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A b s t r a c t  0 The s k i n  permeat ion system developed e a r l i e r  i n  t h i s  

l a b o r a t o r y  was u t i l i z e d  t o  s t u d y  t h e  k i n e t i c s  o f  t h e  s imul taneous 

s k i n  permeat ion and b ioconvers ion  o f  5 e s t r a d i o l  e s t e r s .  The 

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

s i l i c o n e  f l u i d  and i n  h y d r o p h i l i c  PEG 400 /sa l i ne  s o l u t i o n  was 

found t o  be dependent upon t h e  a l k y l  c h a i n  l e n g t h  o f  t h e  e s t e r s .  

Estradiol-3,17-diacetate had a g r e a t e r  s o l u b i l i t y  i n  s i l i c o n e  

f l u i d  and a l ower  s o l u b i l i t y  i n  PEG 400 /sa l i ne  s o l u t i o n  t h a n  

e s t r a d i o l - 1 7 - a c e t a t e .  The ( s k i n / s i l i c o n e  f l u i d )  p a r t i t i o n  

c o e f f i c i e n t s  were observed t o  decrease as t h e  a l k y l  c h a i n  i nc reased  
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1134 VALIA, TOJO, AND CHIEN 

i n  l e n g t h .  Dur ing  t h e  course o f  s k i n  permeat ion,  t h e  e s t r a d i o l  

e s t e r s  were me tabo l i zed  b y  e s t e r a s e  t o  regenera te  e s t r a d i o l  . 
The r a t e  o f  appearance o f  e s t r a d i o l  f rom t h e  e s t r a d i o l  e s t e r s  

was observed t o  be dependent upon t h e  e s t e r  c o n c e n t r a t i o n  on 

s t r a t u m  corneum s u r f a c e  and t o  f o l l o w  t h e  o r d e r  o f :  d i a c e t a t e  

> v a l e r a t e  > heptanoate > c y p i o n a t e  > a c e t a t e .  From t h e  dermal 

uptake and metabol ism s t u d i e s  o f  e s t r a d i o l  e s t e r s  t h e  f i r s t - o r d e r  

r a t e  cons tan ts  f o r  t h e  metabol ism o f  e s t r a d i o l  e s t e r s  were 

determined. The r a t e  c o n s t a n t  f o r  t h e  metabol ism o f  

estradiol-3,17-diacetate t o  fo rm e s t r a d i o l  a c e t a t e  was observed 

t o  be about 22 t imes  f a s t e r  t h a n  t h e  r a t e  c o n s t a n t  f o r  t h e  

metabol ism o f  e s t r a d i o l  a c e t a t e  t o  genera te  e s t r a d i o l .  The 

enzymatic h y d r o l y s i s  o f  t h e  e s t e r  group a t  17 th  p o s i t i o n  was 

found a l s o  t o  f o l l o w  a f i r s t - o r d e r  k i n e t i c  process and t h e  r a t e  

cons tan ts  v a r i e d  w i t h  t h e  v a r i a t i o n  i n  a l k y l  c h a i n  l e n g t h .  

INTRODUCTION 

The movement o f  a d rug  i n t o  and th rough  t h e  s k i n  i s  a 

d i f f u s i o n  process. Therefore,  t h e  thermodynamic a c t i v i t y  o f  

a d rug  i n  t h e  d e l i v e r y  phase o r  i n  a v e h i c l e  i s  i m p o r t a n t ,  as 

i s  t h e  i n t r i n s i c  a b i l i t y  o f  a d rug  spec ies  p a r t i t i o n i n g  i n t o  

and d i f f u s i n g  th rough  t h e  s k i n .  

The a p p l i c a t i o n  o f  p rod rug  approach i n  t ransderma l  d rug  

d e l i v e r y  can be cons ide red  as t h e  a l t e r a t i o n s  o f  s k i n  p e r m e a b i l i t y  

v i a  t h e  p h y s i c a l  o r  chemical  m o d i f i c a t i o n  o f  t h e  p e n e t r a t i n g  
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LONG-TERM PERMEATION KINETICS OF ESTRADIOL. I11 1135 

drug  mo lecu le  t o  enhance i t s  r a t e  o f  percutaneous a b s o r p t i o n .  

The p rod rug  approach i s ,  i n  e f f e c t ,  a m a n i p u l a t i o n  o f  t h e  d r u g - s k i n  

and d r u g - v e h i c l e  i n t e r a c t i o n s .  

Prodrugs o f  a p o o r l y  absorbed d rug  may be syn thes i zed  t o  

improve i t s  t r a n s p o r t  c h a r a c t e r i s t i c s .  By t h e  m e t a b o l i c  processes 

w i t h i n  t h e  s k i n ,  t h e  prodrugs can be t rans fo rmed  back t o  t h e  

a c t i v e  p a r e n t  drug.  I n  o t h e r  words, i f  an a c t i v e  d rug  has a 

v e r y  low a f f i n i t y  toward t h e  s k i n  and w i l l ,  t h e r e f o r e ,  n o t  e a s i l y  

p a r t i t i o n  i n t o  i t  t o  any g r e a t  e x t e n t .  The p a r t i t i o n  behav io r  

o f  t h i s  d rug  can be improved by s imp le  chemical  m o d i f i c a t i o n  

t o  fo rm a l i p o p h i l i c  prodrug, s o ,  t h e  t r a n s p o r t  o f  t h e  d rug  i n t o  

t h e  s k i n  i s  s u b s t a n t i a l l y  enhanced. I n  t h e  s k i n ,  t h e  p rod rug  

i s  r a p i d l y  me tabo l i zed  t o  regenera te  t h e  a c t i v e  p a r e n t  drug.  

S tud ies  which may be cons ide red  as pav ing  t h e  f o u n d a t i o n  

f o r  p rod rug  development have been conducted on homologous s e r i e s  

o f  compounds. They a r e  e x e m p l i f i e d  b y  t h e  i n  v i t r o  percutaneous 

a b s o r p t i o n  s t u d i e s  o f  s t r a i g h t - c h a i n  l ow-mo lecu la r -we igh t  a1 kano ls  

(1) and s t e r o i d  homologs ( 2 ) .  E a r l i e r ,  Wurster and Kramer ( 3 )  

conducted t h e  i n  v i v o  percutaneous a b s o r p t i o n  o f  t h r e e  s a l  i c y l a t e  

e s t e r  homologs i n  humans. 

Bodor e t  a l .  ( 4 - 6 )  have s t u d i e d  e x t e n s i v e l y  t h e  t ransdermal  

d e l i v e r y  o f  prodrugs o f  s t e r o i d s ,  t h e o p h y l l i n e  and cromolyn. 

Hydrocortisone-21-diethyl succinamate was r e p o r t e d  t o  a lmos t  double 

t h e  r a t e  o f  d e l i v e r y  o f  h y d r o c o r t i s o n e  th rough  h a i r l e s s  mouse 

sk in ,  w h i l e  a t  t h e  same t i m e  i t  caused s i g n i f i c a n t l y  l e s s  l o c a l  
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1136 VALIA, TOJO, AND CHIEN 

t o x i c i t y  than h y d r o c o r t i s o n e .  S e l e c t e d  acy loxymethy l  prodrugs 

as w e l l  as 7 - (hyd roxymethy l )  d e r i v a t i v e  were found t o  be e f f e c t i v e  

i n  i n c r e a s i n g  t h e  d e l i v e r y  o f  t h e o p h y l l i n e  th rough  s k i n  by 3.5 

t o  5 t imes.  It was concluded t h a t  t h e  p rod rug  approach seems 

t o  be p romis ing  f o r  t h e  t o p i c a l  d e l i v e r y  o f  such h i g h l y  p o l a r  

compounds as cromolyn ( 4 ) .  

The f e a s i b i l i t y  o f  pro-drug approach i n  t h e  dermal d e l i v e r y  

o f  5 - f l u o r o u r a c i l  t h rough  human s k i n  was s t u d i e d  by M o l l g a a r d  

e t  a1 . ( 7 ) .  The l - b u y t r y l o x y m e t h y l  d e r i v a t i v e  o f  5 - f l u o r o u r a c i l  

was r e p o r t e d  t o  permeate more r e a d i l y  t h e n  5 - f l u o r o u r a c i  1. 

