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When rJcJ-q-#& ’ me B&rated with everted sacs of rat intestine; net transport 
of radioact%k~-&~t&~~s&lmed.ium is accomplished by oxidation of the e&radio] 
to estrone fa ibwn of the estrone as a ghtcuronide. The conjugated 
eskrone is aizczrxm&& &.Iiti ti+erosal medium. Relative impermeability of the mucosa 
to the conjngr&e~~;~lr~~nrtEiIe basis for the accumulation of radioactivity in the 
serosal eia. 

INTRODUCTION 

It has recent& &RBII I&HHIW& that ghrcuronide conjugates are formed during the 
transport af cfz~Z&~ ;Rlfjmltr acid: and thyrodtie analagues by rat intestine in ~ilrol~~. 
When f811&b&&I zrn~&~y_oft&yroxine are incubated zk V&O tvith everted sacs ot 
rat irxt&ine, ad&e rr&I&~~ in the serosal fluid is in the form of a glucuronide 
conju@e of &e a. IBe gkcuronides of these thyroxine anajogues are not 

everted gut sacs, and it has been suggested that relative 
surface of the gut to these conjugates offers a reasonable 

eqdanaticm 34x !tBkf& “Am in the c/_--rosa1 fluid. 
To de&M& kkt&n- err not this mechanism for transport might have more 

ed gut sacs to transport a number of steroids 
01 was chosen as a model estrogen. \Vith this 

y to the serosal medium is accomplished by a 
is f&t oxidized to estrone, and the estrone is con- 
accumulatiozi of this conjugate in the serosaI fluid 

as 7 times greater than those in the mucosal 
medium. 

EXFERIMENTAL 

activity 5.5 ,uC/mg and 25 &/mg) and [rb-Wjestrone 
i xwae obtained from New England Nuclear Corporation. 

-kkcted when the chromatugraphed compounds were 
fk~- strip counter. 
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W i s t a r  s t r a in  maple ra t s  we igh ing  I5O,25o  g were  f a s t ed  20-30  h, d e c a p i t a t e d ,  a n d  
the  in tes t ine  r e m o v e d  a n d  r insed  in modif ied  R inge r ' s  so lu t ion .  T h e  in t e s t i ne  w a s  
e v e r t e d  a n d  t ied  in to  w e i g h e d  sacs a p p r o x .  3 cm in l e n g t h  acco rd ing  to  the  m e t h o d  of 
WtLso~  AND WISEMAN a. E x c e p t  as n o t e d  in i n d i v i d u a l  e x p e r i m e n t s ,  each  sac  w a s  
filled w i t h  o.5 ml  of m e d i u m  c o n t a i n i n g  o . I34  M NaC1, o .oxI  M KC1, o.oo8 M p h o s p h a t e  
buffer  (pH 7.4), o .ooI  M CaC12, a n d  o.oz M glucose ,  a n d  p l aced  in a 2o-ml  b e a k e r  
con t a in ing  t h e  s a m e  m e d i u m  plus  [ i6-!4C]-x7-fl-estradiol  (2-xo -6 M or  9 " i ° - ~  M). 
T h e  sacs were i n c u b a t e d  for z2o m i n  a t  37 ° in a D u b n o f f  s h a k e r  osc i l la t ing  IZO times• 
m i n  w i t h  oxygen  flowing a t  4 -5  cubic fee t /h .  A t  the  e n d  of t h e  i n c u b a t i o n ,  o .2-ml  
a l iquo t s  of t he  inne r  a n d  the  ou t e r  fluid were  p l aced  in a l u m i n u m  p l a n c h e t s  a n d  c o u n t e d  
wi th  a Geiger-Mii l le r  tube .  S a m p l e  c o u n t s  gene ra l l y  exceeded  xo t imes  t h e  b a c k g r o u n d .  
T r a n s p o r t  was  ca lcu la t ed  e i t he r  as  t h e  difference b e t w e e n  m u c o s a l  a n d  serosal  m e d i a  
in c o u n t s / m i n / I o o  m g  we t  we igh t  of t i s sue /x2o  rain or  as the  r a t io  of serosal  t o  
mucosa l  c o u n t s / r a i n / u n i t  vo lume .  G u t  sacs were  t a k e n  f rom va r ious  s e g m e n t s  of t h e  
smal l  i n t e s t ine ;  w h e n  inh ib i to r s  were  u sed  eve ry  second  or  t h i r d  success ive  sac  s e rved  
as cont ro l .  C h r o m a t o g r a p h y  of t he  m u c o s a l  a n d  serosa l  m e d i a  was  p e r f o r m e d  on 
W h a t m a n  No. r filter p a p e r  in s t a n d a r d  glass  c h r o m a t o g r a p h i c  t a n k s  us ing  B u s h  B 1, 
B~, B 5 or E b e r l e i n - B o n g i o v a n n i  (E~B) so lven t  systems4,  s. S c a n n i n g  of t h e  l abe led  
c o m p o u n d s  was  p e r f o r m e d  wi th  a gas  flow s t r ip  coun te r .  Color r e a c t i o n s  of t h e  u n -  
labe led  e s t rogens  were  car r ied  ou t  w i t h  s t a n d a r d  Z i m m e r m a n n  a n d  p h o s p h o m o l y b d i c  
ac id  r e a g e n t s  4. 

