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ABSTRACT 

A t h e o r e t i c a l  non -s teady -s ta te  t r e a t m e n t  was developed t o  

analyze t h e  k i n e t i c s  o f  metabol ism d u r i n g  t h e  course o f  dermal 

uptake o r  s k i n  permeat ion o f  e s t r a d i o l  e s t e r s  across t h e  h a i r l e s s  

mouse s k i n .  The f i r s t - o r d e r  r a t e  c o n s t a n t s  f o r  t h e  me tabo l i sm 

r e a c t i o n  o f  e s t r a d i o l  a c e t a t e  -+ e s t r a d i o l  and e s t r a d i o l  d iacetate- .  

e s t r a d i o l  a c e t a t e  -+ e s t r a d i o l  were determined.  The t h e o r e t i c a l  
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1176 TOJO ET AL. 

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

was found t o  be agreed reasonab ly  w e l l  w i t h  t h e  exper imen ta l  

da ta  determined i n  t h e  e a r l y  s tage o f  s k i n  uptake/metabol ism 

s t u d i e s  (<24  h r ) .  F o r  t h e  s k i n  permeat ion o f  e s t r a d i o l  a c e t a t e  

and d i a c e t a t e  and t h e i r  c o n c u r r e n t  metabol ism, t h e  exper imen ta l  

Q vs. t p r o f i l e s  .were a l s o  observed t o  agree w e l l  w i t h  t h e  

t h e o r e t i c a l  r e s u l t s  f o r  a p e r i o d  o f  up t o  28 h r .  A d e v i a t i o n  

was observed a t  l a t e r  phase o f  exper iments,  which can be a t t r i b u t e d  

t o  t h e  r e d u c t i o n  i n  enzyme a c t i v i t y  d u r i n g  t h e  permeat ion s t u d i e s ,  

p o s s i b l y  due t o  t h e  r e s u l t  o f  s k i n  ag ing.  

INTRODUCTION 

To g a i n  some unders tand ing  o f  a p e n e t r a n t ' s  u n i d i r e c t i o n a l  

t r a n s p o r t  mechanism w i t h i n  and t h r o u g h  a b i o l o g i c a l  membrane, 

i t  i s  necessary t o  s tudy  t h e  p e n e t r a n t ' s  t r a n s i e n t  

(non -s teady -s ta te )  and s t e a d y - s t a t e  behav io r .  Study o f  

non-steady-state p r o f i l e s  can d i s c l o s e  t h e  degree o f  i n t e r a c t  

between s k i n  compos i t i on  and p e n e t r a n t  molecules,  w h i l e  

i n v e s t i g a t i o n  o f  s t e a d y - s t a t e  permeat ion p r o f i l e s  w i l l  exh 

t h e  p e n e t r a n t ' s  u l t i m a t e  f l u x  behav io r .  The t i m e - l a g  i s  a un 

t h e  

ons 

t h e  

b i t  

que 

parameter which l i n k s  these two s t a t e s  o f  t r a n s p o r t  and p r o v i d e s  

a r e l a t i v e  measure o f  t h e  t i m e  r e q u i r e d  f o r  t h e  d i f f u s i o n  process 

t o  a t t a i n  s teady s t a t e .  

B a l l e r  (1) and Crank (2,  3 )  were a b l e  t o  d e r i v e  t i m e - l a g  

exp ress ions  f o r  a v a r i e t y  o f  systems p r o v i d e d  t h a t  F i c k ' s  f i r s t  

and second laws o f  d i f f u s i o n  a p p l y  and t h a t  t h e  d i f f u s i o n  

c o e f f i c i e n t  o f  t h e  p e n e t r a n t  i s  cons tan t .  Fo r  systems comp l i ca ted  
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LONGTERM PERMEATION KINETICS OF ESTRADIOL. I V  1 1 7 7  

by t h e  presence o f  enzymat ic o r  chemical  r e a c t i o n  and/or  t h e  

p a r t i a l  o r  complete i m m o b i l i z a t i o n  o f  f r a c t i o n s  o f  t h e  p e n e t r a n t  

p o p u l a t i o n ,  exp ress ions  f o r  t h e  t i m e - l a g  have a l s o  been d e r i v e d  

by v a r i o u s  au tho rs  ( 4 - 6 ) .  

