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L i g n a n s  a n d  f l a v o n o i d s  a r e  n a t u r a l l y - o c c u r r i n g  d i p h e n o l i c  c o m p o u n d s  f o u n d  in  h i g h  c o n c e n t r a t i o n s  
in w h o l e  g r a i n s ,  l e g u m e s ,  f r u i t s  a n d  v e g e t a b l e s .  S e v e n  l i g n a n s  a n d  six f l a v o n o i d s  w e r e  e v a l u a t e d  f o r  
t h e i r  a b i l i t i e s  to  i n h i b i t  a r o m a t a s e  e n z y m e  a c t i v i t y  in a h u m a n  p r e a d i p o s e  cell  c u l t u r e  s y s t e m .  T h e  
l i gnan ,  e n t e r o l a c t o n e  (Enl )  a n d  i ts  t h e o r e t i c a l  p r e c u r s o r s ,  3 ' - d e m e t h o x y - 3 0 - d e m e t h y l m a t a i r e s i n o l  
( D M D M )  a n d  d i d e m e t h o x y m a t a i r e s i n o l  ( D D M M )  d e c r e a s e d  a r o m a t a s e  e n z y m e  a c t i v i t y ,  w i t h  Ki 
v a l u e s  o f  14.4, 5.0 a n d  7.3/~M, r e s p e c t i v e l y .  T h e  f l avono ids ,  c o u m e s t r o l ,  l u t e o l i n  a n d  k a e m p f e r o l  a l so  
d e c r e a s e d  a r o m a t a s e  e n z y m e  a c t i v i t y ,  w i t h  Ki v a l u e s  o f  1.3, 4.8 a n d  27.2 g M ,  r e s p e c t i v e l y .  A m i n o -  
g l u t e t h i m i d e ,  a p h a r m a c e u t i c a l  a r o m a t a s e  i n h i b i t o r ,  s h o w e d  a Ki v a l u e  o f  0.5 p M .  K i n e t i c  s t ud i e s  
s h o w e d  t h e  i n h i b i t i o n  b y  al l  c o m p o u n d s  to  be  c o m p e t i t i v e .  S m a l l e r  d e c r e a s e s  in a r o m a t a s e  a c t i v i t y  
w e r e  o b s e r v e d  w i t h  t h e  l i gnan ,  e n t e r o d i o l  (End )  a n d  i ts  t h e o r e t i c a l  p r e c u r s o r s ,  O - d e m e t h y l s e c o i s o -  
l a r i c i r e s i n o l  ( O D S I ) ,  d e m e t h o x y s e c o i s o l a r i c i r e s i n o l  ( D M S I )  a n d  d i d e m e t h y l s e c o i s o l a r i c i r e s i n o l  
( D D S I ) .  T h e  f l a v o n o i d s ,  O - d e m e t h y l a n g o l e n s i n  ( O - D m a ) ,  f i se t in  a n d  m o r i n  s h o w e d  no  i n h i b i t o r y  
effects .  T h e  i n h i b i t i o n  o f  h u m a n  p r e a d i p o c y t e  a r o m a t a s e  a c t i v i t y  b y  l i g n a n s  a n d  f l a v o n o i d s  s u g g e s t s  
a m e c h a n i s m  b y  w h i c h  c o n s u m p t i o n  o f  l i g n a n -  a n d  f l a v o n o i d - r i c h  p l a n t  f oods  m a y  c o n t r i b u t e  to 
r e d u c t i o n  o f  e s t r o g e n - d e p e n d e n t  d i sease ,  s u c h  as b r e a s t  c a n c e r .  
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I N T R O D U C T I O N  

Lignans and flavonoids are natural ly-occurring com- 
pounds present  in fruits, vegetables, legumes and 
whole grains. Lignans are diphenolic compounds  
formed from plant precursors by the actions of intesti- 
nal bacteria [1]. T h e  pr imary  mammal ian  lignans are 
enterolactone (Enl) and enterodiol (End), formed from 
plant precursors matairesinol and secoisolariciresinol, 
respectively. Fiber-r ich foods such as whole grains are 
rich in plant precursors [2-4], such that the urinary 
excretion of mammal ian  lignans is proport ional  to 
dietary fiber consumpt ion [5,6]. Epidemiological 
studies showing low urinary lignan excretion in breast 
cancer patients [3, 6, 7] suggest that consumption of 
lignans may exert cancer-preventive effects. 