I n  e x p e r i m e n t s  where  the  c o n j u g a t e  was  m a d e  in q u a n t i t y ,  sui :cessive sacs  5 c m  
in l eng th  were  t a k e n  f rom t h e  lower  smal l  i n t e s t i n e  of 6 an ima l s .  T h e  sacs  were  p r e p a r e d  
in t h e  s t a n d a r d  m a n n e r  e x c e p t  for b e i n g  fi l led w i t h  I m!  of u n l a b e l e d  m e d i u m .  
Fol lowing  3 h of i ncuba t ion ,  t h e  serosa l  m e d i a  were  c o m b i n e d  a n d  e v a p o r a t e d  u n d e r  
v a c u u m  to a v o l u m e  su i tab le  for a p p l i c a t i o n  t o  c h r o m a t o g r a p h y  pape r .  A f t e r  d ry ing ,  
t h e  s t r ips  were  e q u i l i b r a t e d  over  n i g h t  in  s t a n d a r d  B u s h  sys t ems ,  t h e n  a l lowed t o  
dr ip  for I 2 - z 4  h, t h e  wa te r - so lub le  c o n j u g a t e  r e m a i n i n g  a t  t h e  origin.  F o l l o w i n g  this ,  
t h e  p a p e r  was  t h o r o u g h l y  h a a c e r a t e d  a n d  t h e  c o n j u g a t e  e x t r a c t e d  w i t h  wate r .  H y d r o -  
lysis of t h e  c o n j u g a t e  was  p e r f o r m e d  wi th  " K e t o d a s e "  ( W a r n e r - L a m b e r t )  i o o o  u n i t s /  
ml  du r ing  a 3-h i n c u b a t i o n  in 0.5 M a c e t a t e  buf fe r  ( p H  5) a t  37 °. I n h i b i t i o n  of /~-  
g lucu ron idase  a c t i v i t y  was  accompl i shed  in con t ro l  vesse l s  w i t h  o .oo i  M 1,4-saccharo-  
l ac tone  as descr ibed  by  L E w Y  s. 2 ~/o Mylase  P (Nu t r i t i ona l  B iochemica l s  Inc . ,  Cleve-  
land ,  Ohio) was  i n c u b a t e d  wa_'th t h e  c o n j u g a t e  for x8 h in o.x M p h o s p h a t e  buf fe r  
(pH 6.2) a t  5 °o as s u g g e s t e d  Ly COHEN AND BATES ?, 5 ~/o T a k a d i a s t a s e  (K a n d  K 
Labora to r i e s ,  J a m a i c a ,  L o n g  I s l and ,  N.Y.)  w a s  i n c u b a t e d  wi th  t h e  c o n j u g a t e  for  x8 h 
in o . I  M a c e t a t e  buffer  (pH 6.I)  a.t 37 ° as  s u g g e s t e d  b y  ABEOTT 8. Ac id  hydro lys i s  of t h e  
c o n j u g a t e  was  accompl i shed  b y  ref luxing w i t h  o . I  N HC1 u n d e r  t o l u e n e  for 24 h 
(see ref.  7)- 