Bundgaard e t  a l .  ( 8 )  i n v e s t i g a t e d  t h e  l e a c h i n g  o f  h y d r o l y t i c  

enzymes f rom human s k i n  i n  t h e  cutaneous permeat ion s t u d i e s .  

They emphasized t h a t  r e c e p t o r  phase metabol ism due t o  t h e  leached 

enzymes may be o f  s i g n i f i c a n c e  i n  assess ing t h e  c o n c u r r e n t  

t r a n s p o r t  and metabol ism o f  prodrugs when u s i n g  human s k i n  i n  

pe rmea t i on s t u d  i es . 

Recent ly ,  permeat ion o f  h y d r o c o r t i s o n e  and i t s  2 1 - e s t e r  

homologs through h a i r l e s s  mouse s k i n  was i n v e s t i g a t e d  by Smi th 

( 9 ) .  It was observed t h a t  t h e  enzymes have a f a c i l i t a t i n g  e f f e c t  

on t h e  r a t e  o f  t r a n s p o r t  o f  hydrophobic e s t e r s  across t h e  s k i n .  

The in v i t r o  r a t e s  o f  t r a n s p o r t  o f  h y d r o c o r t i s o n e  e s t e r s  was 

observed t o  be p a r a l l e l  w i t h  t h e  -- i n  v i v o  t o p i c a l  a n t i - i n f l a m m a t o r y  

a c t i v i t y ,  t h u s  sugges t ing  t h a t  t o p i c a l  a c t i v i t y  o f  these e s t e r s  

i s  s i g n i f i c a n t l y  c o n t r o l l e d  b y  permeat ion process. 

Poulson e t  a l .  (10) developed t h e  concept  o f  u s i n g  

combinat ions o f  s t e r o i d a l  prodrugs t o  improve dermal a b s o r p t i o n .  
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LONG-TERM PERMEATION KINETICS OF ESTRADIOL. I11 1137 

An inc rease  i n  t o t a l  d rug  p e n e t r a t i o n  was demonstrated. The 

p r i n c i p l e  behind t h i s  approach i s  t h e  independent p a r t i t i o n i n g  

and s o l u b i l i t y  behav io r  o f  a m i x t u r e  o f  compounds t h a t  a r e  

i n c o r p o r a t e d  i n t o  a dermal v e h i c l e .  S ince t h e  f l u x  o f  s k i n  

p e n e t r a t i o n  depends upon t h e  phys icochemical  parameters o f  t h e  

drugs i n  t h e  m i x t u r e ,  t h e  f l u x  r e s u l t i n g  f rom t h e  use o f  m i x t u r e s  

i s  s i g n i f i c a n t l y  g r e a t e r  t h a n  t h a t  o f  any i n d i v i d u a l  compound. 

I n  f e r t i l e  women, e s t r a d i o l  i s  n o r m a l l y  sec re ted  f rom t h e  

o v a r i e s  and t h e  r a t i o  o f  e s t r a d i o l  t o  e s t r o n e  i n  t h e  serum i s  

about 1 o r  g r e a t e r .  Wi th  t h e  onset  o f  menopause a t  t h e  age around 

50, o v a r i a n  s e c r e t i o n  o f  es t rogen  c o m p l e t e l y  ceases and t h e  r a t i o  

o f  e s t r a d i o l  t o  e s t r o n e  becomes l e s s  than  one (11, 12).  T h i s  

induces some p ro found  m e t a b o l i c  and t r o p h i c  changes. These 

postmenopausal d i s o r d e r s  a r e  o f t e n  t r e a t e d  by es t rogen  

a d m i n i s t r a t i o n ,  which i s  r e f e r r e d  t o  as t h e  hormonal rep lacement  

the rapy  (13 ) .  

I n  t h e  pas t ,  hormonal rep lacement  the rapy  was a d m i n i s t e r e d  

m o s t l y  by o r a l  r o u t e ;  con juga ted  es t rogens  and m i c r o n i z e d  e s t r a d i o l  

were r e p o r t e d l y  e f f e c t i v e  i n  t h e  t r e a t m e n t  o r  i n  t h e  p r e v e n t i o n  

o f  menopausal changes w i t h  a d a i l y  dose i n  t h e  m i l l i g r a m  range. 

On i t s  passage th rough  t h e  l i v e r ,  a ma jo r  f r a c t i o n  o f  t h e  o r a l  

es t rogen  dose was o f t e n  me tabo l i zed  t o  e s t r o n e  and e s t r i o l  , which 

were then  con juga ted  t o  produce a h i g h l y  u n p h y s i o l o g i c  p a t t e r n  

o f  es t rogen  m e t a b o l i t e s  and an i n c r e a s e  i n  t h e  l i v e r  p r o t e i n s ,  

l i k e  r e n i n  s u b s t r a t e  (13, 14) .  
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1138 VALIA, TOJO, AND CHIEN 

The p r e s e n t  s t u d y  desc r ibes  t h e  r e s u l t s  o f  a comprehensive 

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

est rogens across t h e  s k i n ,  w i t h  s p e c i a l  emphasis on t h e  

s imul taneous t r a n s p o r t  and b i o c o n v e r s i o n  o f  e s t r a d i o l  p rod rugs  

t o  e s t r a d i o l .  

I n  t h i s  i n v e s t i g a t i o n ,  we i n t e n d  t o  r e p o r t  o u r  f i n d i n g s  

on t h e  k i n e t i c s  o f  permeat ion o f  17 B - e s t r a d i o l  and i t s  17 -es te rs  

th rough  female h a i r l e s s  mouse s k i n  and t h e  k i n e t i c s  o f  

b ioconvers ion  o f  e s t r a d i o l - 1 7 - e s t e r s  t o  regenera te  e s t r a d i o l  . 
One o f  t h e  o b j e c t i v e s  f o r  t h e  s t u d y  i s  t o  e v a l u a t e  t h e  p o s s i b l e  

r e l a t i o n s h i p  between t h e  chemical  s t r u c t u r e  o f  e s t r a d i o l - 1 7 - e s t e r s  

and t h e  r a t e  o f  s k i n  permeat ion and/or  t h e  r a t e  o f  s k i n  metabol ism. 

E XPE R I MENTAL 

M a t e r i a l s  

E s t r a d i o l l ( E ) ,  e s t r a d i o l - 1 7  B -acetateZ(EA),  e s t r a d i o l - 1 7 6  

-va le ra te3 (EV)  , e s t r a d i o l - 1 7  B -heptanoate3(  EH)  ( o r  e s t r a d i o l  

enan tha te )  , e s t r a d i o l - 1 7  B -cyp ionate*(EC),  e s t r a d i o l - 3 ,  

17-diacetateZ(ED),  est rone2,  s i l i c o n e  medica l  f l u i d 4  (20  cps ) ,  

p o l y e t h y l e n e  g l y c o l  (PEG) 4005, sodium c h l o r i d e 6 ,  a c e t o n i  t r i l e 7  

and methanol7 ( b o t h  a r e  d i s t i l l e d - i n - g l a s s  HPLC grade)  were used 

as ob ta ined .  HPLC-grade wa te r  was prepared f r e s h l y  i n  t h e  

1 a bora t o  r y8 .  

A n a l y t i c a l  Methods 

A l i q u i d  chromatograph equipped w i t h  a r e c i p r o c a t i n g  pump9 

(model 6000A), an i n j e c t o r 9  (model U6K), an UV d e t e c t o r l o  (model 
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LONG-TERM PERMEATION KINETICS OF ESTRADIOL. 111 1139 

773, w i t h  a c e l l  volume o f  11 p l ) ,  a reverse-phase p-Bondapak 

C18 column9 w i t h  a guard column c o n t a i n i n g  37-50 pm Bondapak 

C18/Corasi l  pack ing  m a t e r i a l  , and an Omniscr ibe r e c o r d e r l l  was 

used i n  t h i s  i n v e s t i g a t i o n .  The UV d e t e c t o r  was opera ted  a t  

t h e  wavelength o f  205nm t o  d e t e c t  e s t r a d i o l  , es t rone ,  and e s t r a d i o l  

e s t e r s .  D i f f e r e n t  combinat ions o f  a c e t o n i t r i l e  and wa te r  (40/60, 

50/50, 55/45, 70/30, and 75/25) a t  a f l o w  r a t e  o f  2 ml/min were 

used as t h e  m o b i l e  phase f o r  t h e  e l u t i o n  and s e p a r a t i o n  o f  

e s t r a d i o l  f rom v a r i o u s  e s t r a d i o l  e s t e r s  ( F i g u r e  1). Ambient 

c o n d i t i o n  was used. 

