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ABSTRACT 

The in v i t r o  sk in  permeation system developed i n  t h i s  

l abo ra to ry  was u t i l i z e d  t o  i n v e s t i g a t e  the  k i n e t i c s  o f  uptake, 

b ind ing,  and metabolism o f  e s t r a d i o l ,  t h e  female hormone, by 

the  h a i r l e s s  mouse sk in .  The k i n e t i c s  o f  uptake o f  e s t r a d i o l  

and i t s  subsequent metabolism t o  est rone by the  s k i n  were examined 

'Recipient o f  Leder le  Graduate Research Fel lowship. 

* A l l  i n q u i r i e s  should be d i r e c t e d  t o  Yie W. Chien, Con t ro l l ed  

Drug De l i ve ry  Research Center, Col lege o f  Pharmacy, Rutgers 

Un ive rs i t y ,  Busch Campus, Piscataway, New Jersey 08854. 

991 

Copyright 0 1984 by Marcel Dekker, Inc. 0363-9045/84/10074991$3.50/0 

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.



992 VALIA AND CHIEN 

by exposing one s ide  o f  a f r e s h l y  exc ised s k i n  t o  an e s t r a d i o l  

so lu t ion ,  wh i l e  the  o the r  s ide  o f  t he  s k i n  was p ro tec ted  w i t h  

an impermeable aluminum f o i l .  

The r e s u l t s  concluded t h a t  t he  s t ra tum corneum p lays  a 

r a t e - l i m i t i n g  r o l e  i n  the  uptake and b ind ing  o f  e s t r a d i o l  and 

i t s  metabolism t o  est rone by the  sk in .  The mechanisms o f  t he  

uptake and b ind ing  o f  e s t r a d i o l  t o  whole s k i n  t i s s u e  ( w i t h  s t ra tum 

corneum) showed a sex dependence, w i t h  the  r a t e  h ighe r  i n  the  

female than i n  the  male mouse. On t h e  o the r  hand, no sex-dependent 

d i f f e rence  was observed i n  the  mechanism and r a t e  o f  metabolism 

t o  estrone. 

A f t e r  s t r i p p i n g  o f f  the  ra te -1  i m i  t i n g  s t ra tum corneum, 

the  mechanisms o f  t h e  uptake, b ind ing  and metabolism o f  e s t r a d i o l  

a l l  became sex dependent w i t h  i d e n t i c a l  r a t e s  observed between 

male and female mice i n  the  i n i t i a l  14 h r s  o f  the  experiment; 

Between 14 t o  21 hrs, t he  ra tes  increased s u b s t a n t i a l l y  w i t h  

the  female sk in ,  bu t  n o t  w i t h  the  male sk in .  The increase i n  

the  r a t e  o f  uptake o f  e s t r a d i o l  by t h e  female s k i n  was r e l a t e d  

p r i m a r i l y  t o  the  increased r a t e  o f  metabolism o f  e s t r a d i o l  t o  

estrone. 

INTRODUCTION 

I n  the  past  years, s tud ies  completed i n  several l a b o r a t o r i e s  

have con t r i bu ted  towards the  understanding o f  s t e r o i d  metabolism 

i n  human sk in .  Not o n l y  have t rans format ions  o f  severa l  s t e r o i d a l  

hormones been demonstrated i n  t h i s  organ, b u t  a l so  the re  i s  an 
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LONG-TERM S K I N  PERMEATION K I N E T I C S .  I1 993 

increasing evidence that these transformations are of 

endocrinological importance. It has .been demonstrated that human 

skin is capable of transforming testosterone into 5 a - 
dihydrotestosterone, which, by certain criteria, is a more potent 

androgen than testosterone itself (1,Z). It has also been reported 

(2) that the skin of young men (but not of women) is capable 

of converting dehyroepiandrosterone into testosterone, i .e. 

transforming a biological ly inactive precursor into a potent 

androgen. Therefore, skin appears to participate not only in 

the catabolism of steroids, but also in the formation of active 

hormones from the inert steroidal precursors supplied through 

the blood ci rcul ati on. 

Extensive metabol ism of progesterone and 

dehydroepiandrosterone was reported to occur in the skin (2,3) 

as well as the interconversion of hydrocortisone and cortisone 

(4) and o f  estradiol to estrone (5). These findings suggested 

that the skin may play a significant part in the regulation o f  

the activity of steroidal hormones. 