Recent ly ,  Ludolph e t  a1 ( 6 )  d e r i v e d  an e x p r e s s i o n  f o r  

a n a l y z i n g  t h e  t i m e - l a g  i n  a system i n f l u e n c e d  by l i n e a r  

i r r e v e r s i b l e  r e a c t i o n  and s imple p e n e t r a n t  i m m o b i l i z a t i o n .  T h i s  

d e r i v a t i o n  was c o r r e c t e d  and improved l a t e r  b y  L e y p o l d t  and Gough 

( 7 )  f o r  t h e  case i n  which t h e  p e n e t r a n t  r e a c t s  c a t a l y t i c a l l y  

w i t h i n  t h e  membrane f o l l o w i n g  a f i r s t - o r d e r  k i n e t i c s .  

I n  a l l  t h e  cases r e p o r t e d  e a r l i e r  ( 8 ) ,  t h e  p e r m e a b i l i t y  

across t h e  s t r a t u m  corneum was observed t o  be t h e  dominant f a c t o r  

a f f e c t i n g  t h e  l e v e l s  o f  p rod rug  and p a r e n t  d rug  i n  t h e  s k i n  and 

i n  t h e  dermal s o l u t i o n .  From t h e  s t a n d p o i n t  o f  o v e r a l l  

max im iza t i on  o f  t ransdermal  e s t r a d i o l  b i o a v a i  l a b i  1 i ty ,  t h e  

l i p o p h i l i c i t y  o f  e s t e r - t y p e  p rod rug  shou ld  be o p t i m i z e d  t o  improve 

t h e  p e r m e a b i l i t y  ac ross  s t r a t u m  corneum, b u t  t h e  eas iness  t o  

t h e  c leavage b y  e s t e r a s e  i s  a l s o  i m p o r t a n t .  

I n  t h i s  i n v e s t i g a t i o n ,  a t h e o r e t i c a l  approach was developed 

t o  p r o v i d e  a r i g o r o u s  a n a l y s i s  o f  t h e  c o n c u r r e n t  permeat ion and 

metabol ism o f  e s t r a d i o l  e s t e r s  i n  t h e  h a i r l e s s  mouse s k i n .  

THEORETICAL ANALYSIS 

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

Metabol ism o f  e s t r a d i o l  e s t e r s  i n  t h e  s k i n  was i n v e s t i g a t e d  

u s i n g  a two-compartment model. The model c o n s i d e r s  t h e  system 
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1178 TOJO ET AL. 

as c o n s i s t i n g  o f  a s k i n  compartment and a s o l u t i o n  compartment. 

An e s t r a d i o l  e s t e r  i n  t h e  s o l u t i o n  compartment a t  a c o n c e n t r a t i o n  

o f  Co permeates i n t o  t h e  s k i n  compartment f r o m  dermis s i d e  and 

r e a c t s  w i t h  a c t i v e  enzymes i n  t h e  v i a b l e  s k i n  l a y e r .  The e s t r a d i o l  

formed b y  metabol ism then  d i f f u s e s  back i n t o  t h e  s o l u t i o n  

compartment a f t e r  a l a p s e  o f  t ime .  I n  t h e  p r e s e n t  s tudy ,  t h e  

f o l l o w i n g  assumptions were made: 

a )  E s t r a d i o l  e s t e r  and e s t r a d i o l  molecules i n  t h e  s o l u t i o n  

compartment a r e  u n i f o r m l y  d i s t r i b u t e d ,  excep t  i n  t h e  

d i f f u s i o n  boundary l a y e r  which e x i s t s  on t h e  dermal 

s u r f a c e .  

b )  Concen t ra t i on  g r a d i e n t  o f  drugs i n  t h e  s k i n  compartment 

can be neg lec ted ,  s i n c e  t h e  t h i c k n e s s  o f  s k i n  l a y e r  

i s  v e r y  t h i n  as compared t o  t h a t  o f  s o l u t i o n  compartment. 

