
International Journal of Pharmaceutics, 4 (1980) 229-239 
0 ElsevierlNorth-Holland Biomedical Press 

THEORETICAL ASPECTS OF METABOLISM IN THE EPIDERMSS 

JONATHAN HADGRAFT 

Department ofpharmacy, University ofNottingham. University Park. Nott am NG? 2RD 
(England) 

(Received July 24th, 1979) 
(Accepted November Sth, 1979) 

SUMMARY 

Mathematical expressions have been derived to show the effect of metaboli 
the epidermis. Particular emphasis has been given to substances such as the cortico 
which are known to form a reservoir in the skin. Any compound which resides in 
for any length of time is more liable to metabolic change and the results con 
quantitatively. Metabolism both in the upper and lower layers of the epidermis 
considered and the relative effects of these described. 

INTRODUCTION 

The corticosteroids are known to form a reservoir which is located in the stratum 
corneum. There is evidence that suggests that the residence time of the depot may be as 
long as 14 days or more (McKenzie et al., 1962; Vickers, 1963; Winkelmann, 1969). Since 
these compounds remain in this section of the skin for a long time it is possible that they 
will undergo some metabolic change. Malkinson et al. and Hsia et al. have shown that 
hydrocortisone is actively metabolized by the skin. It is unclear in which region metab- 
olism occurs, although Ando et al. (1977) suggest that there is a gradual increase in 
metabolic activity as the basal layer is approached. The analysis by these authors is given 
where there is no metabolism in the stratum corneum and a uniform distribution of 
enzyme activity in the viable epidermis. 

More recent calculations (Fox et al., 1979) have produced computer profiles to show 
the variation of prodrug, drug and metabolite concentrations within the dermis and epi- 

dermis. The advantage of this type of analysis is that more complex kinetic mechanisms 
may be postulated. For example, in their publication Michaelis-Menten kinetics were 
considered. However, the authors did not consider metabolism within the stratum cor- 
neum and although stratum corneum is a dead tissue, metabolic enzymes may still be 
present. This could be caused, in the case of healthy skin, by the continual rapid turnover 
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of the cells which will transport some of the enzymes upwards with them. Alternatively, 
in diseased conditions some of the living cells penetrate the stratum corneum. The living 
cells will contain enzymes and metabolic changes are then possible in the higher regions 
of the epidermis. 

It has been well established that metabolism occurs in the lower regions of the epider- 
mis but in this area the residence time of a molecule is very much shorter than that in the 
depot. The degree of metabolism in the two areas will thus be a balance between the rate 
constants involved and the length of time that the drug remains in the regions. In this 
paper the relative ~po~~c~ of me~bol~m in the two regions will be discussed by 
means of a mathematical model. 

The model will be essentially that described in an earlier publication (Hadgraft, 
1979b). This model will be developed to show the effects of metabolism and the different 
physicochemlcal parameters on the overall mass transfer of an active drug across the epi- 
dermis. lt will show how the extent of drug tr~sformation differs in the two regions of 
the epidermis: (a) the stratum comeurn; and (b) the viable epidermis. 

THE MODEL 

As in the previous theoretical descriptions of percutaneous absorption (Albery and 
Hadgraft, 1979; Had~aft, 1979b), an idealized physical model is used to ~rnp~~ the 
mathematical concepts. Two routes of penetration are considered, firstly when the drug 
diffuses straight through the cells (a diffusional path length, Q-r) and secondly when the 
substrate passes through the channels surrounding the cells (path length, QI). Typical 
values of QT and Qr are respectively, 25 pm and 350 grn (Hadgraft, 1979b). 

Stratum comeum f Viable epidermis ’ Capillaries 
I i 

Diffusion coefficient DS ’ Da I 
Concentration Cs,o (at t= 0) I Ca I 0 

Partition coeftkient K =” (At x = X’ = 0 and zero flux) 
I 

I 

IBislance f&O ’ gofa, I 

x’=x’/llg I X4& I 
Nommlized dihtance n-o 1 o-1 I 

Remowl.~ate by cqilWes 
I 9 
1 k 

Metabolic rates k’in ’ km I 
t I 

Area =A I A I A 

SCHEME 1 
I I 

The mathematical model is shown schematically in Scheme 1. In this scheme the rate 
of removal of the drug is given by 3 first order rate constants. First order constants 
have been chosen in order that simple analytic functions are produced. No attempt has 
been made to use Michaelis-Menten kinetics as this has been discussed previously and 
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requires computer analysis (Fox et al., 1979). The removal by the capillaries at the der- 
mal-epidermal junction is described by the first order rate constant, k,. This is related to 
the total amount (Mt) of drug removed at time t by 

t 

Mt = A!& s k,c,ti-_Ij dt 
0 

r:l) 

where 2, is the thickness of the viable epidermis and %gX= I) is the drug concentration at 
the capillary interface. Secondly, there are the two metabolic rates k& and k, which 
describe, respectively, the first order rates of metabolism in the stratum corneum and the 
viable epidermis, 