P a r t i t i o n  c h r o m a t o g r a p h y  of t he  u n k n o w n  s te ro id  r ecove red  f r o m  t h e  g lucu ron ide  
c o n j u g a t e  was  p e r f o r m e d  on  a Celi te c o l u m n  in an  o.8 N N a O H - b e n z e n e  s y s t e m  as  
ou t l i ned  b y  BAULD 9. R a d i o a c t i v i t y  was  m e a s u r e d  in  a l iquo t s  f rom each  f rac t ion  ob-  
t a i n e d  f rom t h e  co lumn.  To d e t e c t  t h e  a d d e d  u n l a b e l e d  e s t r o n e  I . o -ml  a l iquo t s  of each  
f rac t ion  were  t a k e n  to  d ryness ,  I.O ml  of IO % so lu t ion  of p h o s p h o m o l y b d a t e  in  m e t h a -  
nol  w a s  a d d e d ,  a n d  t h e  m i x t u r e  p l a c e d  in an  8 0 - 9 0  ° w a t e r  b a t h  un t i l  t h e  m e t h a n o l  
e v a p o r a t e d .  T h e  dr ied  m a t e r i a l  was  r ed i s so lved  in 5.o ml  of m e t h a n o l  a n d  t h e  a b -  
s o r b a n c y  r e a d  a t  6IO m/z in a Co leman  m o d e l  6A s p e c t r o p h o t o m e t e r .  O v e r  the  mrt4ge of  

Biochim.  Biophys .  A eta, 69 (x963) 68-75 
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concen t r a t i on  used in th i s  expe r imen t  (5-125 t,g) es t rone  s t a n d a r d s  p roduced  a s t r a igh t  
l ine re la t ionship .  

R E S U L T S  

I n c u b a t i o n  of e v e r t e d  gu t  sacs  in s t a n d a r d  m e d i u m  con ta in ing  [14C]-i7-fl-estradiol 
r e su l t ed  in a concen t r a t i on  of r ad ioac t iv i t y  in t h e  serosal  m e d i u m  up to 7 t imes  g rea te r  
t h a n  t h a t  in the  mucosa l  m e d i u m  a t  t he  end  of the  exper imen t .  As shown in Tab le  I, 
t he  m e a n  ra t io  e s t ab l i shed  xfith eve r t ed  sacs of small  in tes t ine  a t  z concen t r a t i ons  of 
es t radio l  was  3- T h e  en t i re  in tes t ine  from d u o d e n u m  to colon possessed t he  c a p a c i t y  
to  a c c u m u l a t e  r ad ioac t ive  ma te r i a l  in the  serosal  m e d i u m  {Fig. z). A l t h o u g h  the  resu l t s  
in-Fig,  i sugges t  t h a t  the  i leum is s l igh t ly  more  ac t ive  t h a n  t he  res t  of t h e  in tes t ine ,  
r e su l t s  f rom expe r imen t s  wi th  8 an ima l s  indica te  no s ta t i s t i ca l ly  signif icant  difference 
b e t w e e n  t r a n s p o r t  in t he  uppe r  a n d  in t he  lower smal l  in tes t ine .  
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F i g .  x. E s t r o g e n  t r a n s p o r t  a l o n g  t h e  s m a l l  i n t e s t i r . e  o , d  c o l o n .  

The  addi t ion  of var ious  metabo l ic  inhib i tors  to  t he  m e d i u m  a n d  the  incuba t ion  of 
s acs  in a n  a t m o s p h e r e  of t oo  % n i t rogen  m a r k e d l y  inh ib i t ed  the  t r a n s p o r t  of radio-  
a c t i v e  s te ro id  in to  t h e  serosal  media ,  effect ively p r e v e n t i n g  t h e  d e v e l o p m e n t  of a 
c o n c e n t r a t i o n  g r a d i e n t  (Table  I I ) .  