Flavonoids are diphenolic compounds  widespread in 
plant foods. I t  is estimated that a normal human  diet 
contains an average of 1 g of  these compounds  per day 
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[8]. Specific flavonoids have been shown to inhibit 
oxidase enzyme activity [9, 10], suppress oxygen- 
induced cytotoxicity [11, 12] and suppress viral reverse 
transcriptase [13]. They  also have been shown to 
possess anti-viral [14-16] and anti-mutagenic activity 
[17-19] and to inhibit tumor  induction by carcinogens 
and growth promoters.  

I t  has been suggested that lignans and flavonoids 
may contribute to the prevention of breast cancer in 
part  as a result of  their antiestrogenic properties [6]. 
Specific lignans and flavonoids have been shown to 
inhibit estrogen synthesis in human  placental micro-  
somes [20-22] and preadipocytes [23] and to compete 
with estradiol for the estrogen receptor and type I I  
binding sites [24-27]. Lignans also have been shown to 
stimulate sex hormone binding globulin product ion in 
the liver [27, 28] and to inhibit in vivo estrogen-st imu- 
lated R N A  synthesis [29], proliferation of ZR-75-1 
breast cancer cells [30] and estradiol-induced prolifer- 
ation of M C F - 7  cells [31]. 

T h e  major source of estrogen in postmenopausal  
women is aromatization of androstenedione to estrone 
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in peripheral tissue such as adipose [32, 33]. Inhibit ion 
of aromatase enzyme activity, with subsequent re- 
duction in estrogen synthesis, is thought  to contribute 
to prevention of estrogen-dependent  cancers, such as 
breast cancer, in postmenopausal  women. In  fact, 
several pharmaceutical  aromatase inhibitors have been 
used successfully in the t reatment  of estrogen-depen- 
dent carcinoma [34]. 

I t  has been suggested that naturally-occurring diet- 
ary phytoestrogens may contribute to prevention of 
estrogen-dependent  cancers by some of the same mech-  
anisms as pharmaceutical  antiestrogens. I t  is therefore 
of  great interest to identify dietary phytoestrogens,  to 
evaluate their antiestrogenic potencies and to elucidate 
the mechanisms by which they exert their effects. The  
purpose of this study was to evaluate the specific effects 
of lignans and flavonoids on estrogen synthesis in 
human preadipocytes by measuring aromatase enzyme 
activity. 

Although lignans and flavonoids have been shown to 
inhibit aromatase enzyme activity in placental micro- 
somes [20-22] and lignans have been shown to inhibit 
aromatase activity in a human choriocarcinoma cell line 
[20], little work has been done in whole cells derived 
from pr imary cultures of human tissue. We previously 
reported the flavonoids, ct-naphthoflavone (ANF),  
chrysin, flavone and biochanin A to be inhibitors of 
aromatase enzyme activity in human preadipocyes [23]. 
For  the present study, we evaluated the effects of  six 
other commonly consumed flavonoids as well as seven 
lignans, on aromatase enzyme activity in a preadipose 
cell culture system. T h e  following lignans were 
studied: Enl and its theoretical precursors,  3 ' -  
demethoxy-30-demethylmata i res ino l  ( D M D M )  and 
didemethoxymatairesinol  ( D D M M ) ;  and End and its 
theoretical precursors,  O-demethylsecoisolariciresinol 
(ODSI) ,  demethoxysecoisolariciresinol ( D M S I )  and 
didemethylsecoisolariciresinol (DDSI) .  The  flavonoids 
studied were: the flavonols, morin,  fisetin and 
kaempferol;  the flavone, luteolin; and the isoflavones, 
coumestrol  and O-demethylangolensin  (O-Dma) .  The  
pharmaceutical  aromatase inhibitor, aminoglutethi-  
mide (AG), was studied for comparison of inhibitor 
potency. 