c )  The r e a c t i o n  k i n e t i c s  i s  f i r s t - o r d e r  dependent o f  d r u g  

c o n c e n t r a t i o n  i n  t h e  s k i n  compartment o r  i n  t h e  s o l u t i o n  

compartment: 

k2  c o r  kl 

k3 5 A +  B k2 c 
% 

B 

Where 

A:  E s t r a d i o l  d i a c e t a t e  (ED) , 

B: E s t r a d i o l  a c e t a t e  ( E A ) ,  

C: E s t r a d i o l  ( E ) ,  

kl: Rate c o n s t a n t  f o r  A + B  r e a c t i o n  i n  t h e  s k i n  

compa r tmen t , 
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LONG-TERM PERMEATION KINETICS OF ESTRADIOL. I V  1179 

k2: Rate c o n s t a n t  f o r  B + C  r e a c t i o n  i n  t h e  s k i n  

compartment 

k3: Rate c o n s t a n t  f o r  A+B r e a c t i o n  i n  t h e  s o l u t i o n  

compartment , 

k4: Rate c o n s t a n t  f o r  B + C  r e a c t i o n  i n  t h e  s o l u t i o n  

compartment . 

d )  A sma l l  amount o f  enzyme may l e a c h  i n t o  t h e  s o l u t i o n  

compartment f rom t h e  s k i n  (k3*0, k4 * 0 ) .  

e )  The mass t r a n s f e r  c o e f f i c i e n t  i n  t h e  d i f f u s i o n  boundary 

l a y e r  on s k i n  s u r f a c e  i s  c o n s t a n t .  

f )  The e f f e c t  o f  s t r a t u m  corneum on t h e  r a t e  o f  metabol ism 

can be neg lec ted .  

g )  The enzyme, es te rase ,  i s  u n i f o r m l y  d i s t r i b u t e d  i n  t h e  

v i a b l e  s k i n .  

Based on t h e  above assumptions, t h e  mass balance o f  drugs 

A, B and C i n  each compartment i s  d e s c r i b e d  by t h e  f o l l o w i n g  

1 i n e a r  d i f f e r e n t i a l  equa t ions :  

Vl(dCl/dt) = -kma(C1-K1C2) - k3C1V1 (1) 

V2(dC2/dt) = kma(C1-K1C2) - klC2V2 (2) 

V2(dC4/dt) = kma(C3-KzC4) + klC2V2 - k2C4V2 ( 4 )  

Vl(dC5/dt) = -k,a(C5-K3C6) + k4V1C3 ( 5 )  

V2(dC6/dt) = kma(C5-K3C6) t k2C4V2 ( 6 )  
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1180 TOJO ET AL. 

2 where: a = s k i n  s u r f a c e  a rea  (=0.64 cm ) 

C1 = c o n c e n t r a t i o n  o f  A i n  t h e  s o l u t i o n  compartment 

C 2  = c o n c e n t r a t i o n  o f  A i n  t h e  s k i n  

C 3  = c o n c e n t r a t i o n  o f  B i n  t h e  s o l u t i o n  compartment 

C4 = c o n c e n t r a t i o n  o f  B i n  t h e  s k i n  

C 5  = c o n c e n t r a t i o n  o f  C i n  t h e  s o l u t i o n  compartment 

c6  = c o n c e n t r a t i o n  o f  C i n  t h e  s k i n  

km = mass t r a n s f e r  c o e f f i c i e n t  

ki = r a t e  c o n s t a n t  

Ki = p a r t i t i o n  c o e f f i c i e n t  (K1=0.033; K = 2 ; K3= 

V1  = volume o f  t h e  s o l u t i o n  compartment (=3 .5  cm ) 

V 2  = volume o f  t h e  s k i n  compartment (=0.024 cm ) 

3 

3 

7 

The a p p r o p r i a t e  i n i t i a l  c o n d i t i o n s  a re :  

t = 0; c1 = co 
c 2 = c  = c  = c  = c 6 = o  

3 4 5  

I n  t h e  p r e s e n t  s t u d i e s  , a numer i ca l  method ( Runge-Kutta-Gi 11 ) 

was used t o  s o l v e  Equa t ion  1 th rough  6. To t e s t  i t s  accuracy,  

t h e  numer ica l  s o l u t i o n  was compared w i t h  t h e  a n a l y t i c a l  s o l u t i o n ,  