D e t e r m i n a t i o n  o f  d rug  c o n c e n t r a t i o n  i n  t h e  sample s o l u t i o n s  

was c a r r i e d  o u t  by f i r s t  measur ing t h e  peak h e i g h t  o f  drugs and 

then  comput ing t h e  c o n c e n t r a t i o n  ( i n  pg/ml)  f rom t h e  c a l i b r a t i o n  

curves c o n s t r u c t e d  f rom a s e r i e s  o f  s tandard  s o l u t i o n s .  

S k i n  Permeat ion C e l l  

The same v i t r o  s k i n  permeat ion system12 developed e a r l i e r  

f o r  o t h e r  s t u d i e s  (15-17) was used i n  t h i s  i n v e s t i g a t i o n .  

S k i n  P r e p a r a t i o n  

Fo r  t h i s  s tudy,  a f u l l - t h i c k n e s s  s k i n  sample was f r e s h l y  

e x c i s e d  f rom a 5-7 weeks o l d  h a i r l e s s  mouse (HRS/J s t r a i n ) l 3 .  

The h a i r l e s s  mouse was s a c r i f i c e d  j u s t  p r i o r  t o  t h e  exper iment  

by c e r v i c a l  d i s l o c a t i o n .  A square s e c t i o n  o f  t h e  abdominal s k i n  

( 3  cm x 3 cm) was s u r g i c a l l y  removed and i t s  dermal s u r f a c e  

was c a r e f u l l y  c leaned (17 ) .  
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1140 VALIA, TOJO, AND CHIEN 

F i g u r e  

I I I I I I 
0 4  8 12 16 20 

Minutes 

~ S e p a r a t , m  o f  e s t r a d i o l  (E), e s t r a d i o l  a c e t a t e  ( ) ,  

and e s t r a d i o l  d i a c e t a t e  ( E D ) ,  Column: HBondapak 

C18; m o b i l e  phase: a c e t o n i t r i l e  - wa te r  (55:45). 

De te rm ina t ion  o f  Drug S o l u b i l i t y  

An excess amount o f  d rug  was e q u i l i b r a t e d  w i t h  40% v / v  PEG 

400 /sa l i ne  s o l u t i o n  o r  w i t h  s i l i c o n e  f l u i d  f o r  24 h r  w i t h  c o n s t a n t  

shak ing i n  a shaking wa te rba ths  a t  37°C. The s a t u r a t e d  d r u g  

s o l u t i o n  was then  q u i c k l y  f i l t e r e d  th rough  a HAWP f i l t e r l 4 .  The 

d rug  c o n c e n t r a t i o n  i n  40% v /v  PEG 4 0 0 - s a l i n e  s o l u t i o n  was t h e n  

determined d i r e c t l y  by HPLC. On t h e  o t h e r  hand, t h e  d r u g  

c o n c e n t r a t i o n  i n  s i l i c o n e  f l u i d  was f i r s t  e x t r a c t e d  w i t h  methanol  

(1  t o  10 d i l u t i o n ,  24 h r ,  ambient t empera tu re )  and then  de te rm ined  

b y  HPLC. 

D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
B

ib
lio

te
ca

 A
lb

er
to

 M
al

lia
ni

 o
n 

01
/2

1/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



LONGTERM PERMEATION KINETICS OF ESTRADIOL. 111 1141 

Determination of (Skin/Sil icone Fluid) Partition Coefficient 

Skin samples of known weight ( 100-200 mg) were equilibrated 

with drug solution (3 ml) in silicone fluid in screw-capped test 

tubes shaken for 24 hours in a waterbath5 at 37°C. The initial 

and equilibrium drug concentrations in the silicone fluid were 

determined, after first extraction with methanol (1 to 10 dilution, 

24 hr, ambient temperature), by HPLC. The volume of skin samples 

was calculated from the skin weight before equilibrium and its 

average density (1.04 gm/ml ) (18). 

The (skin/silicone fluid) partition coefficient (KS/,,) was 

determined by the following relationship: 

where C; and C; are the initial and equilibrium concentrations 

of the drug, respectively; Vv is the volume of silicone fluid, 

and Vs is the volume of skin. 

Measurement of Drug Permeation/Metabolism Profiles 

The skin sample was mounted between the two half-cells of 

the skin permeation cell immediately after excise. A drug 

suspension with a known loading dose in silicone fluid was filled 

into the donor compartment, and the 40% v/v PEG 400/saline solution 

(without drug) was added into the receptor compartment. The 

PEG 400 was added to achieve a sink condition for estradiol, 

estradiol esters, and its metabolites. At each of the 

predetermined intervals, a 50 wl sample was withdrawn from the 
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1142 VALIA, TOJO, AND CHIEN 

r e c e p t o r  s o l u t i o n  and analyzed immed ia te l y  by HPLC, u s i n g  a g i v e n  

compos i t i on  o f  m o b i l e  phase f o r  e s t r a d i o l  and e s t r a d i o l  e s t e r s .  

A t  t h e  end o f  t h e  exper iment ,  t h e  d rug  c o n c e n t r a t i o n  i n  t h e  donor 

s o l u t i o n  ( s i l i c o n e  f l u i d )  was determined by f i r s t  f i l t e r i n g  t h e  

sample th rough  a HAWP f i l t e r l 4 ,  e x t r a c t i n g  t h e  f i l t r a t e  by methanol  

( 1  t o  10 d i l u t i o n ,  24 h r ,  ambient temperature) ,  and then  assay ing  

t h e  e x t r a c t s  by HPLC. Each exper iment  was c a r r i e d  o u t  i n  

t r i p l i c a t e .  

K i n e t i c  A n a l y s i s  o f  Esterase Reac t ion  w i t h  E s t r a d i o l  V a l e r a t e  

and E s t r a d i o l  D i a c e t a t e  

A f t e r  mount ing a f u l l - t h i c k n e s s  s k i n  sample between t h e  

two compartments o f  t h e  s k i n  permeat ion c e l l ,  a d rug  s o l u t i o n  

o f  known c o n c e n t r a t i o n  (1, 4, k and 1/8 o f  t h e  s a t u r a t e d  

s o l u b i l i t y )  i n  s i l i c o n e  f l u i d  was f i l l e d  i n t o  t h e  donor compartment 

and 40% v/v PEG 400 /sa l i ne  s o l u t i o n  was added i n t o  t h e  r e c e p t o r  

compartment. The c o n c e n t r a t i o n s  o f  e s t r a d i o l  e s t e r s  and e s t r a d i o l  

i n  t h e  r e c e p t o r  s o l u t i o n  were determined by HPLC. Each exper imen t  

was c a r r i e d  o u t  i n  t r i p 1  i c a t e .  

Dermal uptake/Metabol ism S tud ies  

A f u l l - t h i c k n e s s  s k i n  sample was mounted between t h e  two 

compartments o f  t h e  s k i n  permeat ion ce 1 i n  such a way t h a t  i t s  

dermal s i d e  f a c i n g  a b u l k  o f  d r u g  so u t i o n ,  w h i l e  i t s  s t r a t u m  

corneum s i d e  was p r o t e c t e d  w i t h  an impermeable aluminum f o i l  

( 17 ) .  A s a t u r a t e d  s o l u t i o n  o f  e s t r a d i o l  e s t e r  i n  40% v/v  PEG 

400 /sa l i ne  (3 .5  m l )  was i n t r o d u c e d  i n t o  t h e  compartment f a c i n g  
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LONG-TERM PERMEATION K I N E T I C S  OF ESTRADIOL. I11 1143 

other cells (in series) 

Water-jacketed (37" 

eceptor compartment 
compartment 

Star-head magnet 
(dta.,8.5mm,height,6mm) 

Stirring platform 
(dia.,lOmm.;height 4mm) 

Connecting tubing 
chronous mot 

Figure 2: Diagrammatic illustration of the setup for the skin 

uptake/metabolism studies on the dermal side. 

the dermal side, while the other compartment remained empty (Figure 

2). A 50 ctl sample was withdrawn from the drug solution at each 

predetermined time interval and assayed for estradiol ester and 

possible metabolites by HPLC method. The first order rate 

constants for the bioconversion of estradiol ester to estradiol 

were determined. 