P a p e r  c h r o m a t o g r a p h y  of t he  pos t - incuba t ion  serosal  m e d i u m  ind i ca t ed  t h a t  t he  
m a j o r i t y  (from 6o to  95 % in different  exper iments )  of t h e  r ad ioac t iv i t y  was  in the  
form o f  a water - so lub le  con juga t e  which  r ema ined  a t  t he  origin in severa l  so lvent  
s y s t e m s  (Bush  i31, B u s h  ]8 s a n d  Eber!eL~.-Bongiovanni E~B). The  m a j o r  por t ion  of t he  
r e m a i n i n g  r ad ioac t i v i t y  c h r o m a t o g r a p h e d  wi th  the  mobi l i ty  of es t rone .  Less  t h a n  
xo % of t h e  original  es t rad io l  was  still  de tec tab le .  In  t h e  mucosa l  m e d i u m  af te r  a 3-11 
i n c u b a t i o n ,  t he  m a j o r i t y  of t he  r ad ioac t iv i t y  had  a mobi l i ty  s imi lar  to  t h a t  of es t rone.  

Biochirn. Biophys. Acta, 69 ( I 9 6 3 )  6 8 - 7 3  



INTESTII~IAL TRANSPORT OF ESTROGENS 7 I  

TABLE I 

A C C U M U L A T I O N  O F  R A D I O A C T I V I T Y  I N  S E R O S A L  M E D I A  W I T H  E t 4 ~ ] - I T - ~ - E S T R A D I O L  

M a m  ,me/o, 
Concentration of  Number Nttmber (SeTOSailmucosal 

estradioi of animals o f  z a c s  media) 
4- S.D. 

2-  IO - e  M 6 1 6  3 . 0 4  -~- I .  I 
9" I O - e  M 2 2 o  2 - 9 3  ± x . 4  

TABLE I[ 
E F F E C T  O F  V A R I O U S  M E T A B O L I C  I N H I B I T O R S  O N  TIR.A=~SIPORT XVITH [ I I C ~ - I 7 - ~ - E S T R A D I O L  

EstradioI concentration, 2- Io -6 M or 9" IO-S M. 
,- ....... 

3lean 
Inhibitor C ~  Nwmber per cot* 

(~,e,3 . of t~.t controt 
tramspoTt 

2 ,4-Din i t rophen~ . l  o.ooo4 3 16 
Mercuric chloride o.ot 4 5 
Sodium azide 0 - 0 3  3 o 
Sodium fluoride o.o2 4 3 t 
Sodium cyanide 0.02 3 o 
IOO ~o Nitrogen 9 o 

Less t h a n  20 % of the  r a d i o a c t i v i t y  was  a t  t h e  or ig in  ( p r e s m n a b l y  t h e  c o n j u g a t e )  a n d  
l i t t le  or  none  was  d e t e c t a b l e  as  es t radio i .  

In  sacs where  v e r y  h igh  g r a d i e n t s  deve loped ,  e s sen t i a l l y  all  t h e  r a d i o a c t i v i t y  in 
t he  serosal  m e d i u m  was  in t h e  fo rm of a con juga t e .  U n d e r  c i r c u m s t a n c e s  whe re  ac-  
c u m u l a t i o n  was p r e v e n t e d ,  as  w i th  t h e  m e t a b o l i c  inh ib i to r s ,  none  of the  s t e ro id  w a s  
c o n j u g a t e d .  D e v e l o p m e n t  of a g r a d i e n t  of  r a d i o a c t i v i t y  was  d e p e n d e n t  u p o n  con-  
j uga t ion .  