Eq. ( 7 ) ,  o f  t h e  f i r s t  two equa t ions ,  Eqs. 1 and 2. The r e l a t i v e  

e r r o r  o f  numer ica l  s o l u t i o n  was found t o  be l e s s  than 0.002%. 

where a, ,8 (>O) a r e  t h e  r o o t s  o f :  

y z  + ( a  + b ' ) y -  ( -ab '  + a ' b )  = 0 
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LONG-TERM PERMEATION KINETICS OF ESTRADIOL. I V  1181 

+ kl) 
kmA K1 

b '  = - (7- 
Parameters employed : 

(i) Mass t r a n s f e r  c o e f f i c i e n t  

The mass t r a n s f e r  c o e f f i c i e n t  km can be c a l c u l a t e d  f rom 

t h e  f o l l o w i n g  c o r r e l a t i o n  e q u a t i o n  ( 9 ) :  

2 nd p 1.03 _II 0.33 k d  
m =  0.0157 (--) (OD) D M ( 9 )  

where, d = d iamete r  o f  t h e  s t i r r i n g  magnet used i n  t h e  s k i n  

permeat ion system (=  0.8 cm) 

n = number o f  r o t a t i o n  speed o f  t h e  s t i r r i n g  magnet 

D = d i f f u s i v i t y  o f  t h e  d rug  i n  t h e  s o l u t i o n  (0.98 x 10- 6 

cm2/s ) 

p = v i s c o s i t y  o f  t h e  s o l u t i o n  (=4.6 x lo-' Pas) 

p = d e n s i t y  o f  t h e  s o l u t i o n  (=1.047 g/cm ) 3 

I n  t h i s  s tudy,  t h e  mass t r a n s f e r  c o e f f i c i e n t  o b t a i n e d  f o r  

t h e  40% PEG 400 s o l u t i o n  i n  t h e  Va l i a -Ch ien  s k i n  permeat ion system 

i s  1.31 x cm/sec. 

( i i )  S o l u b i l i t y  o f  drugs i n  t h e  s k i n  

The e q u i l i b r i u m  s o l u b i l i t i e s  o f  e s t r a d i o l  d i a c e t a t e  (A) ,  

e s t r a d i o l  a c e t a t e  ( B )  and e s t r a d i o l  ( C )  i n  t h e  s k i n  were employed 

as t h e  c o n c e n t r a t i o n s  f o r  drugs A,  B and C, r e s p e c t i v e l y .  These 

were measured p r e v i o u s l y  (8)  u s i n g  t h e  whole s k i n .  S ince t h e  

enzymatic r e a c t i o n  u s u a l l y  t akes  p l a c e  i n  t h e  v i a b l e  s k i n ,  i n  

which t h e  s o l u b i l i t y  of drugs i s  much l e s s  t h a n  t h a t  i n  t h e  s t r a t u m  
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I 
EPIDERMIS i DERMIS 

TOJO ET AL. 

DRUG SOLUTION 

IMPERMEABLE STRATUM 
BARRIER CORN EUM 

I I I- 

I 
I 
I 

DRLIC - t I 

BIOCONVERSION I 
enzymes I I 

I PRO-DRUG 

F i g u r e  1 

Diagrammatic i l l u s t r a t i o n  o f  t h e  two-compartment model f o r  t h e  
uptake/metabol ism o f  prodrugs f rom dermal s o l u t i o n  compartment. 

corneum; so, t h e  d rug  s o l u b i l i t y  i n  t h e  v i a b l e  s k i n  c a l c u l a t e d  

f rom t h e  da ta  generated w i t h  t h e  whole s k i n  may be c o n s i d e r a b l y  

overest imated.  However, t h e  steady- s t a  t e  c o n c e n t r a t i o n  p r o f  i 1 es 

i n  t h e  s k i n  f o r  t hese  s t e r o i d s  would be a n a l o g i c a l  because t h e  

c o n c e n t r a t i o n  r a t i o  a t  t h e  boundary between t h e  s t r a t u m  corneurn 