RESULTS AND DISCUSSION 

The reaction scheme for the bioconversion of prodrug to 

active drug is a simple one, yet the prodrug concept presents 

a complex domain of possibilities for overcoming the barrier 

effect o f  skin to the transdermal delivery of drugs. A prodrug 

may be defined as a bioreversible derivative o f  a pharmacologically 
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1144 VALIA, TOJO, AND CHIEN 

a c t i v e  compound. The p rod rug  approach can be employed t o  improve 

t h e  p r o p e r t i e s  o f  a d rug  r a n g i n g  f r o m  t h e  p h y s i c a l  (e.g. ,  

s o l u b i l i t y ,  l i p o p h i l i c i t y )  and chemical  (e.g. , s t a b i l i t y )  t o  

t h e  pharmacodynamjc (e.g.  , p r o l o n g a t i o n  o f  a c t i o n )  and o r g a n o l e p t i c  

(e.g. , t a s t e ,  s m e l l )  p r o p e r t i e s .  

E f fec t  o f  E s t e r  Chain Length on S o l u b i l i t y  and P a r t i t i o n  

C o e f f i c i e n t  

To s tudy  t h e  s imul taneous t r a n s p o r t  and metabol  ism, e s t r a d i o l  

and t h e  p rod rug - t ype  e s t e r s  o f  e s t r a d i o l  were used ( F i g u r e  3 ) .  

Table I summarizes t h e  v a r i a t i o n  i n  s o l u b i l i t i e s  and p a r t i t i o n  

c o e f f i c i e n t s  o f  these e s t r a d i o l  d e r i v a t i v e s .  Some genera l  t r e n d s  

may be noted as f o l l o w s :  t h e  aqueous s o l u b i l i t y  ( i n  40% v/v 

PEG 400/sal  i n e )  o f  e s t e r s  decreases r a p i d l y  as i n c r e a s i n g  t h e  

e s t e r  c h a i n  l e n g t h  f rom a c e t a t e  t o  heptanoate (Tab le  I ) .  The 

aqueous s o l u b i l i t y  o f  3 ,17 -d iace ta te  was f u r t h e r  decreased as 

compared t o  17-acetate.  E s t r a d i o l  cyp iona te ,  which i s  t h e  

c y c l o p e n t y l p r o p i o n a t e  d e r i v a t i v e ,  was l e a s t  s o l u b l e  among a l l  

t h e  e s t e r s  s t u d i e d .  The r a p i d  decrease i n  aqueous s o l u b i l i t y  

i n  t h e  s e r i e s  c o u l d  be a t t r i b u t e d  t o  t h e  i n c r e a s e  i n  h y d r o p h o b i c i t y  

as t h e  r e s u l t  o f  t h e  i n c r e a s e  i n  t h e  l e n g t h  o f  hydrocarbon cha ins .  

On t h e  o t h e r  hand, t h e  s o l u b i l i t y  o f  e s t r a d i o l  e s t e r s  i n  

t h e  l i p o p h i l i c  s i l i c o n e  f l u i d  was found t o  i n c r e a s e  f rom a c e t a t e  

t o  heptanoate (Tab le  I ) .  The s o l u b i l i t y  o f  c y p i o n a t e  i s  between 

v a l e r a t e  and ace ta te .  E s t r a d i o l - 3 ,  1 7 - d i a c e t a t e  s o l u b i l i t y  was 

about 500 t imes  h i g h e r  than  e s t r a d i o l  and 70 t imes  g r e a t e r  t h a n  
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LONG-TERM PERMEATION KINETICS OF ESTRADIOL. I11 1145 

R, R, 

Estradiol -17-fl -H  - H  

Estradiol-17-Acetate -C-CH3 -H 
II 
0 

II II 
0 0 

Estradiol- 17 - Valerate -C-CCH,13- CH3 - H  
I I  
0 

Estradiol- 17- Heptanoate -C-CCH,),- CH3 - H  
II 
0 

I t  
0 

Estradiol- 3,17 - Diacetate -C-CH3 -C-CH, 

u - H  
Estradiol- 17 - Cypionate -C-CH2- CH, 

F i g u r e  3: Chemical s t r u c t u r e  o f  e s t r a d i o l  and p rod rug - t ype  

e s t e r s  o f  e s t r a d i o l .  

es t r a d  

s e r i e s  

so 1 ven 

o l -17 -ace ta te .  The inc rease  i n  t h e  l i p o p h i l i c i t y  o f  t h i s  

o f  e s t r a d i o l  e s t e r s  enhances t h e  s o l u b i l i t y  i n  t h e  " l i k e "  

s e.g., s i l i c o n e  f l u i d ,  and decreases t h e  s o l u b i l i t y  i n  

t h e  " d i s l i k e "  s o l v e n t s ,  e.g., PEG 4 0 0 / s a l i n e  s o l u t i o n .  The 

l i p o p h i l i c i t y  o f  these compounds, which was a l s o  r e f l e c t e d  i n  

on c o e f f i c i e n t s ,  

t h e  a l k y l  c h a i n  

t h e  magnitude o f  ( s k i n / s i  1 i cone  f 

was observed t o  decrease w i t h  t h e  

l e n g t h  (Tab le  I ) .  

u i d )  p a r t i t  

i n c r e a s e  i n  
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1146 VALIA, TOJO, AND CHIEN 

Tab le  I - S o l u b i l i t y  and ( S k i n / S i l i c o n e  F l u i d )  P a r t i t i o n  C o e f f i c i e n t  o f  E s t r a d i o l  and 

E s t r a d i o l  E s t e r s :  

Drugs 

E s t r a d i o l  ( E )  

E s t r a d i o l  A c e t a t e  (EA) 

E s t r a d i o l  V a l e r a t e  (EV) 

E s t r a d i o l  Heptanoate  (EH) 

E s t r a d i o l  Cyp iona te  (EC) 

E s t r a d i o l  D i a c e t a t e  (ED) 

S o l u b i l i t y  (pq / m l  1; S.0. )  

40% PEG S i l i c o n e  P a r t i  t i o n  
4 0 0 / s a l i n e  F l u i d  C o e f f i c i e n t  

(mean ? S.D.)  

220.15 f 9.32 3.08 f 0.03 20.15 f 3.76 

26.14 f 1.48 23.40 t 0.16 7.67 f 0.77 

9.33 ? 0 .22 131.58 t 3.32 2.84 * 0.39 

3.07 f 0 .31  322.27 f 4.76 1.09 f 0.08 

91.30 t 2.12 2 .81  t 0.43 1.11 f 0.07 
18.11 i 0.45 1567.18 ? 76.72 1.76 f 0.58 

The p a r t i t i o n  c o e f f i c i e n t s  f o r  e s t r a d i o l  e s t e r s  i n  t h e  system 

o f  skin/4O% PEG 400-sa l i ne  s o l u t i o n  c o u l d  n o t  be determined s i n c e  

t h e  e s t r a d i o l  e s t e r s  were found t o  be me tabo l i zed  b y  t h e  e s t e r a s e  

i n  t h e  s k i n ,  p a r t l y  o r  comp le te l y ,  i n  t h e  t i m e  p e r i o d  (24  h r s )  

r e q u i r e d  f o r  p a r t i t i o n i n g  s t u d i e s .  Because o f  t h i s  c o m p l i c a t i o n ,  

t h e  ( sk in /40% PEG 400-sal  i n e )  p a r t i t i o n  c o e f f i c i e n t s  a r e  n o t  

r e p o r t e d  here t o  a v o i d  any m is lead ing .  