EXPERIMENTAL 

Chemicals 

Aminoglutethimide [3-(4-aminophenyl)-3-ethyl-  
2,6-piperidinedione], collagenase (clostridiopeptidase 
A), dexamethasone (9e-fluoro-16ct-methylpred- 
nisolone), t rypan blue stain (0.4%), kaempferol and 
morin were purchased from Sigma Chemical 
Company,  St Louis, MO,  U.S.A. Dulbecco 's  Modified 
Eagle Medium (DMEM) ,  Dulbecco 's  Phosphate 
Buffered Saline (PBS), antibiot ic-antimycotic and calf 
serum were purchased from Gibco BRL,  Grand  Island, 
NY. 3 ml disposable extraction columns packed with 

reversed phase octadecylsilane (C18) bonded to silica 
gel were purchased from J. T.  Baker Inc., Phillipsburg, 
NY. Tri t ia ted androstenedione ([1/~-3H(N)]androst-4 - 
ene-3,17-dione) was purchased from N E N / D u  Pont, 
Wilmington,  DE. Fisetin was purchased from Aldrich 
Chemical Company,  Inc., Milwaukee, WI.  Luteolin 
was purchased from Carl Roth G m b H  and Co., 
Karlsruhe,  Germany  and coumestrol  was purchased 
from Eastman Kodak, Rochester,  NY. All lignans 
and O - D m a  were synthesized in the Depar tment  of 
Chemistry,  Universi ty of  Helsinki, Finland. 

Processing of the adipose tissue 

T h e  protocol for this experiment  was approved 
by the Universi ty of  Minnesota Institutional Review 
Board: Human  Subjects Committee.  Subcutaneous 
adipose tissue from abdomen and thigh regions was 
obtained by liposuction from female patients aged 
23-57 years. The  procedures for the tissue processing 
have been described in detail previously [23]. T h e  fresh 
tissue was digested with collagenase for 30-60min .  
After standing for 10 min at 37°C, the aqueous layer 
was removed and centrifuged. The  resulting pellet of 
vascular/stromal cells was seeded in polystyrene tissue 
culture flasks containing D M E M  and 15% calf serum 
and grown to confluence in a 5% CO2 humidified 
chamber.  After the pr imary culture, cells were pas- 
saged approximately once per week. 

Aromatase assay 

For the aromatase assay, cells were grown to conflu- 
ence in 25 ml flasks containing D M E M  supplemented 
with 10% calf serum. Prior to the assay, the cells were 
treated with 100nM dexamethasone for 18-24h  to 
induce aromatase activity. At the end of the pre-incu- 
bation, the cells were washed twice with PBS and 
incubated at 37°C for 4 h in the experimental  medium,  
consisting of D M E M  containing 1% antibiotic-anti- 
mycotic, the desired concentration of 3H-androstene- 
dione and the desired concentration of lignan or 
flavonoid. In the dose-response experiments,  the con- 
centration of 3H-androstenedione was 100 n M  and the 
concentration of lignan or flavonoid ranged from 0 to 
100pM.  When inhibition was demonstrated,  kinetic 
studies were carried out to determine the mechanism of 
inhibition and inhibitor effectiveness. For  the kinetic 
studies, 3H-androstenedione concentrations were 25, 
40, 75 and 150 nM and inhibitor concentrations were 
three levels between 0 and 100 p M. 

A modification of the tritiated water method of 
T h o m p s o n  and Siiteri [35] was used to measure aroma- 
tase activity. This  modification has been described in 
detail previously [23]. Following the 4 h incubation 
with ~H-androstenedione and lignan or flavonoid, the 
experimental  medium was removed and extracted with 
chloroform. After centrifugation at 1000g for 10 min, 
the aqueous upper  layer was transferred to individual 
C18 columns for final extraction. Aliquots were 
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Fig. 1. T h e  s t r u c t u r e s  ofEnl  (a), End (b) a n d  t h e i r  t h e o r e t i c a l  
p r e c u r s o r s .  