Histochemical studies by Baillie et a1 (6) indicated that 

estradiol undergoes dehydrogenation in human skin. In the - in 

vitro studies (7, 8 ) ,  using radiolabeled estradiol and estrone, 

the interconversion of these two estrogens was demonstrated in 

the neonatal foreskin, in the abdominal skin of adult male and 

female, and in the vaginal mucosa. The major metabolism found 

in the foreskin and the abdominal skin was the oxidation of 

estradiol to estrone, while in vaginal mucosa the reverse reaction 

predominated. 
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994 VALIA AND CHIEN 

I n  the past, for  the hormonal deffciency treatment the 

steroids were administered mostly by the oral route; fo r  example, 

the micronized estradiol or  conjugated estrogens were found t o  

be effective in the management of menopausal changes a t  a daily 

dose as low as i n  milligram range. However, the major por t ion  

of the oral estrogen dose was reportedly converted t o  less active 

estrone and es t r iol  and became conjugated on i t s  passage t h r o u g h  

the l iver ,  resulting i n  a highly unphysfologic pattern of estrogen 

metabolites and in the increased production of hepatic proteins, 

such as renin substrate. 

Optimization of estrogerl replacement treatment was recently 

achieved by the control led admimtstratfon o f  estradiel  throagh 

a transdermal therapeutic system (9), called TTS-estradiol . I t  

i s  designed t o  provide a continuous delivery of  the na tu ra l  

estrad’iol t h r o u g h  the intact  skin a t  a rate sufficient to  maintain 

the plasma level i n  the range s h i l a r  t o  t h a t  observed i n  the 

early fol l icular  phase o f  the menstrual cycle. 

Recently, Goerz e t  al.  (10) investigated a new anlmal model 

for  studying the cutaneous drug-metabol izing enzymes and found 

t h a t  the Wg/- mouse (also a hairless mouse) has the highest 

ac t iv i t ies  o f  bo th  cutaneous and hepatic drug-metabol izing enzymes 

ever found i n  various animal species. Furthermore, the female 

Ng/- mouse showed a 5- t o  7- fold greater enzyme ac t iv i ty  t h a n  

the male. I n  other mouse s t ra ins ,  the sex-dependent differences 

in the drug-metabolizing enzyme level were minimal (11). 

I n  th i s  investigation, the kinetics involved i n  the uptake 
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LONG-TERM S K I N  PERMEATION K I N E T I C S .  I1 995 

of e s t r a d i o l  by t h e  h a i r l e s s  mouse sk in ,  male and female, and 

i t s  subsequent metabolism by the  17 8 -hydroxys tero id  dehydrogenases 

t o  est rone w i l l  be analyzed. 

EXPERIMENTAL 

Ma t e r  i a 1 s : 
1 2 3 4 

( d i s t i l l e d - i n - g l a s s  HPLC grade) were used as obtained. HPLC 

grade water was prepared f r e s h l y  i n  t h e  l a b o r a t o r y  . 
A n a l y t i c a l  Methods: 

Es t rad io l  , estrone , sodium c h l o r i d e  , and a c e t o n i t r i l e  

5 

A l i q u i d  chromatograph6 equipped w i t h  a r e c i p r o c a t i n g  pump 

(model 6000A), an i n j e c t o r  (model U6K),  an UV de tec to r  (model 

440, w i t h  a c e l l  volume o f  15.6 pl), a reverse-phase pBondapak 

column w i t h  a guard column con ta in ing  37-50 pm Bondapak 

C18/Corasil packing ma te r ia l ,  and an Omniscribe recorder  was 

used i n  t h i s  i n v e s t i g a t i o n .  The UV de tec to r  was operated a t  

the  wavelength o f  280 nm t o  de tec t  e s t r a d i o l  a t  a s e n s i t i v i t y  

o f  0.005 AUFS. Another UV detec tor8  (model 773, w i t h  a c e l l  

volume o f  12 p1) was a l so  used a t  205 nm t o  de tec t  es t rone and 

e s t r i o l  a t  a s e n s i t i v i t y  o f  0.005 AUFS. A combination o f  

18 

a c e t o n i t r i l e  and water, a t  a r a t i o  o f  50:50, was used as the  

mobile phase. A t  ambient cond i t ion ,  a f l o w  r a t e  o f  1.5 ml/min 

was used, y i e l d i n g  an opera t ing  pressure o f  2000 p s i .  