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

across each s k i n  l a y e r .  The d i f f u s i v i t i e s  o f  s t e r o i d s  can be 

assumed t o  be t h e  same, because o f  t h e  s i m i l a r i t y  i n  t h e i r  

mo lecu la r  we igh ts  and s t r u c t u r e .  The e s t r a d i o l  s o l u b i l i t y  i n  

t h e  v i a b l e  s k i n  was p r e v i o u s l y  found t o  be about 20% o f  t h a t  

i n  t h e  whole s k i n  (10) .  I n  t h e  p r e s e n t  c a l c u l a t i o n ,  t h e  s o l u b i l i t y  

o f  each d rug  was, t h e r e f o r e ,  assumed t o  be 1 /5  o f  t h a t  measured 

i n  t h e  whole s k i n .  
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LONG-TERM PERMEATION KINETICS OF ESTRADIOL. IV 1183 

( i i i )  Rate c o n s t a n t  o f  metabol ism r e a c t i o n  

I n  s p i t e  o f  t h e  f a c t  t h a t  t h e  p r i n c i p a l  metabol ism r e a c t i o n  

takes p l a c e  i n  t h e  s k i n ,  a smal l  amount o f  drugs may a l s o  be 

me tabo l i zed  i n  t h e  s o l u t i o n  compartment by t h e  enzyme l e a c h i n g  

o u t  o f  t h e  s k i n .  The r a t e  c o n s t a n t s  i n  Equat ions 1 t o  6 were 

determined i n  such way t h a t  t h e  c a l c u l a t e d  c o n c e n t r a t i o n  p r o f i l e s  

i n  t h e  s o l u t i o n  compartment f i t  b e s t  w i t h  t h e  exper imen ta l  da ta  

f o r  b o t h  r e a c t i o n  mechanisms o f  E D - +  EA + E ( F i g u r e  2 )  and EA+ E 

( F i g u r e  3 ) .  The r a t e  c o n s t a n t s  o b t a i n e d  a r e  l i s t e d  i n  Table 

1. 

The t h e o r e t i c a l  d rug  c o n c e n t r a t i o n  p r o f i l e  was compared 

w i t h  t h e  exper imen ta l  r e s u l t s  i n  F i g u r e s  2 and 3 f o r  t h e  r e a c t i o n s :  

ED + EA + E  and EA + E ,  r e s p e c t i v e l y .  I t  can be seen t h a t  t h e  

exper imenta l  da ta  p o i n t s  f i t  reasonab ly  w e l l  w i t h  t h e  p r e d i c t e d  

c o n c e n t r a t i o n  p r o f i l e  d u r i n g  t h e  e a r l y  s tage o f  exper iment  ( t  

< 24 h r ) .  However, t h e  exper imen ta l  da ta  beyond 24 hours were 

no ted  t o  d e v i a t e  i n c r e a s i n g l y  f rom t h e  p r e d i c t e d  r e s u l t  a s  

i n c r e a s i n g  t h e  d u r a t i o n  o f  exper iment .  Th i s  i n c r e a s i n g  d e v i a t i o n  

c o u l d  be due t o  t h e  decrease i n  enzyme a c t i v i t y  i n  t h e  v i a b l e  

s k i n  as t h e  r e s u l t  o f  s k i n  aging. 

2. 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  

Metabol ism o f  e s t r a d i o l  e s t e r s  d u r i n g  t h e  course o f  s k i n  

permeat ion was i n v e s t i g a t e d  u s i n g  a three-compartment model which 

cons ide rs  a system c o n s i s t i n g  a donor s o l u t i o n  compartment, a 

s k i n  compartment and a r e c e p t o r  s o l u t i o n  compartment ( F i g u r e  

4 ) .  A p rod rug  i n  t h e  donor s o l u t i o n  compartment a t  a c o n c e n t r a t i o n  
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1184 TOJO ET AL, 

56 

I- z 
W u 

24 
8 

16 

8 

0' 

F i g u r e  2 

The t i m e  course f o r  t h e  t h e o r e t i c a l  c o n c e n t r a t i o n  p r o f i l e  o f  
ED + E A +  E i n  comparison w i t h  t h e  ex e r i m e n t a l  obse rva t i ons .  Key: 
p r e d i c t e d  (-); exper imen ta l  , o ,&and  ). 

o f  C permeates i n t o  t h e  ski.n Compartment, v i a  s t r a t u m  corneum 

and r e a c t s  w i t h  a c t i v e  enzymes i n  t h e  v i a b l e  s k i n  l a y e r s .  The 

d rug  formed b y  metabol ism d i f f u s e s  i n t o  t h e  r e c e p t o r  s o l u t i o n  

compartment a f t e r  a l a p s e  o f  t ime.  