Table 1. Kinetic data for aromatase inhibitors 

Inhibitor 

Percent control Vm~ 

I # M  10#M 100#M Is0(#M ) K~(/~M) 

Enterolactone 97 89 43 74 14.4 
DMDM 104 96 45 84 5.0 
DDMM 71 68 44 60 7.3 
Enterodiol 100 90 75 > 100 - -  
ODSI 95 96 87 > 100 - -  
DMSI 81 80 77 > 100 - -  
DDSI 100 84 78 > 100 - -  
Coumestrol 119 61 14 17 1.3 
Luteolin 90 72 17 25 4.8 
Kaempferol 127 107 35 61 27.2 
AG 76 39 7 5 0.5 

c o u n t e d  in a l iqu id  sc in t i l l a t ion  coun t e r  (Beckman  
I n s t r u m e n t s ,  Inc .  F u l l e r t o n ,  CA) .  Cel l  p ro t e in  
was so lub i l i zed  in s o d i u m  h y d r o x i d e  and  quan t i f i ed  
by  the  m e t h o d  o f  B r a d f o r d  [36]. U n d e r  these  
cond i t ions ,  the  resul t s  fall in the  l inear  range  
o f  a roma ta se  enzyme  ac t iv i ty  for  t ime  and  cell  
n u m b e r .  

T h e  effects o f  the  i nh ib i t o r s  on  cell v iab i l i ty  were  
eva lua ted  via t r y p a n  b lue  exclus ion .  T e s t s  were  pe r -  
f o r m e d  af ter  i n c u b a t i o n  of  the  cells for  24 h r  wi th  
D M E M  con ta in ing  10% calf  s e r u m  and  the h ighes t  
concen t r a t i on  ( 1 0 0 p M )  o f  i nh ib i t o r  used  in the  
d o s e - r e s p o n s e  e x p e r i m e n t s .  

Data  analysis 

D o u b l e - r e c i p r o c a l  p lo t s  were  used  to charac te r i ze  the  
type  o f  inh ib i t ion .  T h e  K i values ,  ref lec t ing i nh ib i t o r  
effect iveness ,  were  d e t e r m i n e d  by  g r a p h i n g  the  s lopes 
o f  the  d o u b l e - r e c i p r o c a l  p lo ts  vs i nh ib i t o r  concen -  
t ra t ion .  

R E S U L T S  

I n  the  d o s e - r e s p o n s e  s tudies ,  a n u m b e r  of  l ignans  
and  f lavonoids  were  f o u n d  to be a romatase  inh ib i to r s .  
T h e  l ignan,  En l  and  its theore t i ca l  p r ecu r so r s ,  D M D M  
and  D D M M  (Fig .  1), were  shown  to be m o d e r a t e  
a roma tase  inh ib i to r s  (F ig .  2, T a b l e  1), w i th  I50 values  
( inh ib i to r  concen t r a t i on  b lock ing  50% of  Vmax) of 
7 4 , 8 4  and  6 0 # M ,  respec t ive ly .  T h e  f lavonoids ,  
coumes t ro l ,  lu teo l in  and  ka e mpfe ro l  (Fig .  3) were  also 
f o u n d  to be a roma tase  inh ib i to r s  (F ig .  2, T a b l e  1), w i th  
I50 values  of  17, 25 and  61 p M ,  respec t ive ly .  F o r  com-  
pa r i son ,  the  I50 value  of  A G  was 5 p M .  

K i n e t i c  s tud ies  were  p e r f o r m e d  to inves t iga te  the  
m e c h a n i s m  b y  wh ich  the  l ignans  and  f lavonoids  i nh ib i t  
a roma tase  enzyme  act ivi ty .  I n  the  absence  o f  inh ib i to r ,  
the  Km of  a n d r o s t e n e d i o n e  ave raged  30 n M .  I n  the  

app presence  o f  50 and  100 p M  Enl ,  the  a p p a r e n t  K m ( K  m ) 

value inc reased  to 144 and  2 2 1 n M ,  respec t ive ly  
(Fig .  4). In  the  p resence  o f  50 and  100 # M  D M D M ,  
the  K ~P increased  to 94 and  265 n M ,  respec t ive ly .  In  