Determinat ion o f  e s t r a d i o l  and es t rone concent ra t ions  i n  

the  sample s o l u t i o n  was c a r r i e d  o u t  by f i r s t  measuring t h e  peak 

he igh t  o f  e s t r a d i o l  and est rone peaks a t  a r e t e n t i o n  t ime  o f  

4.9 and 6.1 minutes, respec t i ve l y ;  and then computing t h e  
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995 VALZA AND CHIEN 

concentrat ion (Ng/ml) from the  c a l i b r a t i o n  curves cons t ruc ted  

from standard so lu t i ons  o f  both drugs. 

Sk in PermeatiOn C e l l  _ _  : 

The same - i n  y i t r o  s k i n  permeation system’ repo r ted  e a r l i e r  

(12, 13) was used i n  t h i s  i n v e s t i g a t i o n .  

Sk i  n Prepargt I on : 

For t h i s  study, 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  

exc ised from a 5-7 weeks o l d  h a i r l e s s  mouse (HRS/J s t r a i n )  . 
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  experiment 

by snapping the  sp ina l  cord a t  t h e  neck. A square s e c t i o n  o f  

t he  abdominal s k i n  (-3 x 3 cm) was s u r g i c a l l y  removed from t h e  

animal and the  subcutaneous t i s s u e  and b lood vessels were cleaned 

(14, 15). 

10 

I n  some o f  t he  s tud ies  t h e  s t ra tum corneum s i d e  o f  t he  

h a i r l e s s  mouse sk in  was s t r i p p e d  w i t h  a cel lophane tape’’ f o r  

25 t imes t o  e l i m i n a t e  t h e  s t ra tum corneum layers .  I t  was c a r r i e d  

o u t  by secur ing the  animal on a su rg i ca l  g lass  p l a t e  and the  

abdominal s k i n  was s t r i p p e d  by p l a c i n g  the  tape on t h e  s t ra tum 

corneum sur face and moving the  thumb back and f o r t h  a few times, 

w i t h  a pressure as un i fo rm as was poss ib le  (16). A f r e s h  p iece  

o f  the  tape was used f o r  each s t r i p p i n g .  

Skin Uptake/Metabolism Studies 

A f u l l - t h i c k n e s s  s k i n  o r  a s t r i p p e d  s k i n  sample was mounted 

between the  two compartments o f  t he  Valia-Chien s k i n  permeation 

c e l l  (12) i n  such a way t h a t  e i t h e r  the  s t ra tum corneum o r  the  

dermis s ide fac ing  a b u l k  o f  drug s o l u t i o n  and the  o t h e r  s ide  
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LONG-TERM SKIN PERMEATION KINETICS. I1 997 

of the skin was protected with an impermeable aluminum foil (Figure 

1, A & B) .  A saturated saline solution of estradiol (3.5 ml) 

was then introduced into the compartment with the uncovered skin 

surface and the compartment with the aluminum foil-covered skin 

surface remained empty. A 50 vl sample was withdrawn from the 

drug solution at predetermined time intervals and assayed for 

estradiol and any possible metabolites by the HPLC method outlined 

above. 

RESULTS AND DISCUSSION 

The enzymatic interconversion of estradiol and estrone 

was known to occur in a variety of human tissues (5). Frost 

et al. (7) shown that when neonatal foreskin (finely minced) 

was used, an average of 47% of the incubated estradiol dose was 

oxidized to estrone by 200 mg of the tissue in 5 hr. However, 

in the experiments with estrone only 3% of the incubated hormone 

was found to be converted to estradiol. The fresh abdominal 

skin obtained from either adult male or females yielded only 

9-10% conversion of estradiol to estrone for every 200 mg of 

the tissue. The activity in the vaginal mucosa was even less, 

with only 3% of estradiol converted to estrone. 

In the skin uptake/metabolism studies, only the stratum 

corneum or the dermis was allowed to be in contact with the saline 

solution of estradiol, while the other side of the skin was sealed 

with a sheet o f  impermeable aluminum foil (Figure 1, A & B) .  