I n  t h e  p resen t  s t u d y  t h e  f o l l o w i n g  assumptions were made: 

a )  S k i n  i s  a u n i l a y e r  t i s s u e  
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120 

100 

5 
=i 80' 
2- 
0 
a 
a 60 
I- 

I- z 
W u z 
8 4 0  

20 

0 
0 8 16 24 32 40 48 

TIME (hours) 

F i g u r e  3 

The t i m e  course f o r  t h e  t h e o r e t i c a l  c o n c e n t r a t i o n  p r o f i l e  o f  
EA -t E i n  comparison w i t h  ex e r i m e n t a l  obse rva t i ons .  Key: 
p r e d i c t e d  (-1; exper imen ta l  ( 6 and ) .  

b )  Sur face d rug  c o n c e n t r a t i o n  on t h e  s k i n  i s  c o n s t a n t  

c )  A l l  t h e  k i n e t i c s  o f  metabol ism a r e  f i r s t - o r d e r :  

kl k2 ED + EA + E. 

d )  The s o l u b i l i t y  o f  drugs and r a t e  c o n s t a n t s  were 

de t e r m i  n ed p r e  v i o u s 1 y . 

N o t a t i o n s  used: 

C = c o n c e n t r a t i o n  o f  t h e  prodrug,  

D = d i f f u s i v i t y  o f  t h e  d rug  i n  t h e  s k i n ,  
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1186 TOJO ET AL. 

TABLE 1 

F i r s t - O r d e r  Rate Constants  f o r  Dermal Uptake/ 

Metabol ism o f  Estradiol-3,17-Diacetate 

Rate Constant 

kl 

k2 

k3 

k4  

ED+EA+E 

( h r - l )  

8.57 

0.51 

0.12 

0.0086 

EA+E 

( h r - l )  
- 

- 

0.12 

0.0086 

PRO-DRUG - 

DONOR SOLUTION 
COMPARTMENT 

STRATUM 
CORN EUM 

I 
I 
I 

I 

- SKIN COMPARTMENT - 
F i g u r e  4 

Diagrammatic i l l u s t r a t i o n  o f  t h e  three-compartment model f o r  
t h e  s k i n  permeat ion/metabol  ism o f  prodrugs f rom s t r a t u m  corneum 
s i d e  (donor  s o l u t i o n  compartment). 
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LONG-TERM PERMEATION 

x =  

k =  
- 
c =  

5 =  

e =  

+ =  

R =  

t =  

- 
r l -  

C t  = 

co = 

Q =  

n =  

T I =  

KINETICS OF ESTRADIOL. I7 

d i s t a n c e  f rom t h e  s u r f a c e  o f  t h e  s k i n ,  

f i r s t - o r d e r  r a t e  cons tan t ,  

d i  mensi on1 ess c o n c e n t r a t i o n  , 

dimensionless d i s t a n c e ,  

d imension less t ime,  

modul u s ,  

t h i c k n e s s  o f  t h e  s k i n ,  

t ime .  

r e d u c t i o n  f a c t o r  due t o  r e a c t i o n ,  

t o t a l  c o n c e n t r a t i o n ,  

cumu la t i ve  amount, 

s u r f a c e  c o n c e n t r a t i o n  on t h e  s k i n ,  

n a t u r a l  number 1, 2, . . . 
3.14. 

