydroxylation of andro- 
gens. 

Thus ,  IC induces a cytochrome P450 capable of  
catalyzing hydroxylation at the fl face of  A at C-6 which 
differs from the subfamily CYP3A1/2 responsible for 
the bulk of microsomal 6fl-hydroxylation of AD in rat 
liver [16]. It  is unlikely to be the form which catalyzes 
the 6fl-hydroxylation of bile acids such as lithocholic 
acid [17] because it reacted differently to hydroxylase 
inhibitors such as metyrapone and tamoxifen and was 
not inhibited by lithocholic acid which would compete 
for the enzyme. In addition, androsterone, the 
substrate for the induced enzyme [7] is essentially 
planar while ring A of lithocholic acid, because of the 
5fl configuration, is bent at an almost right angle 
relative to the plane of the molecule [17]. CYP1A1, 
CYP1A2, CYP2B1/2 and CYP2E1 can also be 
excluded because their levels at different ages did not 
correspond to 6fl-hydroxylation of A or response to IC 
administration. 

I t  is interesting that humans  produce significant 
amounts of  6~ and 6fl-hydroxylated bile acids during 
neonatal life, and again following the development  of  
biliary obstruction [28]. Most  of these 6~-hydroxylated 
bile acids appear to be excreted in the urine as C-6 
conjugates [29]. Which endogenous compounds  are 
controlling 6-hydroxylation of bile acids in humans  is 
unknown; sex steroid hormones are known to control 
6-hydroxylation in rats [30]. 

T h e  fact that 6fl-hydroxylation of A and AD is 
catalyzed by distinct enzymes, only one of which is 
induced by IC, has interesting biochemical impli- 
cations. I t  has been pointed out that f rom the substrate 
structure-activi ty relationship for the CYP3A family of  
isozymes, hydroxylation takes place on a benzyl or allyl 
carbon atom [31]. The  6fl-position is allylic in AD but 
not in the fully saturated ring system of A, making the 
former  steroid molecule a much  more suitable substrate 
for attack by CYP3A1/2. In this context, IC  would be 
increasing the conversion of A to its inert 6 f l -OHA 
metabolite,  possibly at the expense of 6 f l -OH A D  
capable of  forming highly polar products.  This  is 
supported by the observed increase in polar water- 
soluble metabolites under  conditions where 6 f l -OHA D  
rather than 6 f l -OHA is formed. It  could also reflect 
increased imine formation by AD with lipophilic 
amines associated with liver microsomes which has 
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been  shown to yield the 6f l -hydroxy  derivat ive by 
n o n - e n z y m a t i c  hydrolysis  [32]. However ,  the 
possibi l i ty  of such a react ion and also peroxidat ion  of 
C-6 of the steroid [33] can be e l imina ted  because 
po lyamines  did not  inf luence the yield of the 6fl- 
hydroxyla ted  androgens  and boi l ing  the microsomes 
complete ly  abol ished their  format ion.  

T h u s ,  the al terat ions in metabol i sm of A D  produced  
after the ingest ion of IC could affect the potent ia l  of 
this steroid to exert deleterious effects by increas ing the 
hepatic convers ion  of A D  to its iner t  6 f l - O H A  deriva- 
tive. Th i s  would  result  in the decreased availabil i ty of 
A D  to be aromatized to estrone in target tissues with 
subsequen t  reduced format ion  of 16~-hydroxyes t rone  
which has been  shown to func t ion  as an ini t ia tor  and 
p romote r  of m a m m a r y  cell t r ans format ion  [34]. In  
humans ,  androgens  are k n o w n  to play a role in the 
deve lopment  of prostate cancer and  b e n i g n  prostatic 
hyper t rophy  bu t  the effect of  androgen  metabol i sm in 
these diseases is poorly unde r s tood  [35]. Recent ly  
5~-reductase  inh ib i tors  have come into clinical use for 
the t rea tment  of ben ign  prostat ic  hyper t rophy;  
however,  the efficacy of these drugs  is l imited and  side 
effects can occur [36]. Clinical  trials are in progress to 
de te rmine  if these agents are able to reduce the inci-  
dence of prostate  cancer and it is clear that  these agents 
can reduce the se rum level of d ihydrotes tos terone,  as 
well as the d ihydrotes tos terone  conten t  of the prostate 
gland. I f  the effect of IC on the induc t ion  of a 6fl- 
hydroxylase (which requires  a 5~ reduced substrate)  as 
shown here for the rat, also occurs in humans ,  then  a 
pathway for the removal  of androgens  may be blocked 
fol lowing t r ea tment  with 5~-reductase  inhibi tors .  Th i s  
might  explain the observa t ion  that testosterone levels 
are elevated in m e n  u n d e r g o i n g  5~-reductase  inh ib i to r  

therapy [36]. 
Epidemiological  studies indicate that  the c o n s u m p -  

t ion  of a high vegetable diet is associated with reduced 
prostate  cancer [2]. T h e  mechan i sm for this dietary 
effect is u n k n o w n .  It  is possible that  the apparen t  
an t i t umor  effect of a high vegetable diet could be 
media ted  by the combined  action of dietary inducers  of 
phase 1 enzymes  (e.g. IC),  and other  dietary inducers  
of phase 2 enzymes  (e.g. sulforaphane)  which are 
capable of con juga t ing  the hydroxyla ted  steroids 
p roduced  by the phase 1 enzymes.  T h e  net  effect in 
h u m a n  males might  be to protect  the prostate  by 
decreasing the levels of active androgens  reaching this 
organ. T h u s  a possible synergist ic  act ion of the 
mul t ip le  inducers  present  in cruciferous and other  
vegetables could produce  androgen  metabol ic  profiles 
very different f rom those p roduced  by ind iv idua l  
componen t s  isolated f rom the vegetables.  Recent ly ,  it 
has been  shown [37, 38] that  dietary IC can induce  both  
phase 1 and  2 enzymes  in the livers of mature  male 
Fischer  rats and  that  this mul t ip le  effect is p robab ly  
b rough t  about  by the various metabol i tes  formed from 
IC in the gast rointes t inal  tract. 

Studies  to characterize the na ture  of the water-  
soluble androgen  metabol i tes  p roduced  in the rat fol- 
lowing t r ea tment  with IC should provide  some 
in fo rmat ion  about  the type of react ions involved,  and  
deserves fur ther  invest igat ion.  In  addi t ion,  the 
significance of these in v i tro  changes will require  tes t ing 
in v ivo by m o n i t o r i n g  changes in c i rcula t ing and  
u r ina ry  excret ion products  after the admin i s t r a t ion  of 
IC. 
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