Under this experimental design, the estradiol was allowed to 

penetrate the skin from either the stratum corneum side or the 
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998 VALIA AND CHIEN 
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Figure 1: Diagrammatic illustration o f  the skin permeation setup 

used in the skin uptake/metabolism experiments; A )  

- from stratum corneum side, 8 )  - from dermis side. 
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LONG-TERM SKIN PERMEATION KINETICS. I1 999 

dermis side. A f t e r  metabolized by the  cutaneous enzymes, the  

matabol i tes cou ld  then d i f f u s e  back i n t o  the  b u l k  s o l u t i o n .  By 

analyz ing the  change i n  the  concentrat ions o f  e s t r a d i o l  and 

metabol i tes,  such as estrone, i n  the  so lu t i on ,  t he  r a t e s  o f  s k i n  

uptake, b ind ing  and cutaneous metabolism i n  epidermis and dermis 

of t he  h a i r l e s s  mouse s k i n  could be determined from t h e  r a t e  

p r o f i l e  f o r  t h e  disappearance o f  e s t r a d i o l  from the  s o l u t i o n  

and the  r a t e  p r o f i l e  f o r  the  appearance o f  me tabo l i t e  i n  the  

sol u t ion .  

Skin Uptake/Metabolism o f  Es t rad io l  f rom Stratum Corneum Side 

Figures 2 and 3 show the  t ime course f o r  t he  disappearance 

o f  e s t r a d i o l  and the  appearance o f  i t s  major metabo l i te ,  estrone, 

i n  the  s a l i n e  s o l u t i o n  which i s  i n  con tac t  w i t h  t h e  s t ra tum corneum 

o f  the  female and male h a i r l e s s  mouse abdominal sk in .  

I n  the  case o f  female sk in  (F igure  2), the  e s t r a d i o l  

disappeared from the  s o l u t i o n  a t  zero-order  k i n e t i c s  w i t h  a r a t e  

constant o f  0.1079 (k0.0154) pM/hr. I n  view o f  t he  f a c t  t h a t  

no degradation products o f  e s t r a d i o l  cou ld  be detected dur ing  

the  course o f  study, so the  disappearance o f  e s t r a d i o l  could 

on l y  be a t t r i b u t e d  t o  the  uptake o f  e s t r a d i o l  by the  sk in .  Th is  

zero-order k i n e t i c s  o f  s k i n  uptake was observed t o  s top a t  t he  

24-hr po in t ,  and resume a t  a s l i g h t l y  slower r a t e  (0.0707 f 0.0281 

pM/hr) a f t e r  t he  rup tu re  o f  s t ra tum corneum a t  54-hr p o i n t .  I n  

the  meantime, the  appearance o f  est rone i n  t h e  s o l u t i o n  began 

a f t e r  a l a g  t ime o f  38.5 h r s  w i t h  a zero-order r a t e  constant  

o f  0.0505 (f0.0059) pM/hr. 

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.



L
 

0 
10

 
20

 
30

 
40

 
50

 
60

 
70

 
80

 
90

 
10

0 
11

0 
12

0 

T
IM

E
 C

 h
o

u
rs

) 

Fi
gu

re
 2

: 
Th

e 
tim

e 
co

ur
se

 
fo

r 
th

e 
up

ta
ke

 
of

 
es

tr
ad

io
l 

by
 

th
e 

st
ra

tu
m

 
co

rn
eu

m
 

of
 

th
e 

fe
m

al
e 

ha
ir

le
ss

 
m

us
e 

sk
in

 

an
d 

th
e 

fo
rm

at
io

n 
of

 
es

tr
on

e.
 

Ea
ch

 
da

ta
 

po
in

t 

re
pr

es
en

ts
 

th
e 

m
ea

n 
an

d 
st

an
da

rd
 

er
ro

r 
of

 
3 

de
te

rm
i n

at
io

ns
. 

0
 
0
 

0
 

C
 z 

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 SKIN PERMEATION KINETICS. I1 1001 

c 
v) 

tl 

u 

z, 

B 

v 

0: 

0 
-1 

0 

a 
0 
U 
c 
v) 
W 

MALE,STRATUM CORNEUM SIDE 

I 
I - 1  485hr 1 -  

0 .  , ?/!T , 0 I I I I I I I I 

0 10 20 30 40 50 60 70 80 90 100 110 120 

TIME (HOURS) 

.5 

m 

a 

m 
0 

v) 
-I 

P 
P 
9 

3 

0 
m 

- 
'E 

It 

Y 

Figure 3: The t ime course f o r  t he  uptake o f  e s t r a d i o l  by  t h e  

s t ra tum corneum o f  t he  male h a i r l e s s  mouse s k i n  and 

the  format ion o f  estrone. Each data p o i n t  represents  

the  mean and standard e r r o r  o f  3 determinat ions.  