1 4 0  

1 2 0  

IO0  

4 0  

2O 

¢ Coumestrol  ~ Luteolin 
Kaempferol  

AG 

Enl 

DMDM 

t 3 ~  DDMVl 

I I I I I 

0 0 . 0 1  0 . 1  1 1 0  1 0 0  

Inhibitor (ixM) 

Fig.  2. D o s e - r e s p o n s e  c u r v e s  s h o w i n g  t h e  ef fects  o f  i n h i b i t o r  c o n c e n t r a t i o n s  o n  a r o m a t a s e  e n z y m e  a c t i v i t y  in  
h u m a n  p r e a d i p o c y t e s .  A r o m a t a s e  a c t i v i t y  w a s  m e a s u r e d  a f t e r  i n c u b a t i o n  o f  the  ce l l s  f o r  18-24 h w i t h  100 n M  
d e x a m e t h a s o n e .  D u r i n g  t h e  4 h as say ,  ce l l s  w e r e  i n c u b a t e d  w i t h  100 n M  3 H - a n d r o s t e n e d i o n e  a n d  0-100/~M 

i n h i b i t o r .  E a c h  p o i n t  r e p r e s e n t s  t h e  m e a n  o f  t h r e e  s a m p l e s .  



208 Chuanfeng Wang et al. 

a 
Rs. 

R z . , ~ . 4 .  P~' 

' O 
Rs 

Ravonoid 

R7 R5 R3 R2' R3' 
Quemetin OH OH OH H OH 
Idol'in OH OH OH OH H 
Fisetin OH H OH H OH 
Luteolin OH OH H H OH 
Kaempferol OH OH OH H H 

R4' 
OH 
OH 
OH 
OH 
OH 

b c 

"OH " ~ O H  

C o u m e s t r o l  O-Domethylangolensin 

Fig. 3. Structures of quercetin and the flavonoids studied. (a) 
flavonols and luteolin; (b) coumestrol; (c) O-Dma. 

the presence of  50 and 100/~M D D M M ,  the K ~  p 
increased to 62 and 94 nM,  respectively. I n  the pres-  
ence o f  15 and 3 0 p M  coumestrol ,  the apparent  Km 
( K ~  p) increased to 199 and 4 2 2 n M ,  respectively 
(Fig. 5). In  the presence of  25 and 50/~M luteolin, the 
K ~P increased to 206 and 435 nM,  respectively. In  the 
presence o f  50 and 1 0 0 p M  kaempferol ,  the K ~  p of  
andros tenedione  increased to 162 and 300 nM,  respect-  
ively. In  the presence of  5 and 1 0 # M A G ,  the K ~  p 
increased to 277 and 916 nM,  respectively. 

All inhibi tors  exerted compet i t ive  inhibit ion,  as indi-  

cated by the increasing K ~P values and constant  Vmax 
in the presence of  increasing inhibi tor  concentrat ions.  
D M D M  was the strongest  l ignan inhibitor,  with a Ki 
value o f  5.0 # M  (Table 1). For  Enl (Fig. 4, inset) and 
D D M M ,  Ki values were 14.4 and 7.3 p M ,  respectively 
(Table  1). Coumes t ro l  was found  to be the strongest  
f lavonoid inhibitor,  with a Ki value o f  1.3 p M  (Fig. 5, 
Tab le  1). Luteol in  was next, with a K~ of  4 . 8 p M ,  
followed by kaempferol ,  with a K~ of  27.2 # M .  U n d e r  
the same experimental  condit ions,  A G  showed a K~ 
value of  0.5 p M .  

T h e  lignan, End  and its theoretical  precursors ,  
O D S I ,  D M S I  and D D S I  (Fig. 1) were weak inhibitors 
o f  aromatase enzyme activity. I50 values for these 
c o m p o u n d s  were all greater than 1 0 0 p M ,  and Ki 
values were not determined.  T h e  flavonoids, morin ,  
fisetin, quercet in  and O - D m a  showed no inhibi tory 
effects on aromatase enzyme activity. 