P r o p e r t i e s  o f  t h e  c o n j u g a t e  

T he  s te ro id  c o n j u g a t e  was  wa te r - so lub le  a n d  cou ld  be  e l u t e d  eas i ly  f rom t h e  
c h r o m a t o g r a p h y  pape r .  W h e n  i so la t ed  a n d  i n c u b a t e d  w i t h  e v e r t e d  sacs  of sma l l  in-  
t e s t ine  t he  c o n j u g a t e  was no t  a c t i v e l y  t r a n s f e r r e d  i n to  t h e  serosa l  m e d i u m ,  In  2 ani-  
mals ,  t he  m e a n  ra t io  of r a d i o a c t i v i t y  of  se rosa l  t o  m u c o s a l  m e d i a  fol lowing a 3-h 
i n c u b a t i o n  was  o.53. A l t h o u g h  t h e  q u a n t i t y  of  r a d i o a c t i v i t y  u s e d  was  so sma l l  t h a t  
if 15 % or less of the  m a t e r i a l  h a d  b e e n  h y d r o l y z e d  i t  wou ld  n o t  h a v e  been  d e t e c t e d ,  
t he re  was  ~lo c h r o m a t o g r a p h i c  ev idence  t h a t  t h e  c o n j u g a t e  was  b r o k e n  down  in t h e s e  
e x p e r i m e n t s .  

In  o rder  f u r t h e r  to  c h a r a c t e r i z e  t h e  c o n j u g a t e  i t  w a s  p r e p a r e d  in q u a n t i t y  f rom 
t h e  c o m b i n e d  serosal  m e d i a  of 72 sacs as  de sc r ibed  above .  T h e  i so l a t ed  c o n j u g a t e  was  
s t ab l e  w h e n  i n c u b a t e d  for  24 h a t  37 ° p H I ,  3, 6, 9 a n d  x2 b u t  was  h y d r o l y z e d  b y  
re f lux ing  in o . I  N HC1 u n d e r  t o l u e n e  fGr 24 h .  T h e  c o n j u g a t e  was  also c l eaved  b y  
i n c u b a t i o n  for 3 h a t  37 ° w i t h  f l -g lucuronidase .  T h e  c l eavage  of t h e  c o n j u g a t e  w i t h  
,_B-glucuronidase could  be p r e v e n t e d  b y  inc lud ing  in t h e  m e d i u m  o.oox M i ,4-saccharo-  
l ac tone ,  a specific i nh ib i t o r  of f l -g lucuronidase  6. T h e  c o n j u g a t e  was  n o t  a l t e r e d  b y  

h i o c k i m .  Bioph.y~,. Ac ta .  69  (x963) 68-75 
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i n c u b a t i o n  for  r8  h w i t h  T a k a d i a s t a s e  or  M y l a s e  P,  b o t h  of  w h i c h  c l eave  su l f a t e  con-  
jugates~,  a. On  t h e  t .as is  o f t h c z e  f ind ings  it  is a s s u m e d  t h a t  t h e  c o n j u g a t e  is a g l u c u r o n i d e .  

Properties of the conjugated steroid 

W h e n  t h e  g l u c u r o n i d e  i s o l a t e d  f rom t h e  s e ro sa l  m e d i a  w a s  h y d r o l y z e d  e i t h e r  b y  
r e f lux ing  w i t h  a c i d  or  b y  i n c u b a t i n g  for  3 h w i t h  f l - g lucu ron ida se ,  a l l  of t h e  r a d i o -  
a c t i v i t y  was  l i b e r a t e d  in a s ing le  u n c o n j u g a t e d  s t e ro id .  T h e  m o b i l i t y  of t h i s  u n k n o w n  

TABLE I1!  