I n  the  case o f  male abdominal s k i n  (F igure  3), t he  e s t r a d i o l  

disappeared from t h e  s o l u t i o n  a l so  a t  te ro-order  k i n e t i c s ,  b u t  

w i t h  a r a t e  constant  (0.0478 f 0.0041 vM/hr) which i s  2 .3 - fo ld  

slower than i n  the  female s k i n  (0.1079 f 0.0154 VM/hr). 

I n t e r e s t i n g l y ,  t h i s  zero-order  k i n e t i c s  o f  uptake was found t o  

cont inue u n t i l  t he  s t ra tum corneum rup tured  a t  68 h r s  a f t e r  t he  

i n i t i a t i o n  o f  experiment. A f t e r  t he  rup tu re  o f  the  s t ra tum 

corneum, the  concent ra t ion  o f  est rone i n  the  s o l u t i o n  was increased 
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1002 VALIA AND CHIEN 

s u b s t a n t i a l l y  due t o  t h e  dumping o f  t he  est rone which was formed 

and accumulated i n s i d e  the  s k i n  t i ssue.  A f t e r  the  re lease o f  

estrone, uptake and metabolism o f  e s t r a d i o l  continued, a l s o  a t  

zero-order k i n e t i c  fashion, w i t h  r a t e  constants  o f  0.0480 (k0.0325) 

and 0.0365 (k0.0381) uM/hr, respec t i ve l y .  There appears no 

s t a t i s t i c a l  d i f f e r e n c e  between the  r a t e  constants f o r  the  

disappearance o f  e s t r a d i o l  before and a f t e r  t he  rup tu re  o f  s t ra tum 

corneum i n  the  same sex as w e l l  as between the  r a t e  constant  

f o r  e s t r a d i o l  disappearance and the  r a t e  constant  f o r  est rone 

format ion f o l l o w i n g  the  rup ture  o f  s t ra tum corneum. 

E f f e c t  o f  S t r i p p i n g  on Skin Uptake/Metabolism o f  E s t r a d i o l  

By s t r i p p i n g  the  sk in  w i t h  a cel lophane adhesive tape f o r  

25 times (16) ,  t he  s t ra tum corneum laye rs  can be complete ly  removed 

and the v i a b l e  epidermis i s  thus exposed. Th is  s t r i p p i n g  t reatment  

was noted t o  enhance s u b s t a n t i a l l y  t he  ra tes  o f  e s t r a d i o l  

disappearance and o f  est rone fo rmat ion  (F igures 4 & 5 ) .  

I n  the  case o f  female h a i r l e s s  mouse abdominal s k i n  (F igure  

4 ) ,  s t r i p p i n g  o f f  t he  r a t e - l i m i t i n g  s t ra tum corneum was observed 

t o  modify the  i n i t i a l  24-hr pe r iod  o f  the  e s t r a d i o l  disappearance 

p r o f i l e  from monophasic t o  b iphas ic  pa t te rn .  For t h e  f i r s t  12 

hrs, the  r a t e  o f  e s t r a d i o l  disappearance was increased by 2.1 

f o l d s  from 0.1079 (k0.0154) pM/hr w i t h  t h e  presence o f  s t ra tum 

corneum t o  0.2280 (+0.0150) pM/hr w i thou t  t he  s t ra tum corneum. 

During the  per iod  o f  12-21 hrs, t he  r a t e  o f  disappearance was 

fu r the r  increased by another 3.1 f o l d s  t o  0.6967 (+O. 1341) pM/hr. 

A f t e r  21 h r s  o f  experiment, approximately 90% o f  t he  e s t r a d i o l  
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ESTRADIOL UPTAKE/NO STRATUM 
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F igure 4: The t ime course f o r  the  uptake o f  e s t r a d i o l  by the  

s t r i pped  female h a i r l e s s  mouse s k i n  and fo rmat ion  

o f  estrone. Each data p o i n t  represents  the  mean and 

standard e r r o r  o f  3 determinat ions.  