The following normalized variables are used to simplify the solution of the differential 
Gquations generated to describe the overall transport process. 

where c is the concentration in the skin and I+* is the concentration of drug in the 
stratum comeum at time t equals zero. As in the previous description (Hadgraft, 1979b), 
it is assumed that the drug is left in contact with the skin for some period. During this 
period the d.rug concentration in the epidermis builds up to a maximum, G,*. At this 
point the drug in contact with the skin surface is removed and the equations derived pre- 
dict the rate of disappearance of the drug stored in the stratum comeum. Expressions for 
the rates of uptake have already been derived (Albery and Hadgraft, 1979). 

The other norm~zed parameters are defined below. 

Ai = &i& AT = %iQ, (3) 

(4) 

where DS and Da are respectively the ~ffu~on coefftcients of the substrate in the stratum 
comeum and the viable epidermis. 

4 = kh!J:/D, (7) 

The assumptions that will be made are that diffusion occurs in one dimension and that 
the diffusion coefficients are independent of concentration. It is then possible to describe 
the transport processes in terms of the following differential equations. In the stratum 
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corneum, 

and in the viable epidermis 

(10) 

In a previous publication (Hadgraft, 1979b), it has been shown that slow interfacial trans- 
fer at the stratum comeum-viable epidermis junction is insignificant. Thus the following 
boundary conditions apply. 
At the stratum corneum-viable epidermis interface: 

where $ = orplh . 
The term + describes the effect of the area fraction (a) and the path length differences 
(A) caused by the two different routes of penetration. It also allows for the diffusion 
coefficient and path length differences between the stratum corneum and the viable 
epidermis. At the dermzll-epidermal junction : 

au ( 1 ax1 = -Oua,l (12) 

Thus in terms of the dimensionless variables, the amount of drug diffused in time t is 
given by 

Mt = %,o~a 1 ~Ua,l d7 (13) 
0 

ln order to calculate Mt the differential equations (9) and (10) are solved with the 
boundary conditions, 

X’ = 1, (au/ax') = 0 

r=o, u,= 1 (15) 

7=0, u,=o W) 

The first condition, 14, arises since there is no supply of drug on the outside surface of 
the shin. Condition 15 shows the solution is valid for the case where a finite reservoir of 
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drug has been established in the stratum corneum and, condition 16, that insufficient 
time has elapsed for signifkan t transfer into the viable epidermis. 

The differential equations are solved using Laplace transforms. In the stratum cor- 
neum, Eqn. (9) is transformed to give: 

SiiS 
a2rr, , - -.]=p - ( 1 axt2 -Km& (17) 

which has the general solution; 

U, =A cosh{(s + K’m)~p-~X’} + B sinh((s + K’m)~p-:X’} + (s +K’m)-r (18) 

Using the boundary condition, 14, the coefficients A and B may be eliminated to give: 

1 
i&&q, = (S t Kfm)-’ - p2(S + K’,)--2 cotanh{(s t ~',$p'~} 

In the viable epidermis the same treatment is adopted: 

a2iia siia = - ( 1 - 
ax2 -KmUa 

(1% 

(20) 

and this equation has the general solution: 

T& = A’ COSh{(S t Km$X} t B’ Shh{(S t Km$X} (21) 

Using methods previously described (Hadgraft, 1979a) the coefficients A’ and B’ may be 
eliminated to show how the concentration at the inner interface varies in Laplace time: 

+(StKm):C.d-l tiUlh((S+K,):})]-’ (22) 

and at the other interface: 

i&o = ii&)(= 1 (COSh((S t Km);} )-’ bllh{(S t Km):) (23) 

Since interfacial transfer is considered to be very rapid and the diffusional processes are 
comparatively slow, there will be local equilibrium established at the viable epidermis- 
stratum comeum junction and, 

(24) 

combining Eqns. 11% 19 and 24 

Ea,p4J = K-'(s t KJrn)-l t &(s t Krm)-iK-‘$-’ COtZMLh{(S t K),$pmi} (25) o 
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It is then possible to eliminate the terms in (&/ax)e to give an expression which shows 
how Eaia,x= r alone varies with the Laplace time variable s. 

where 

F(s) = [pf(s + K*&$-r c*tanh((s + r’,)~p-~j (w co&& + Km):) 

+ (s + $$$ sinh((s + K&) + K(s + K’m> o(s + K,)‘! sinh((s + I(,$, 

+K(s+&) cosh{(s+~,,$)]-’ (26) 

The total amount of active drug that has diffused to the inner interface at time t is then 
given by application of Eqn. 13. 