C H R O . M A T O G R A P H Y  O F  U N K N O V ~ ' N  S T E R O I D  W I T H  K N O ' * V N  E S T R O G E N S  

Bush B t  Bush l?:j B t~h  B~ 
R F  IgF R F 

(: n knox~-n 71 50 90 
Estrone 7 ° 49 86 
Estradiol 34 i ~) 83 
Estriol o o 9 

s t e r o i d  w a s  c o m p a r e d  w i t h  m o b i l i t i e s  of  u n l a b e l e d  s a m p l e s  of  e s t r a d i o l ,  e s t r o n e ,  a n d  
e s t r i o l  a p p l i e d  to  p a r a l l e l  s t r i p s .  T h e  u n k n o w n  l a b e l e d  s t e r o i d  h a d  m o b i l i t i e s  in 
B u s h  B 1, B u s h  B 3 a n d  B u s h  B 5 s o l v e n t  s y s t e m s  c o m p a r a b l e  t o  t h o s e  of  t h e  u n l a b e l e d  
e s t r o n e  (Tab l e  I I I ) .  W h e n  t h e  u n k n o w n  w a s  a p p l i e d  to  t h e  s a m e  s t r i p s  t o  w h i c h  
s t a n d a r d s  h a d  b e e n  a d d e d  t h e  m o b i l i t i e s  of  t h e  u n k n o w n  were  i d e n t i c a l  t o  t h o s e  of  
e s t r o n e  in t h e  3 s y s t e m s  u s e d  ( B u s h  B1 (RF 8o), B u s h  B 5 (RF 9I ) ,  E2B  (RF 64) ). 
I n  t h e s e  3 s y s t e m s  t h e  u n k n o w n  w a s  c l e a r l y  d i s t i n g u i s h a b l e  f rom b o t h  e s t r a d i o l  a n d  
es t r io l .  

~0 " 8 N  NQOH - l : ~ n z e n e ~  UNKNOWM 
I I : 1 )  / t "  ~.'r46 

~o .7 g r a m s  c e l i t e  ÷ U E S T ~ O N t  ~ 
5 . 6  m! s t o t l o ~ r y  l ,.4 

,,3 

E .,.1 

e 2: 
20 0.6 

0.4 

..~ CLI 

r.6 4??...0 ~5.4 .~O .t~ ;~ 
m l  ~u~e 

Fig. 2 .  Simultaneous partit ion chromatography of estrone and the unknown steroid in the aqueous 
sodium hydroxide-benzene system of BAULD I. 

F u r t h e r  s u p p o r t  for  t h e  s u g g e s t i o n  t h a t  t h e  c o n j u g a t e d  s t e r o i d  is es*~rone w a s  
p r o v i d e d  b y  p a r t i t i o n  c h r o m a t o g r a p h y  in t h e  a q u e o u s  s o d i u m  h y d r o x i d e - b e n z e n e  
s y s t e m  d e v e l o p e d  b y  BAULD 9 for  t h e  s e p a r a t i o n  of  e s t r o n e ,  e s t r a d i o l  a n d  es t r io l .  
As  n o t e d  in  Fig .  2, w h e n  t h e  u n k n o w n  a n d  s t a n d a r d  u n l a b e l e d  e s t r o n e  w e r e  a d d e d  
s i m u l t a n e o u s l y  t o  t h e  c o l u m n  t h e  2 s u b s t a n c e s  w e r e  r e c o v e r e d  in i d e n t i c a l  f r a c t i o n s  
of  t h e  e l u a t e .  
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DISC WSSION 

Although [14C]-r7-cstradiol was used in most of these studies, [16-3H]estrone is 
transported equally well by everted sacs of rat intestine. With estrone, the accumula- 
tion of radioactivity in the serosal medium is similarly dependent upon the formation of 
e&one glucuronide. The relative stability of the estrone glucuronide in alkali and in 

acid suggests that the conjugation is through the hydroxyl group at the third position 
rather than the ketone group at position seventeen’@. 

The ability of slices of rat duodenum to form glucuronides of estrone*and estradiol 
has been reported previously 11v12, but the experimental methods used would not 
have detected any interconversion of these estrogens. Although the methods of 
SCHURHOLZ AND STAIB~~ appear adequate for demonstrating the interconversion of 
cstradiol to estrone prior to conjugation in the rat duodenum, nonewasdemonstrated; 
estradiol was conjugated with glucuronic acid di=ctly_ In our preparations in vitro 
utilizing segments of the entire small intestine estradiol was oxidized to estrone prior 
to its conjugation. No direct conjugation of estradiol was detected. 

Glucuronide formation offers a reasonable explanation for the active transfer of 
radioactive steroids across the intestinal wall in this preparation in va‘tro. Whereas 
the added steroids are soluble in lipid solvents and presumably in the tissue lipids, 
the conjugate is water-soluble. If it is assumed that conjugation occurs in the mucosal 
cells, the accumulation of the conjugate in the serosal fluid appears to result from a 
relative impermeability of the mucosal surface to the conjugate. 
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