N o  obvious  morphologica l  changes in l ignan- or  
f lavonoid- t reated cells were found  under  microscopic  
examination.  After  incubat ion with 100 p M  inhibi tor  
for 24 h, the t rypan blue exclusion test showed less than 
6% cytotoxici ty,  with no differences between inhibi tor-  
treated cells and controls.  I t  thus appears that cell 
viability was not  affected by exposure to lignans or  
flavonoids. 

D I S C U S S I O N  

We have shown that  na tura l ly-occur r ing  lignans and 
flavonoids are able to pass t h rough  the cell m e m b r a n e  
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Fig.  5. D o u b l e - r e c i p r o c a l  p lo t  s h o w i n g  t h e  effect  o f  s u b s t r a t e  ( 3 H - a n d r o s t e n e d i o n e )  c o n c e n t r a t i o n  on  a r o m a -  
t a s e  a c t i v i t y  in  t h e  p r e s e n c e  o f  0 (O) ,  15 ( A )  a n d  30 ([~) p M  c o n m e s t r o l .  T h e  K m is t h e  n e g a t i v e ,  i n v e r t e d  x 
i n t e r c e p t  a n d  t h e  Vma ~ is t h e  i n v e r s i o n  o f  t h e  y i n t e r c e p t .  T h e  Vm, x w a s  3.2 p M ,  a n d  t h e  Km w a s  25, 199 a n d  
422 n M ,  fo r  0, 15 a n d  30 p M  c o u m e s t r o l ,  r e s p e c t i v e l y .  I n se t .  T h e  effect  o f  c o u m e s t r o l  c o n c e n t r a t i o n  on  t h e  s l o p e  
o f  t h e  d o u b l e - r e c i p r o c a l  p lo t  l ines .  T h e  K I v a l u e  ( n e g a t i v e  x i n t e r c e p t ) ,  r e f l e c t i n g  i n h i b i t o r  e f f ec t i venes s ,  was  

1.3 # M .  

to competi t ively inhibit aromatase enzyme in human  
predipocytes.  Although D M D M  and D D M M  are 
theoretical intermediates between matairesinol and Enl 
and D D S I ,  D M S !  and O D S I  are theoretical inter- 
mediates between secoisolariciresinol and End, similar 
intermediates have been identified in pr imate urine, 
suggesting that they are true physiological intermedi-  
ates [37]. 

Enl and its theoretical precursors were moderate  
inhibitors, while End and its theoretical precursors 
were weak inhibitors. T h e  Ki values of the moderate  
inhibitors were between 10 and 30 times the K i of AG, 
suggesting that the affinities of  these lignans to aroma-  
tase were 10-30-fold weaker than that of AG. At the 
same time, the K i values were between 150 and 500 
times the Km of androstenedione,  indicating that these 
compounds  bind preadipocyte aromatase less than 1% 
as tightly as androstenedione binds aromatase. 

Using human  placental microsomes,  Adlercreutz 
et al. [20] first reported that Enl and its theoretical 
precursors were competi t ive inhibitors of  aromatase. 
T h e  I50 values of Enl and D D M M  (4,4 ' -dihydroxyen-  
terolactone) were 14 and 6/~M, respectively, 5-10 
times lower than our results. T h e  K i value of Enl in 
placental microsomes was 6 p M ,  less than half  of  our 
finding of 14.4 # M  in preadipocytes.  T h e  affinity of  Enl 
for aromatase in their s tudy was 1.3% of that of  
androstenedione,  3-10-fold greater than in our study. 
Thus ,  the inhibitor affinity and potency we observed in 
preadipocytes was 2-10-fold lower than that observed 
by Adlercreutz et al. in placental microsomes.  These  
differences between whole cell and placental micro-  
some systems are similar to those we reported pre- 

viously in studies of  flavonoid aromatase inhibitors 
[23]. As we suggested earlier, the lower potency of 
lignans in preadipocytes is possibly due to the incom- 
plete passage of lignans through the cell membrane  
barrier  in whole cells. T h e  intracellular concentration 
of inhibitor would likely be lower than that in the 
culture medium.  T h e  preadipocyte microsomes would 
therefore be exposed to lower concentrations of lignan 
than the placental microsomes,  leading to lower inhibi- 
tory affinity and efficiency. 