dose had disappeared from the  so lu t i on ;  so, t he  r a t e  o f  

disappearance decreased t o  0.0463 (20.0497) vM/hr. The fo rmat ion  

o f  est rone a l so  showed the  same b iphas ic  k i n e t i c  p r o f i l e .  W t h  

the  removal o f  t he  r a t e - l i m i t i n g  s t ra tum corneum, the  format  on 

o f  est rone was detected as e a r l y  as 30 minutes, as compared t o  

the  38.5 h r s  observed i n  the  presence o f  s t ra tum corneum (F igure  

2); and the  r a t e  o f  appearance o f  es t rone was a l s o  enhanced by 

2.5 f o l d s  from 0.0505 (20.0059) pM/hr t o  0.1245 (k0.0095) vM/hr 

dur ing  the  f i r s t  14 h rs  and increased f o r  another 4.2 f o l d s  t o  
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1004 VALIA AND CHIEN 

ESTRADIOL UPTAKE/NO STRATUM 
1 2 t  CORNEUM 

Male hairless mice 
10 

I I I I I 

12 ESTRONE FORMATION t 

0 10 20 30 40 50 0 10 20 30 40 50 

TIME C hours ) TIME (hours) 

Figure 5: The time course for the uptake of estradiol by the 

stripped male hairless mouse skin and the formation 

of estrone. Each data point represents the mean and 

standard error of 3 determinations. 

0.5289 (k0.1822) jiM/hr from 14 to 21 hrs. After 21 hrs,, the 

rate of estrone formation reduced to 0.0281 (+0.0395), which 

may be due to the significant reduction in estradiol concentration 

in the solution. 

In the case of male skin (Figure 5), stripping off the 

rate-limiting stratum corneum did not affect the mechanism o f  

estradiol disappearance. The disappearance of estradiol still 

followed the monophasic zero-order kinetics, but the rate of 

estradiol disappearance was increased by 4.6 folds from 0.0478 
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LONG-TERM SKIN PERMEATION KINETICS. I1 1005 

(k0.0041) MM/hr i n  the presence of stratum corneum t o  0.2259 

(k0.0282) vM/hr without the stratum corneum. The formation of 

estrone was detectable also as early as 30 minutes, as compared 

t o  the 48.5 hrs observed i n  the presence of stratum corneum (Figure 

3) .  The appearance of estrone also followed the same monophasic 

zero-order kinetics and the rate of estrone appearance was 

increased by 3.7 folds from 0.0365 (k0.0381) vM/hr t o  0.1367 

(k0.0253) pM/hr. 

Comparison of the results i n  Figures 4 and 5 w i t h  the d a t a  

i n  Figures 2 and 3 suggests t h a t  the long l a g  time required for  

the appearance of estrone from the intact s k i n  appears to be 

related t o  the impermeability of stratum corneum, w h i c h  limits 

the back diffusion of estrone, after metabolism, i n t o  the solution 

from the skin tissue. 

The rate profiles for the skin uptake of estradiol and 

the formation o f  estrone are summarized and compared i n  Tables 

1 and 2. 

Kinetics of S k i n  B i n d i n q  of Estradiol 

Due t o  the continuous metabolism of estradiol t o  estrone 

i n  the skin, i t  i s  diff icul t ,  although no t  impossible, t o  measure 

the extent and concentration profile of estradiol bound t o  the 

skin tissues. Therefore, i t  i s  desirable t o  monitor some 

measurable quantities i n  the solution, such as the changes i n  

the concentration profiles of estradiol and estrone, i n  a hope 

t h a t  the mechanism and rate profile of b i n d i n g  t o  the s k i n  can 

be characterized. 
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1006 VALIA AND CHIEN 

The uptake and metabolism of estradiol by skin tissues 

ccn be considered to follow this sequence of kinetic pathways: 

where (Af) and (Ab) are the free and bound estradiol 

concentrations, respectively; (B,) and (Bb) are the free and 

bound estrone concentrations, respectively; (Ab.E) and (Bb-E) 

are the concentrations of estradiol -enzyme (substrate-enzyme) 

and estrone-enzyme (product-enzyme) complexes, respectively; 

kl, k2, k3 and k4 are the rate constants for the forward reactions; 

k,l, k-2 and k-3 are the rate constants for the backward reactions, 

respectively. 