S k i n  Permeation o f  E s t r a d i o l  

When t h e  e s t r a d i o l  c o n c e n t r a t i o n  i n  t h e  donor s o l u t i o n  

( s i l i c o n e  f l u i d )  was ma in ta ined  a t  a l e v e l  which was g r e a t e r  

t han  i t s  e q u i l i b r i u m  s o l u b i l i t y ,  a c o n s t a n t  s k i n  permeat ion p r o f i l e  

was ob ta ined  ( F i g u r e  4 ) .  The r a t e  o f  s k i n  permeat ion ( d Q / d t ) ,  

which was measured f rom t h e  s lope  o f  Q v s .  t p l o t ,  was c a l c u l a t e d  

t o  be 7.87 (k0.73) x 10-8 vmoles/cm2/sec. 

I t  was r e p o r t e d  e a r l i e r  (17) t h a t  e s t r a d i o l  i s  me tabo l i zed  

t o  es t rone  by t h e  enzyme, dehydrogenase, when 0.9% s a l i n e  s o l u t i o n  
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LONG-TERM PERMEATION KINETICS OF ESTRADIOL. I11 

SKIN PERMEATION OF ESTRADIOL 

1147 

T 

0 8 16 24 32 40 48 

TIME (hours) 

F i g u r e  4: Sk in  permeat ion o f  e s t r a d i o l  across female h a i r l e s s  

mouse a t  cons tan t  17 6 - e s t r a d i o l  c o n c e n t r a t i o n  i n  

s i l i c o n e  f l u i d  (donor  s o l u t i o n ) .  No e s t r o n e  was 

formed d u r i n g  t h e  permeat ion process. 

was used. I n  t h i s  i n v e s t i g a t i o n  no e s t r o n e  was d e t e c t e d  i n  t h e  

r e c e p t o r  s o l u t i o n  s i n c e  t h e  dermis was b a t h i n g  i n  t h e  s a l i n e  

s o l u t i o n  which c o n t a i n e d  40% PEG 400 t o  m a i n t a i n  t h e  s i n k  c o n d i t i o n  

requ i red .  I t  may be r e l a t e d  t o  t h e  o b s e r v a t i o n s  r e p o r t e d  b y  

B a i l l i e  e t  a l .  (19 )  t h a t  h y d r o x y s t e r o i d  dehydrogenase i s  i n h i b i t e d  

by t h e  p o l y o l s ,  l i k e  p ropy lene  g l y c o l .  T h i s  o b s e r v a t i o n  was 
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1148 VALIA, T O J O ,  AND CHIEN 

f u r t h e r  con f i rmed  i n  o u r  l a b o r a t o r y  b y  c a r r y i n g  o u t  t h e  dermal 

uptake/metabol ism exper iment  w i t h  e s t r a d i o l  d i s s o l v e d  i n  s a l i n e  

s o l u t i o n  w i t h  and w i t h o u t  40% PEG 400. I t was conducted by b a t h i n g  

t h e  dermis i n  e s t r a d i o l  s o l u t i o n ,  w h i l e  t h e  s t r a t u m  corneum was 

p r o t e c t e d  by aluminum f o i l .  The e s t r a d i o l  c o n c e n t r a t i o n  remained 

unchanged when t h e  d rug  was c o n t a i n e d  i n  t h e  s a l i n e  s o l u t i o n  

hav ing 40% PEG 400 compared t o  38% r e d u c t i o n  i n  t h e  e s t r a d i o l  

c o n c e n t r a t i o n  when o n l y  s a l i n e  s o l u t i o n  was used. 

S k i n  Permeat ion and Metabol ism o f  E s t r a d i o l  E s t e r s  

As proposed by Ando e t  a l .  (20 ) ,  t h e  s k i n  c o u l d  be cons ide red  

as a two-p l y  l a m i n a t e  ( F i g u r e  5 ) ,  which i s  composed o f  t h e  s t r a t u m  

corneum and t h e  cutaneous t i s s u e  ( e p i d e r m i s  & de rm is ) ,  and t h e  

r e l e v a n t  enzymes a r e  assumed t o  be homogeneously d i s t r i b u t e d  

i n  t h e  cutaneous t i s s u e .  Yu e t  a l .  (21 )  r e p o r t e d  t h a t  t h e  e s t e r a s e  

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

some dermis)  t han  i n  t h e  o t h e r  h a l f  o f  t h e  s k i n .  

F i g u r e  6 shows t h e  h y d r o l y s i s  o f  e s t r a d i o l - 1 7 - e s t e r  t o  

e s t r a d i o l  i n  t h e  presence o f  es te rase ,  which occurs w i t h i n  t h e  

cutaneous t i s s u e  d u r i n g  t h e  permeat ion o f  t h e  prodrugs.  

F i g u r e  7 shows t h e  t i m e  course f o r  t h e  s k i n  permeat ion and 

metabol ism o f  e s t r a d i o l - 1 7 - a c e t a t e  (EA). The b i o c o n v e r s i o n  o f  

EA t o  e s t r a d i o l  (E) appeared t o  occu r  d u r i n g  t h e  d i f f u s i o n  th rough  

t h e  epidermis-dermis l a y e r s .  E s t r a d i o l  was formed i n i t i a l l y  

a t  h i g h e r  r a t e  and then i t  seemed t o  be dec reas ing  w i t h  t ime .  
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LONG-TERM PERMEATION KINETICS OF ESTRADIOL. I11 1149 

STRATUM 
CORN EUM LAYER 
I I 
I I 
I 

PAP I L LA RY 

I 

I 

RECEPTOR 

F i g u r e  5:  M u l t i l a y e r  model f o r  t h e  s imul taneous s k i n  permeat ion 

and metabol ism o f  d rug  and prodrug.  

Estradiol- 17- Ester 

OH 

Eatradiol 

F i g u r e  6: The enzymatic r e a c t i o n  f o r  t h e  metabol ism o f  

e s t r a d i o l - 1 7 - e s t e r s  by es te rase  i n  t h e  cutaneous 

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

o f  k i .  
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1150 VALIA, TOJO, AND CHIEN 

SKIN PERMEATION AND METABOLISM OF ESTRADIOL 17-ACETATE 

d 
ui 
+I 

PI 

s! 

"6 > 
5. 

X 

0 
0 
- 

0 

F i g u r e  7: 

12 

10 

0 8 16 24 32 4 0  48  

TIME (hours)  

The t i m e  course f o r  t h e  s k i n  permeat ion o f  

e s t r a d  

e s t r a d  

EA t E 

01-17-acetate ( E A )  and i t s  metabol ism t o  

01 ( E ) .  Key: 0 , EA; @ , E; and , 

(sum). 

A f t e r  a l a g - t i m e  o f  12 h r ,  EA began t o  appear i n  t h e  r e c e p t o r  

s o l u t i o n  a t  a c o n s t a n t  r a t e  o f  2.05 (k0.35) x 10-8 umoles/cm2/sec. 

The t i m e  course f o r  t h e  f o r m a t i o n  o f  e s t r a d i o l  f rom v a r i o u s  

e s t r a d i o l - 1 7 - e s t e r s  d u r i n g  t h e  course o f  s k i n  permeat ion i s  shown 

i n  F i g u r e  8. I n t e r e s t i n g  enough t h a t  no e s t r a d i o l  v a l e r a t e  ( E V ) ,  

e s t r a d i o l  heptanoate (EH)  and e s t r a d i o l  c y p i o n a t e  (EC) were 
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LONGTERM P E M A T I O N  KINETICS OF ESTRADIOL. I11 

SKIN PERMEATION AND METABOLISM OF 

ESTRADIOL - 17 -ESTERS 

Estradiol Ester skin Estradiol 

1151 

0 8 16 24 32 40  48 

TIME (hours) 

Figure 8: The time course for the formation of estradiol ( E )  

during the skin permeation of various 

estradio -17-esters by metabolism. Key: , estradiol 

valerate ( E V ) ;  0 ,estradiol heptanoate ( E H ) ;  @ , 
estradio cypionate ( E C ) ;  0 , estradiol acetate 

( E A ) .  
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1152 VALIA, TOJO, AND CHIEN 

de tec ted  d u r i n g  t h e  course o f  48-hr s tudy.  From t h e  e s t r a d i o l  

appearance data,  t h e  r a t e  o f  s k i n  permeat ion was c a l c u l a t e d  t o  

be 22.91 (k0.74) x 10-8, 13.32 (k2.09) x 10-8 and 5.97 (k0.38)  

x umoles/cm2/sec f o r  EV, EH and EC, r e s p e c t i v e l y  ( T a b l e  

11). 