1187 

Mass balance f o r  t h e  metabol ism o f  e s t r a d i o l  d i a c e t a t e  b y  

a f i r s t - o r d e r  k i n e t i c s  can be d e s c r i b e d  by t h e  f o l l o w i n g  

r e 1  a t i  on s h i  p : 

a C/a t = D( $C/ax2) - kC 

The boundary (B.C.) and i n i t i a l  c o n d i t i o n s  ( I .C . )  a re :  

B.C.: x = 0: C = Co 

x = R: C = 0 ( s i n k  c o n d i t i o n )  

I . C . :  t = 0: c = 0 

The s o l u t i o n  o f  Equat ion 10 s u b j e c t e d  t o  t h e  i n i t i a l  and 

boundary c o n d i t i o n s  was g i v e n  b y  L e y p o l d t  and Gough ( 7 ) :  
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The r a t e  o f  permeat ion i s  t h e n  rep resen ted  by:  

n = l  

The r a t e  o f  permeat ion a t  

(12 )  

s teady-s t a  t e  becomes 

where ( d Q / d t ) O  i s  t h e  s t e a d y - s t a t e  r a t e  o f  permeat ion w i t h o u t  

any enzymatic r e a c t i o n  and 0 i s  d e f i n e d  as a r e d u c t i o n  f a c t o r  

f o r  t h e  s t e a d y - s t a t e  r a t e  o f  permeat ion w i t h  enzymatic metabol ism.  

The 

Q =  

- 

The 

The 

i s  shown 

cumu la t i ve  amount o f  d rug  permeated i s  rep resen ted  by 

(14 )  
2 2  2 exp[-(n TI ++ ) D t / e 2 1  

t ime- lag ,  e L y  i s  a l s o  d e r i v e d  as f o l l o w s  ( 7 ) :  

e L  = ( D t / n .  ) - $co th ($ ) /$  - 
e f f e c t  o f  modulus, on ( E q .  13) and 6 e L  ( E q .  15 )  

i n  F i g u r e  5. 

( 1 5 )  2 - 1  

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.



LONG-TERM PERMEATION KINETICS OF ESTRADIOL. I V  1189 

1 .o 

L 

0.8 - 

0.6 - 
z 
6 
9 

0.4 - 

0 . 2  - 

0 
0 I 2 3 4 5 6 7 8 

F i g u r e  5 

The v a r i a t i o n  o f  t h e  d imension less t i m e - l a g  ( 6 e ~ )  and t h e  r e d u c t i o n  
f a c t o r  ( 1 1 )  as a f u n c t i o n  o f  modulus ( q )  accord ing  t o  Equat ions 
13 and 15, r e s p e c t i v e l y .  

T o t a l  permeat ion o f  drugs, e s t r a d i o l  d i a c e t a t e  ( E D )  , 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) ,  i s  independent o f  t h e  r a t e  o f  

f i r s t - o r d e r  enzymatic r e a c t i o n s ,  because i t  i s  an equ i -mo lecu la r  

r e a c t  i o n  k i  n e t i  cs .  

By s u b s t i t u t i n g  q = 0 i n t o  Eq. (14), t h e  c u m u l a t i v e  amount, 

Q, of t h e  t o t a l  d rug  permeated can be eva lua ted .  

The exper imen ta l  Q versus t p r o f i l e s  o b t a i n e d  f o r  E A - t  E 

r e a c t i o n  (8) was compared w i t h  t h e  p r e d i c t e d  r e s u l t s  i n  F i g u r e  
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1190 TOJO ET AL. 

n 
P 
X 

TIME (hours) 

F i g u r e  6 

Comparison between t h e  t h e o r e t i c a l  c a l c u l a t i o n  and exper imen ta l  
r e s u l t s  on t h e  permeat ion p r o f i l e  o f  e s t r a d i o l  a c e t a t e  (EA) 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) by metabol ism.  Key: c a l c u l a t e d  
(-) ; exper imen ta l  , (0 and ). 

6. The k2 va lue  i n  Table 1 ( 0 . 5 1  h r - ' )  and t h e  d i f f u s i v i t y  (2.06 

x cm /sec) ,  which was determined by a t i m e - l a g  method (11, 

12),  were used i n  t h e  c a l c u l a t i o n  o f  p r e d i c t e d  r e s u l t s .  As can 

be seen f rom F i g u r e  6, t h e  exper imen ta l  d a t a  p o i n t s  f i t  f a i r l y  

we1 1 w i t h  t h e  t h e o r e t i c a l  r e s u l t s .  