The rate of disappearance of estradiol from the saline 

solution is: 

The rate of binding of estradiol to the skin can be expressed 

by : 
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LONG-TERM S K I N  PERMEATION K I N E T I C S .  I1 

The r a t e  o f  format ion o f  product-enzyme complex i s :  

The r a t e  o f  appearance o f  est rone i s :  

1007 

I f  the  concentrat ions o f  the  complex (Ab-E)  and (Bb-E) 

are constant  a t  the  steady s t a t e  and are  always much l e s s  than 

the  concent ra t ion  o f  A f  and Bf, then: 

d(Ab 'E)  
= o  d t  

and 

d(Bb'E) 
= o  d t  

Therefore, Equation (4 )  i s  reduced to :  

and Equation (3 )  i s  reduced t o :  

(7) 

Combining Equations (8) and (9 )  t o  g ive :  
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1008 

Substituting Equation (10) i n t o  Equation ( 2 )  gives: 

Substituting Equations (1) and (5)  into Equation (11) 

produces : 

T h a t  means: 

The rate of bindin1 = [The rate o f  ] - [The rate of ] 
of estradiol disappearance formation of 

of estradiol estrone 

Equation (12)  suggests that one can determine the rate 

of binding of estradiol from the rate o f  disappearance of estradiol 

and the rate of formation o f  estrone. 

Using equation (12), the rates o f  estradiol binding by 

the skin were calculated from the d a t a  i n  Table 1 and 2 and 

summarized in Table 3 . .  Results indicated t h a t  the rates of skin 

bind ng o f  estradiol by hairless mouse was found t o  be dependent 

upon the sex and the stratum corneum. The rate o f  binding by 

fema e skin (0.0574 MM/hr) was 5 times greater t h a n  t h a t  by male 

skin (0.0113 pM/hr). Removal of stratum corneum was found to 
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LONG-TERM SKIN PERMEATION KINETICS. I1 1009 

Table 1 

Effect of Stratum Corneum and Sex on 
Skln Uptake Rate of Estradlol* 

Sex Rate of Skin Uptake ( VMlhr tS.E.) - 
Whole Skin Vlablo Skln 

Male 0.0478 0.2259 
(0.0041) (< 53 hr.) (0.0282) (< 24 hr.) 

Female 1) 0.1079 0.2280 

2) 0.0000 0.6947 

3) 0.0707 0.0463 

(0.01 54) (< 18 hr.) 

(0.0000) (18-55 hr.) 

(0.0281) (57-1 20 hr.) 

(0.01 50) ( (1 4 hr.) 

(0.1341) (14-21 hr.) 

(0.0497) (23-44 hr.) 

*Hairlorr mouro 

Table 2 

Effect of Stratum Corneum and Sex on 
Estrone Formation Rate 

Sex Rate of Estrone Formation ( VMlhr +S.E.) 

Whole Skin Vlable Skln 

Male 0.0365 0.1 367 

Female 1) 0.0505 0.1 245 

(0.0381) (70-120 hr.) 

(0.0059) (44-120 hr.) 

(0.0253) (1-24 hr.) 

(0.0095) (1-14 hr.) 

2) - 
3) - 

0.5289 
(0.1 822) (1 4-21 hr.) 

0.0281 
(0.0395) (2444 hr.) 
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1010 VALIA AND CHIEN 

Table 3 

Effect of Stratum Corneum and Sex on 
Skln Blndlng Rate of E8tradlol.) 

SOX Rate of Skln Blndlngb) ( Mlhr i S.E.) 

Male 0.01 13 (< 53 hr.) 0.0802 ( 24 hr.) 

Female 0.1 035 ( -Z 14 hr.) 
0.1 658 (1 4-21 hr.) 
0.01 82 (23-44 hr.) 

- 
Whole Skln Viable Skln 

0.0574 ( < 18 hr.) - 
0.0202 (57-1 20 hr.) 

0) Hrlrlwr mouw 
b) Rot0 of rkln blndlng = Rot. Ot rkln uptrko - Rot. Ot rkln moirbollrm 

increase the  r a t e  o f  s k i n  b ind ing  by 8 t imes i n  male and by 2-3 

t imes i n  female. 

Skin Uptake/Metabol ism o f  E s t r a d i o l  from Dermal Side 

When the  e s t r a d i o l  s o l u t i o n  was added t o  the  compartment 

fac ing  dermis, t he  drug was taken up by the  dermis, d i f f u s e d  

through the  epidermis, and du r ing  the  course o f  d i f f u s i o n ,  i t  

was metabolized by t h e  enzyme c a l l e d  17 - hydroxys tero id  

dehydrogenases t o  form estrone, which then d i f f u s e d  back i n t o  

t h e  compartment. Hsia (1) repor ted  t h a t  t h e  epidermis has a 

g rea ter  enzymatic a c t i v i t y  i n  conver t ing  e s t r a d i o l  i n t o  est rone 

than the  dermis. 