Estradiol-3,17-diacetate (ED) c o u l d  be m e t a b o l i z e d  

c o n s e c u t i v e l y  b y  e s t e r a s e  t o  e s t r a d i o l -  17-acetate (EA) and t h e n  

t o  e s t r a d i o l  ( E )  d u r i n g  i t s  permeat ion th rough  t h e  s k i n  ( F i g u r e  

9 ) .  The t ime  course f o r  t h e  s k i n  permeat ion and me tabo l i sm o f  

ED i s  shown i n  F i g u r e  10. The r e s u l t s  i n d i c a t e d  t h a t  e s t r a d i o l  

appears i n  t h e  r e c e p t o r  s o l u t i o n  i n  l e s s  t h a n  an hour, w h i l e  

e s t r a d i o l  a c e t a t e  appears l a t e r  w i t h  a l a g - t i m e  o f  8 h r .  The 

r a t e  o f  appearance o f  e s t r a d i o l  seemed t o  be much f a s t e r  t h a n  

t h a t  o f  e s t r a d i o l  a c e t a t e  i n i t i a l l y  and t h e n  g r a d u a l l y  slowed 

down. And, t h e  f o r m a t i o n  o f  e s t r a d i o l  a c e t a t e  appeared t o  be 

a t  a cons tan t  r a t e  o f  27.35 (k4.84) x pmoles/cm2/sec. S ince  

t h e r e  was no ED d e t e c t e d  i n  t h e  r e c e p t o r  s o l u t i o n  d u r i n g  t h e  

48-hr s tudy  pe r iod ,  t h e  i n i t i a l  r a t e  o f  permeat ion f o r  e s t r a d i o l  

d i a c e t a t e  c o u l d  be c a l c u l a t e d  i n d i r e c t l y  f rom t h e  t o t a l  appearance 

of E and EA and found t o  be 81.90 (k8.91) x 10-8 pmoles/cm2/sec. 

Scheuple in  and h i s  coworkers (1, 22, 23) have t h o r o u g h l y  

i n v e s t i g a t e d  t h e  permeat ion o f  a1 i p h a t i c  a l c o h o l s .  The e f f e c t  

o f  p o l a r  and nonpo la r  groups i n  t h e  a l k a n o l  mo lecu le  was examined. 

As t h e  a l k y l  c h a i n  l e n g t h  increased,  t h e  s t e a d y - s t a t e  f l u x  

i nc reased  t o  a maximum va lue  a t  n = 6 (hexano l )  and t h e n  decreased 
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LONG-TERM PERMEATION KINETICS OF ESTRADIOL. 111 

F i g u r e  9:  

Estradiol-3,17- Oiester 

I 
0 - R .  

Estradiol-17- Ester 

HO fJp 
Estradiol 

1153 

The enzymat ic  r e a c t i o n s  f o r  t h e  metabol ism o f  

e s t r a d i o l - 3 ,  1 7 - d i a c e t a t e  by es te rase  i n  t h e  cutaneous 

t i s s u e  a r e  consecu t i ve  and i r r e v e r s i b l e  w i t h  

f i r s t - o r d e r  r a t e  cons tan ts  o f  k l  and k2.  
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1154 V A L I A ,  TOJO, AND CHIEN 

SKIN PERMEATION AND METABOLISM OF ESTRADIOL 
3,17 - DIACETATE 

120 

100 

d 
+I ao 
tn 

0 
X 

N 

60 2 0 - 
40 

a 

Q 

20 

0 

T 

0 8 16 24 32 40 48 

TIME (hours) 

F i g u r e  10: The t i m e  course f o r  t h e  s k i n  permeat ion o f  e s t r a d i o l - 3 ,  

1 7 - d i a c e t a t e  (ED)  and i t s  metabol ism t o  e s t r a d i o l  

a c e t a t e  (EA) and e s t r a d i o l  ( E ) .  Key: 0 , EA; (> , 
E; and , EA + E (sum). No d i a c e t a t e  was d e t e c t e d  

i n  t h e  r e c e p t o r  s o l u t i o n .  

when t h e  number ( n )  o f  methylene (CH2) groups was g r e a t e r  t han  

s i x .  Smi th ( 9 )  r e c e n t l y  s t u d i e d  t h e  permeat ion o f  h y d r o c o r t i s o n e  

and i t s  E l - e s t e r  homologs th rough  h a i r l e s s  mouse s k i n .  I t  was 

observed t h a t  t h e  s k i n  permeat ion f l u x  i nc reases  w i t h  t h e  i n c r e a s e  

i n  t h e  a l k y l  c h a i n  l e n g t h  a t  E l - p o s i t i o n  and t h e  maximum f l u x  
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LONGTERM PERMEATION KINETICS OF ESTRADIOL. I11 1155 

i s  o b t a i n e d  w i t h  h y d r o c o r t i s o n e  hexanoate. I n  t h e  p r e s e n t  

i n v e s t i g a t i o n  w i t h  es t r a d i  i 01 - 17-es t e r s  , t h e  maximum s teady-s t a  t e  

f l u x  was o b t a i n e d  w i t h  e s t r a d i o l  v a l e r a t e .  

The drug c o n c e n t r a t i o n  i n  t h e  s k i n ,  t h e  r a t e  o f  permeat ion,  

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

e s t e r s  a r e  a l s o  summarized i n  Table 11. The r a t e  o f  appearance 

of e s t r a d i o l  f rom t h e  e s t r a d i o l  e s t e r s  was found t o  decrease 

i n  t h e  o r d e r  o f :  d i a c e t a t e  > v a l e r a t e  >heptanoate >cyp iona te  

> ace ta te .  There was a lmost  5 - f o l d  i n c r e a s e  i n  t h e  r a t e  o f  

e s t r a d i o l  f o r m a t i o n  f rom a c e t a t e  t o  v a l e r a t e ,  i . e .  , t h e  i n c r e a s e  

i n  t h e  r a t e  of e s t r a d i o l  p r o d u c t i o n  w i t h  an i n c r e a s e  i n  t h e  a l k y l  

c h a i n  l e n g t h  o f  t h e  e s t e r s .  But,  f u r t h e r  i n c r e a s e  i n  t h e  c h a i n  

l e n g t h  f rom v a l e r a t e  t o  heptanoate showed a reve rse  t r e n d  w i t h  

a decrease i n  t h e  f l u x .  The f l u x e s  f o r  e s t r a d i o l  v a l e r a t e  and 

e s t r a d i o l  heptanoate were about  3 and 2 t imes  h i g h e r  t h a n  

e s t r a d i o l .  It i s  i n t e r e s t i n g  t o  n o t e  t h a t  b y  e s t e r i f y i n g  b o t h  

OH groups a t  3 and 17 p o s i t i o n s  t o  fo rm d i a c e t a t e ,  t h e  f l u x  was 

improved s u b s t a n t i a l l y .  The f l u x  o f  estradiol-3,17-diacetate 

was about  10 t imes  h i g h e r  t h a n  e s t r a d i o l  and about 17 t imes  g r e a t e r  

t han  e s t r a d i o l -  17-acetate.  