T h e  I50 value of D D M M  (6 # M )  was lower than that 
of  Enl (14 p M )  in the experiments  of  Adlercreutz et al. ,  

suggesting greater potency with D D M M .  Our  studies 
also showed this relationship in preadipocytes,  with Is0 
values of  60 and 7 4 # M ,  and Ki values of 7.3 and 
14.4 # M  for D D M M  and Enl, respectively. 

Adlercreutz et al. also tested the effect of  Enl on 
aromatase activity in the human  choriocarcinoma cell 
line JEG-3  [20]. After 1-2 h incubation with Enl, 
estrone product ion was 73-78, 61-63 and 24-27% of 
the control level when Enl concentrations were 1, 10 
and 100/~M, respectively. T h e  inhibition in J E G  cells 
was greater than in preadipocytes (aromatase activities 
of  97%, 89% and 37% of control level at 1, 10 and 
100 (/~M Enl), most  likely reflecting differences in cell 
type. 

Our  study confirmed the observations of Adlercreutz 
et al. that End is a somewhat  weaker aromatase inhibi- 
tor than Enl in placental microsomes [20]. Structural 
differences may contribute to this observed difference 
in inhibitor potency between Enl and End. While both 
are diphenolic compounds,  Enl and its theoretical 
precursors contain a keto- te t rahydrofuran ring, and 
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End and its theoretical precursors are without such a 
ring. The  presence of this ring structure may either 
directly increase the affinity of  Enl to aromatase en- 
zyme, or it may increase lipid solubility, allowing Enl 
and its theoretical precursors to enter the cell more 
easily and gain access to the binding site of  aromatase. 
An effect of  the ring on lipid solubility may also explain 
our finding that the difference in potency between End 
and Enl is greater in whole cells than in microsomes,  
with End being a far weaker inhibitor in whole cells. 

Our  results with flavonoids are the first to demon-  
strate that the isoflavone, coumestrol,  the flavone, 
luteolin, and the flavonol, kaempferol,  are competit ive 
inhibitors of aromatase enzyme activity. Ki values for 
the flavonoids were 2.6, 9.6 and 54 times the K i of AG, 
for coumestrol,  luteolin and kaempferol,  respectively, 
refect ing inhibitor potencies that were about 40%, 
10°,/o and 2% of the potency of AG. Thei r  affinities to 
aromatase enzyme were less than 3% that of  an- 
drostenedione. 

Coumestrol  is a phytoestrogen known to bind the 
estrogen receptor [38] and exert estrogenic effects. 
These  include induction of vaginal opening, cornifica- 
tion and cycling; stimulations of uterine metaplasia and 
promotion of hemorrhagic follicles [39, 40]; stimulation 
of cytosolic progestin receptors [40]; and proliferation 
of M C F - 7  [41] and other m a m m a r y  tumor  cells [38]. 
Our  findings suggest that the estrogenic effects of 
coumestrol  may be opposed in some cases by its 
inhibition of estrogen synthesis. 

The  isoflavone, O - D m a ,  did not inhibit aromatase 
enzyme in preadipocytes. This  was not surprising, as 
the structure of  O - D m a  is similar to that of other 
isoflavones, such as daidzein and genistein, that we 
previously reported to be noninhibitors [23]. On the 
other hand, Adlercreutz et al. [20] found O - D m a  to be 
a weak aromatase inhibitor in human placental micro- 
somes, with an I50 of 160 pM.  Under  our conditions in 
whole cells, we have generally found I50 and Ki values 
to be 10-fold greater than those reported in placental 
microsomes. With an I50 of 160 # M  in placental micro-  
somes [20], we would be unable to detect inhibition by 
O - D m a  in our system. 