2 

I n  F i g u r e  7, t h e  t i m e  course f o r  t h e  exper imen ta l  d a t a  p o i n t s  

f o r  t h e  s imul taneous permeat ion and metabol ism o f  ED-+ EA -+ E were 
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LONG-TERM PERMEATION K I N E T I C S  OF ESTRADIOL. I V  1191 

120 

100 

0 

80 ’ 
x 

Iy 

! > 
P 
2 60 

a 

’ 

0 

0 8 16 24 32 40 48 

TIME (hours)  

F i g u r e  7 

Comparison between t h e  t h e o r e t i c a l  c a l c u l a t i o n  and exper imen ta l  
r e s u l t s  on t h e  permeat ion p r o f i l e  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  fo rma t ion  p r o f i l e s  o f  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) by metabol ism. Key: c a l c u l a t e d  (-); exper imen ta l  , 
( 0 and 0 1. 

compared w i t h  t h e  r a t e  p r o f i l e s  c a l c u l a t e d  by u s i n g  t h e  r a t e  

cons tan ts  kl and k 2  i n  Table 1. The t h e o r e t i c a l  l i n e  f o r  EA 

i n  t h i s  f i g u r e  was computed on t h e  assumption t h a t  ED i s  q u i c k l y  

d isappeared i n  t h e  s k i n  i n  v iew  of t h e  f a c t  t h a t  no ED was 

de tec ted ,  t h e  r a t e  c o n s t a n t  kl i s  much h i g h e r  t h a n  k2 ( T a b l e  

1) and t h e  metabol ism o f  E D +  E A +  E cah be approximated by t h e  

s lowest  r e a c t i o n  o f  EA+E. R e s u l t s  suggested t h a t  t h e  exper imen ta l  
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1192 TOJO ET AL. 

da ta  agreed reasonab ly  w e l l  w i t h  t h e  c a l c u l a t e d  r e s u l t s  ( F i g .  

7 ) .  I t  should a l s o  be p o i n t e d  o u t  t h a t  t h e  exper imen ta l  Q d a t a  

(ED t EA t E )  d e v i a t e  g r a d u a l l y  f rom t h e  p r e d i c t e d  l i n e  a f t e r  

28 h r .  T h i s  f i n d i n g  i s  c o n s i s t e n t  w i t h  t h e  dermal 

uptake/metabol  ism s t u d y  r e p o r t e d  e a r l i e r  ( F i g s .  2 and 3 ) .  

Therefore,  t h i s  d e v i a t i o n  c o u l d  be a t t r i b u t e d  t o  t h e  decreased 

enzyme a c t i v i t y  d u r i n g  t h e  s k i n  permeat ion exper iment ,  p o s s i b l y  

due t o  t h e  r e s u l t  o f  s k i n  ag ing.  

CONCLUSION 

The enzymatic metabol ism o f  e s t r a d i o l  e s t e r s  i n  t h e  h a i r l e s s  

mouse s k i n  was analyzed u s i n g  t h e  non-s teady -s ta te  approach, 

and t h e  r a t e  c o n s t a n t s  f o r  t h e  f i r s t - o r d e r  metabol ism r e a c t i o n  

were determined. 

The simul taneous permeat ion and metabol ism o f  t h e  e s t r a d i o l  

e s t e r s  were then  analyzed t h e o r e t i c a l l y  based on t h e  F i c k ' s  second 

law  o f  d i f f u s i o n  accompanied by a f i r s t - o r d e r  chemical  r e a c t i o n .  

The exper imenta l  d a t a  were w e l l  e x p l a i n e d  by t h e  p r e s e n t  model 

d u r i n g  t h e  e a r l y  s tage o f  exper iment  ( < 2 4  h r ) .  A d e v i a t i o n  was 

observed a t  l a t e r  phase o f  exper iments,  which i s  p r o b a b l y  due 

t o  t h e  decrease i n  enzyme a c t i v i t y  caused by s k i n  ag ing.  
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