Dermal Uptake/Metabol ism o f  E s t r a d i o l  E s t e r s  

When t h e  e s t r a d i o l  e s t e r  s o l u t i o n  i n  40% PEG 4 0 0 / s a l i n e  

was added t o  t h e  compartment f a c i n g  t h e  dermis ( F i g u r e  2) ,  t h e  

d rug  was cons ide red  t o  be taken up f i r s t  by t h e  dermis,  d i f f u s e d  

th rough  t h e  e p i d e r m i s  and, d u r i n g  t h e  course o f  d i f f u s i o n ,  i t  
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1156 VALIA, TOJO, AND CHIEN 

Table I 1  - Skin Permeation Parameters for Estradiol and Estradiol Esters 

Drug ‘ski na dQ/dt 
(woles/crn3 x 103) (moles/cm2/sec x 108) 

E 
EA 
E V  
EH 
EC 
ED 

190.12 
546.65 
iiai.69 
987.31 
761.84 
7825.23 

7.87 f 0.73 
4.79 t 0.46 
22.91 k 0.74 
13.32 f 2.09 
5.97 f 0.38 
81.90 t 8.91 

c’Q/dt 
‘skin 

(cm/sec x 108) 

41.41 
a .  77 
19.39 
13.49 
7.83 
10.47 

a) ‘skin = (‘sat. soln. in silicone fluid) x (kskin/silicone fluid) 

was metabo l i zed  by t h e  es te rase  t o  fo rm e s t r a d i o l .  The e s t r a d i o l  

formed was then d i f f u s i n g  back i n t o  t h e  s o l u t i o n .  

The t ime  course f o r  t h e  up take  o f  estradiol-3,17-diacetate 

by t h e  dermis i n  t h e  female h a i r l e s s  mouse abdominal s k i n  and 

f o r  t h e  f o r m a t i o n  o f  e s t r a d i o l - 1 7 - a c e t a t e  and e s t r a d i o l  i s  shown 

i n  F i g u r e  11. The r e s u l t s  i n d i c a t e d  t h a t  t h e  d isappearance o f  

e s t r a d i o l  d i a c e t a t e  (ED) and t h e  f o r m a t i o n  o f  e s t r a d i o l  a c e t a t e  

(EA) a r e  r a t h e r  r a p i d .  W i t h i n  18 h r ,  ED was c o m p l e t e l y  

disappeared, w h i l e  EA reached t h e  peak c o n c e n t r a t i o n .  The 

appearance o f  e s t r a d i o l  occu r red  a t  a s lower  r a t e .  F u r t h e r  

a n a l y s i s  suggested t h a t  t h e  i n i t i a l  d isappearance o f  ED f rom 

t h e  dermal s o l u t i o n  can be desc r ibed  f a i r l y  w e l l  b y  a f i r s t - o r d e r  

k i n e t i c s  w i t h  a k l  va lue  o f  155.5 x 10-3 h r - l  ( F i g u r e  12) .  

S i  m i  1 a r l y ,  t h e  disappearance of  e s t r a d i o l -  17-acetate,  a f t e r  

reach ing  t h e  peak l e v e l  a t  16 h r s  ( F i g u r e  ll), c o u l d  a l s o  be 
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LONG-TERM PERMEATION KINETICS OF ESTRADIOL. I11 

k, k2 
E - Diacetate + E -Acetate -b Estradiol 

(ED) P A )  ( E l  

0 
UJ 
+I 

P 
1 

- a 
W 
L 

B - 
n 
W 
I 

1157 

TIME (hours)  

Figure 11: The time course f o r  the uptake o f  es t r ad io l -3 ,  

17-diacetate (ED) by the dermis and the formation 

of e s t r ad io l  ace t a t e  (EA) and e s t r ad io l  ( E ) .  Key: 

0, E D ;  @, EA;  and 0 , E .  
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k, 

(ED) (EA)  
E - Diacetate - E -Acetate 

0 2 4 6 8 10 12 

TIME (hours) 

A f i r s t - o r d e r  k i n e t i c  p l o t  f o r  t h e  i n i t i a l  phase 

o f  t h e  disappearance o f  e s t r a d i o l - 3 ,  1 7 - d i a c e t a t e  

(ED) f r om t h e  dermal s o l u t i o n .  A f i r s t - o r d e r  r a t e  

cons tan t ,  K1, o f  155.5 x lO '3hr- l  was determined.  

desc r ibed  by a f i r s t - o r d e r  k i n e t i c s  w i t h  k2 va lue  o f  6.88 x 10-3 

h r - 1  ( F i g u r e  13).  The f i r s t - o r d e r  r a t e  c o n s t a n t  k l  (155.5 x 

10-3 h r - 1 )  was about 22 t imes  g r e a t e r  t h a n  k2 (6.88 x 10-3 h r - l ) ,  

which suggested t h a t  t h e  metabol ism o f  e s t r a d i o l - 1 7 - a c e t a t e  t o  

e s t r a d i o l  appears t o  be t h e  r a t e - l i m i t i n g  s t e p  i n  t h e  f o r m a t i o n  

of e s t r a d i o l  f rom estradiol-3,17-diacetate. 
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k, k2 E-Diecatate + E-Acetate +Estradiol 
(ED) ( E l  

1.95 

1.93 

1.91 

1.83 

1.81 

1.79 

1159 

0 8 16 24 32 40 48 

TIME (hours)  

Figure 13: A f i r s t -order  kinet ic  p lo t  for  the disappearance 

o f  estradiol  acetate  ( E A )  a f t e r  termination of the 

metabol ism of es t radiol-3,  17-diacetate ( E D ) .  A 

f i r s t -order  r a t e  constant,  k 2 ,  of 6.88 x 10-3hr-1 

was determined. 
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VALIA, TOJO, AND CHIEN 1160 

A s  

estradio 

less sta 

is more 

the result of the resonance effect in the ring A of 

-3,17-diacetate, the acetate group is expected to be 

le at 3rd position than at 17th position (i.e., 3-acetate 

labile for hydrolysis than 17-acetate) and, therefore, 

estradiol-3,17-diacetate is theoretically expected to be 

metabolized first to estradiol-17-acetate and then to estradiol 

(Figure 9). To verify this sequence of kinetic process, the 

dermal uptake and metabolism of estradiol-17-acetate was also 

conducted (estradiol-3-acetate is not available commercially). 

Figure 14 shows the time course for the disappearance of 

estradiol-17-acetate and the appearance of estradiol. The results 

indicated that the disappearance of estradiol-17-acetate can 

be described also by a first-order kinetics (Figure 15) with 

a first-order rate constant k; of 9.25 x loe3 hr-l. (9.25 

x 10-3hr-1) agrees fairly well with the kp value (6.88 x 10-3hr’1) 

obtained earlier (Figure 13). The agreement substantiates the 

reaction scheme outlined in Figure 9. The HPLC data also showed 

the coincidence of the estradiol acetate peak from the metabolism 

of estradiol-3,17-diacetate with the peak from the 

estradiol-17-acetate reference standard. 

l 

The k2 

The first-order rate constants ki determined for the dermal 

uptake/metabolism of various estradiol-17-esters are summarized 

in Table 111. The results suggested that the first-order rate 

constants for the hydrolysis of the ester from the 17th position 

on estradiol molecule i s  decreased first from acetate (9.25 x 

10-3 hr-1) to valerate (4.19 x hr-l) and then increased 
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90 
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+I 

s 
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u 
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0 - 40  a 
W - 

30 
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k: 
E -Acetate 4 Estradiol 

(17- €A) ( E l  

EA 

E 

1161 

0 8 16 24 32 40  48 

TIME (hours) 

F i g u r e  14: The t i m e  course f o r  t h e  uptake o f  e s t r a d i o l - 1 7 - a c e t a t e  

( E A )  b y  t h e  cutaneous t i s s u e  and t h e  f o r m a t i o n  o f  

e s t r a d i o l  ( E ) .  Key: 0, EA and , E. 
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7 
3 

VALIA, TOJO, AND CHIEN 

w o  
Un 

' 3  o u  

1.97 

k: 
E -Acetate + Estradiol 

(17-EA) ( E l  

0 2 4 6 8 10 12 

TIME (hours)  

Figure 15: A f i r s t -order  kinet ic  plot  for  the i n i t i a l  

disappearance o f  estradiol-17-acetate ( E A )  from the 

dermal solution. A f i r s t -order  r a t e  constant,  k 2 ,  

of 9.25 x 10-3hr-1, was determined. 
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Table I 1 1  - First-order Rate Constants f o r  Dermal Uptake/metabolism 
of Various Estradiol-  17-Esters 

17-Esters 

Acetate 
Valerate 
Heptanoate 
Cypionate 

k 2  (hr-’ x lo3)  

9.25 
4.19 
6.84 

17.93 

as  increasing the alkyl chain length (6.84 x 10-3 hr-l f o r  

heptanoate and 17.93 x hr-l for  cypionate).  