The t ime courses f o r  the  uptake o f  e s t r a d i o l  by the  dermis 

i n  the  male h a i r l e s s  mouse abdominal s k i n  and f o r  t he  fo rmat ion  

o f  estrone f o r  up t o  120 h r  are shown i n  F igure  6. A f t e r  a r a p i d  

i n i t i a l  uptake, t he  e s t r a d i o l  was found t o  disappear by a 
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Figure 6: The time course for  the uptake of es t radiol  by the 

dermis of the male ha i r less  mouse s k i n  and the formation 

of estrone. Each data point represents the mean and 

standard e r r o r  of 3 determinations. 

zero-order kinet ics  w i t h  a 

HM/hr. Meanwhile, a f t e r  a 

estrone, appeared i n  the so 

r a t e  constant of 0.0369 (k0.0047) 

lag time of 18 hr, the metabolite 

ution a l s o  by a zero-order k ine t ics  

w i t h  a r a t e  constant of 0.0451 (+0.0051) VM/hr. The r a t e  of 

disappearance of es t radiol  (0.0369 _+ 0.0047 HM/hr) and the r a t e  

of appearance of estrone (0.0451 + 0.0051 pM/hr) a re  not 

s t a t i s t i c a l l y  d i f fe ren t .  The observation suggested t h a t  the 

decrease i n  es t radiol  concentration i n  the solution i s  primarily 

the resu l t  of the formation of estrone from es t rad io l  by 

metabolism. 
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1012 VALIA AND CHIEN 

2 4 6 8 10 

TIME (HOURS) 

Figure 7: A first-order kinetic p l o t  for the init ial  phase of 

the disappearance o f  estradiol from the dermal solution. 

Each da ta  po in t  represents the mean and standard error 

of 3 determinations. A rate constant of 0.0389 hr” 

was obtained. 

The initial phase for the disappearance of estradiol was 

observed t o  follow a first-order kinetics w i t h  a rate constant 
-1 of 0.0389 hr. (Figure 7), w h i c h  may be attributed t o  the uptake 

of estradiol by the dermis. 

Conclusions 

In conclusion, the results indicated t h a t  the stratum corneum 

plays a rate-limiting role i n  the uptake and binding of estradiol 
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LONG-TERM SKIN PERMEATION KINETICS. I1 1013 

and the subsequent metabolism o f  es t rad io l  t o  estrone by the 

skin. The mechanisms o f  the uptake and binding o f  es t rad io l  

t o  whole skin t issue ( w i t h  stratum corneum) showed a sex 

dependence, w i t h  the r a t e  higher i n  the female than i n  the male 

mouse. On the other  hand, no sex-dependent d i f ference was observed 

i n  the mechanism and the r a t e  o f  metabolism t o  estrone. 

A f t e r  s t r i p p i n g  o f f  the r a t e - l i m i t i n g  stratum corneum, 

the mechanisms o f  the uptake, binding and metabolism o f  es t rad io l  

a l l  became sex dependent, w i th  i d e n t i c a l  ra tes observed between 

male and female mice i n  the i n i t i a l  14 hrs o f  the experiment; 

Between 14 t o  21 hrs, the rates increased subs tan t i a l l y  w i t h  

the female skin, but  not  w i th  the male skin. The increase i n  

the r a t e  o f  uptake o f  est rad io l  by the female sk in  was re la ted  

p r i m a r i l y  t o  the increased r a t e  o f  metabolism o f  es t rad io l  t o  

estrone. 
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FOOTNOTES 

1. Roussel -UCLAF, Par i  s, France. 

2. 

3. J. T. Baker Chemical Company, Phi l l ipsburg,  New Jersey. 

4. 

Sigma Chemical Company, S t .  Louis, Missouri. 

Burdick & Jackson, Muskegon, Michigan. 
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5. Nanopure, Sybron/Barnstead, Boston, Massachusetts. 

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

7. Houston Instruments, Aust in ,  Texas. 

8. Kratos A n a l y t i c a l  Instruments, Ramsey, New Jersey. 

9. Crown Glass Company, Somerv i l le ,  New Jersey. 

10. Jackson Laborator ies,  Bar Harbor, Maine. 

11. Scotch Brand Cellophane Tape, 3M Company, Minneapolis, 

Minnesota. 
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