T h e  flavonols, morin and fisetin, were found to be 
noninhibitors of aromatase enzyme in our system. Our  
results with morin  differ from those of Moochhala 
et al.,  who found morin to bind aromatase enzyme in 
placental microsomes [42]. These investigators found 
morin to bind aromatase to a similar degree as does 
quercetin, a flavonol that we previously reported to be 
a noninhibitor in preadipocytes [23]. Although morin 
binds aromatase enzyme weakly in placental micro- 
somes, as do quercetin and O - D m a ,  limited passage 
through the cell membrane  causes these weak inhibi- 
tors to fall below the limits of  sensitivity of our whole 
cell system. 

Several reports have explored the relationship be- 
tween flavonoid structure and ability to inhibit aroma- 

tase enzyme activity. Ib rah im and Abul-Hajj  suggested 
the importance of C-7 hydroxylation for binding to 
aromatase [21], while Moochhala  et al. suggested the 
importance of 5,7-dihydroxylation [42]. In  our study, 
all of  the compounds  have a C-7 hydroxyl,  while two 
of the three inhibitors and one of the three nonin- 
hibitors have a C-5 hydroxyl. Quercetin, a flavonol 
previously reported to be a non-inhibi tor  [23], also has 
a C-5 hydroxyl. Thus ,  for this group of compounds,  
hydroxylation at the 5 or 7 position does not appear to 
be a major determinant  of  inhibitory effect. Our  find- 
ings do, however, support  previous reports of  de- 
creased inhibition by C-3 hydroxylated flavonoids 
[21,23,42].  In our study, all of  the noninhibitor 
flavonols, as well as the weak inhibitor, kaempferol,  
have a C-3 hydroxyl,  while the stronger inhibitor, 
luteolin, does not. T h e  increased inhibitory capacity 
of luteolin, relative to quercetin, strongly supports  
this hypothesis. In addition, the increased inhibitory 
capacity of  kaempferol relative to quercetin suggests 
that the presence of a C-Y hydroxyl reduces inhibitory 
capacity and the increased inhibitory capacity ot 
kaempferol relative to morin suggests that the presence 
of a C-2 '  hydroxyl reduces inhibitory capacity. 

There  are no reports of the effects of  lignans or 
flavonoids on aromatase enzyme activity in living or- 
ganisms. Considering the much  lower affinities of  these 
compounds  to aromatase than that of  the substrate, it 
is reasonable to assume that very high levels of  inhibi- 
tor would be required to successfully compete with 
androstenedione and testosterone. Few data have been 
reported, however, on the normal circulating levels of 
these compounds  in humans. Adlercreutz et al. re- 
ported mean plasma levels of End and Enl of 2.5 and 
33 nM, respectively, in omnivorous women and 17 and 
253 n M  in vegetarian women [43]. At 253 nM, the 
circulating level of  Enl in vegetarians is about 50-fold 
lower than the Ki of Enl, suggesting that the physio- 
logical significance of inhibition by Enl alone is un-  
likely. 

Although the concentration of any one compound 
may be low relative to the individual Ki value, the total 
effect of many  aromatase inhibitors circulating in v ivo  

over a lifetime, may be of physiological significance. 
Additional dietary aromatase inhibitors have been re- 
ported, including other lignans [20] and flavonoids 
such as chrysin and biochanin A [23], hydroxyflavones 
[21] and apigenin and flavanone [22]. T h e  estrogen- 
reducing effects of these compounds  may be enhanced 
by their other reported antiestrogenic properties,  such 
as suppression of estrogen action and bioavailability. 
These  effects would be more important  in vegetarians, 
as a result of  their higher consumption of plant foods 
containing lignans and phytoestrogens. 

These  results provide further evidence that natu- 
rally-occurring dietary compounds inhibit aromatase 
enzyme activity in intact preadipose cells. Our  findings 
suggest that lignans and flavonoids may contribute to 
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the cancer-preventive properties of plant-based diets 
by inhibiting estrogen synthesis in adipose tissue. 
Although it is unlikely that any one compound alone 
inhibits aromatase inhibitor significantly in vivo, the 
physiological significance of long-term consumption of 
many such compounds has yet to be explored. 
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