The studies on the hydrolysis of s teroid e s t e r s  by a n  

nonspecific carboxylesterase from p i g  1 iver  microsomes reported 

the similar observations (24 ) .  The investigations aimed t o  

determine whether the hydrolysis of s teroid e s t e r  was catalyzed 

by a s teroid-specif ic  es terase or by a widely-distributed 

non-specific es te rase ,  1 ike carboxylesterase. O f  those e s t e r s  

studied, which included androgens, cor t icosteroids ,  and estrogens,  

no relat ionship could be established between the r a t e  of hydrolysis 

and the chemical s t ruc ture  of s te ro id  e s t e r s .  However, i t  was 

noted t h a t  the majority of e s t e r s  follow Michael is-Menten kinet ics  

with the Michaelis constants f a l l i n g  in the range of lom5 t o  

10-6M. 

Kinetic Analysis of the Bioconversion of Estradiol Esters 

To analyze the kinet ics  of bioconversion o f  es t rad io l  e s t e r s  

t o  es t radiol  d u r i n g  the course of skin permeation, the skin 
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SKIN PERMEATION AND METABOLISM OF 

ESTRADIOL DIACETATE 
Estradiol Diacetate skin Estradiol Acetate 

0 8 16 24 32 40  48 

TIME (hours) 

Figure 16: The time course for the appearance o f  

estradiol-17-acetate in the receptor solution at 

4 concentration levels of estradiol-3, 17-diacetate 

( E D ) .  
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Figure 17: 

permea t i on 

12 

10 

8 

The time course for the appearance of estradiol in 

the receptor solution at 4 concentration levels of 

estradiol-3, 17-diacetate. 

and metabolism of estradiol-3,17-diacetate and 

estradiol-17-valerate were studied at four different 

concentrations. The time course for the appearance of estradiol 

and estradiol-17-acetate in the receptor solution from 

estradiol-3,17-diacetate was plotted as a function of the diacetate 

concentrations in the donor solution at 100, 50, 25, and 12.5% 

of the saturation solubility (Figures 16 and 17). The results 

suggested that the formation o f  estradiol-17-acetate is a linear 
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0 200 400 600 800 1000 1200 1400 1600 

ESTRADlOL-3,17-DIACETATE CONC. (pe/ml) 

F i g u r e  18: L i n e a r  r e l a t i o n s h i p  between t h e  r a t e s  o f  appearance 

o f  e s t r a d i o l - 1 7 - a c e t a t e  (EA) i n  t h e  r e c e p t o r  s o l u t i o n  

and t h e  c o n c e n t r a t i o n s  o f  e s t r a d i o l - 3 ,  1 7 - d i a c e t a t e  

(ED)  i n  t h e  donor s o l u t i o n .  

f u n c t i o n  o f  t h e  t i m e  ( F i g u r e  16), w h i l e  t h e  f o r m a t i o n  o f  e s t r a d i o l  

i s  i nc reased  w i t h  t h e  t ime,  b u t  n o t  a t  a l i n e a r  f u n c t i o n  ( F i g u r e  

17).  I n  b o t h  cases, t h e  b i o c o n v e r s i o n  p roduc ts  were i n c r e a s e d  

i n  p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  o f  d i a c e t a t e .  The i n i t i a l  

r a t e s  o b t a i n e d  f rom t h e  s lopes were found t o  be l i n e a r l y  dependent 

upon t h e  s u b s t r a t e  (ED) c o n c e n t r a t i o n s  f o r  b o t h  

e s t r a d i o l - 1 7 - a c e t a t e  ( F i g u r e  18) and e s t r a d i o l  ( F i g u r e  19) .  
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Oa6< 0.5 

0 200 400 000 800 1000 1200 1400 1600 

ESTRADIOL -3,17-DIACETATE CONC. (pg/ml) 

F i g u r e  19: L i n e a r  r e l a t i o n s h i p  between t h e  r a t e s  o f  appearance 

o f  e s t r a d i o l  ( E )  i n  t h e  r e c e p t o r  s o l u t i o n  and t h e  

c o n c e n t r a t i o n s  o f  e s t r a d i o l - 3 ,  1 7 - d i a c e t a t e  ( E D )  

i n  t h e  donor s o l u t i o n .  

Due t o  t h e  1 i m i  t e d  sol u b i  1 i t y  o f  e s t r a d i o l -  17 -ace ta te  i n  

t h e  s i l i c o n e  f l u i d  (Tab le  I ) ,  t h e  k i n e t i c s  o f  b i o c o n v e r s i o n  o f  

t h e  17 -es te r  o f  e s t r a d i o l  was i n v e s t i g a t e d  u s i n g  

e s t r a d i o l - 1 7 - v a l e r a t e .  As observed e a r l i e r  i n  t h e  f o r m a t i o n  

o f  e s t r a d i o l  f rom 3, 17 -d iace ta te ,  t h e  appearance o f  e s t r a d i o l  

f rom t h e  1 7 - v a l e r a t e  was a l s o  observed n o t  a t  a l i n e a r  f a s h i o n  

( F i g u r e  20) .  S i m i l a r l y ,  t h e  i n i t i a l  r a t e  o f  appearance o f  
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SKIN PERMEATION AND METABOLISM OF 

ESTRADIOL - 17 - VALEPATE 
Estradiol Valerate Estradiol 

l- 

6 -  
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4 -  

3 -  

2 -  

1 -  

0 8 10 24 32 40 
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48 

Figure 20: The time course for the appearance o ,  estrad,,, ( E )  

i n  the receptor solution a t  4 concentration levels 

of estradiol-17-valerate ( E V ) .  

estradiol was also l i n e a r l y  dependent upon t he  concentration 

o f  estradiol-17-valerate (Figure 21). 

The kinetics o f  bioconversion for b o t h  3,17-diacetate and  

17-valerate was a1 so submitted f o r  Michael is-Menten k i n e t i c  

analysis. Linear relationship was observed. Due t o  the 
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LONG-TERM PERMEATION KINETICS OF ESTRADIOL. I11 1169 

Figure 21: Linear relationship between the rates of appearance 

of estradiol ( E )  in the receptor solution and  the 

concentrations of estradiol-17-valerate ( E V )  in the 

donor solution. 

involvement of permeation, which could well be the rate-limiting 

step in the course of permeation-rnetabol ism process o f  estradiol 

esters,  the results will be discussed la te r  after further analysis 

of the meaning of the d a t a .  

The authors wish t o  t h a n k  American Cyanamid Company, Lederle 

Laboratories for providing graduate research fellowship, and  
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Dept. o f  Pharmaceut ica l  Research 

I n d i a n a p o l i s ,  I n d i a n a  46206 

* A l l  i n q u i r i e s  should be d i r e c t e d  t o  Y ie  W .  Chien, C o n t r o l l e d  

Drug D e l i v e r y  Research Center,  C o l l e g e  o f  Pharmacy, Rutgers 
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FOOTNOTES 

1. Roussel- UCLAF, P a r i s ,  France. 

2. Sigma Chemical Company, S t .  Lou is ,  M i s s o u r i .  
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3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

( 3 )  

( 4 )  

Cour tesy o f  E. R. Squibb & Sons, I nc . ,  P r i n c e t o n ,  New Je rsey  

08540. 

Dow Corn ing 360 Medical  f l u i d ,  Dow Corn ing Corpo ra t i on ,  

Midland, Mich igan 48640. 

F i s h e r  S c i e n t i f i c  Company, Fa i r l awn ,  New Jersey.  

J. T. Baker Chemical Company, P h i l l i p s b u r g ,  New Jersey.  

Bu rd i ck  & Jackson, Muskegon, Mich igan.  

Nanopure, Sybron/Barnstead, Boston, Massachusetts.  

Waters Associates,  M i l f o r d ,  Massachusetts.  

K ra tos  A n a l y t i c a l  Inst ruments,  Ramsey, New Jersey.  

Houston Ins t rumen ts ,  A u s t i n ,  Texas. 

Crown Glass Company, Somerv i l l e ,  New Jersey.  

Jackson L a b o r a t o r i e s ,  Bar Harbor,  Maine. 
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