M, = C,,eAQ,o L-‘F(s)/s (27) 

It is not possible to obtain a simple expression from the inversion of Eqn. 26. However, 
several valid approbations may be made in order to simplify the equation. 

Metabolism will only be significant in long periods of time, ie. T > 1 and s < 1. This 
condition implies that the amount of metabolism occurring in the time taken to establish 
steady-state diffusion across the viable epidermis (-40 mm) is negligible, Few data have 
been produced on the rates of metabolism in the epidermis but for diflucortolone vale- 
rate @WV) Tiiuber and Toda (1976) have -shown that So-90% DFV was still identi~able 
after 7 h application. This would correspond to a K value of -0.1 and thus the approxi- 
mation that K < 1 can also be used. Consequently (s + lk,)‘12 < 1 and the hyperbolic 
terms in Eqn. 26 can be approximated to give: 

The way in which Mt varies with r is then found by substituting Eqn. 28 into Eqn. 27 and 
inverting the Laplace transform (Abramowitz and Stegun, 1970): 

I ( ( 
A K,X 

-- +-+Kx’,+- fxn r 
=ccw 0 ) 

1 -exp 

( 
&+K+K 

w ) il 

(29) 

(30) 

in terms of the initial unmetabolized drug stored in the stratum corneum (M,) which is 
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also the quantity of drug plus its metabolites which will be released into the capillaries 
after an infinite period 

(311 

This equation is simiiar in form to that previously derived (Hadgraft, 1979b) which 
relates the reservoir capacity of the skin to several basic physicochemical parameters. 
Using Eqn. 31 and the normalized parameters discussed below, it is possible to see how 
the metabolic processes affect rates of transfer into the capillary system. 

Estimates of the normalized parameters given in Eqns. 3 and 6 have been made in an 
earlier publication (Hadgraft, 1979b). For the intercellular route, hr is equal to 0.4 and 
for the transceilular route, XT is equal to 6. This means that a drug molecule diffuses 
approximately 15 times further in the interc~~ular channels than in the correspond~g 
transcellular route. Also the intercelhrlar channels occupy a much smaller area, 0: = 
7 X 10e3, The calculation of the rate of substrate removal by the capillaries has been dis- 
cussed previously (Hadgraft, 1979b) and is based on a first order rate constant of 10e5 
S -I. This combined with the length of the viable epidermis (150 pm) and the diffusion 
coefficient of a steroid in this medium (10-l r m2sS1) gives a value for w of 2 X 10-2. 

Different values of K =, I& and K will be used to show the effect of these f~d~ent~ 
constants in the overall active drug concentration reaching the capillary system. 

TRANSCELLULAR ROUTE 

Fig. IA shows how a drug is released into the capillary network as a function of its 
partition coefficient. The larger the oil/water partition coefficient, the longer the drug 
remains in the lipoidal regions of the stratum corneum. The profile demonstrates the 
overall drug release over a period of approximately 10 days (r = 350). It will be noted 
that for strongly hpophilic materials (K = 100) only one-third of the total drug concen- 
tration has been eliminated from the cu~~eous region. This fact has been discussed 

i- 

A r B 
r 

Fig. 1. A: release profies showing the effect of partition coefficient on the transcellular route with no 
metabolic processes. B: as in Fig. 1A but for the intercellular route. 
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previously (Hadgraft, 1979b) and is possibly one of the causes of the reservoir that is 
formed after the application of topical corticosteroids. 

Since the substances do remain in the epidermis for fairly extended periods it is pos- 
sible that metabolisn~ could occur and produce inactive products. Fig. 2A shows this 
effect as a function of partition coefficient. In this figure the metabolism occurs solely in 
the stratum corneum and a first order rate constant for metabolism of 4.4 X 10m5 s”l 
is assumed (K; = 0.1). The different curves depicted show that, for substances which are 
lipophilic, appreciable metabolism occurs. For K = 100, after infinite time, only a very 
small fraction of the active drug reaches the capillary system. As the partition coefficient 
decreases the drug has less tendency to reside in the lipophilic regions of the strhrum 
comeum and the degree of metabolism decreases. The curves also show that all the active 
drug is released into the capillary network over a comparatively short period of time. 
For K = 100, all the active drug that is going to reach the epidermal-dermal boundary 
has done so when T - 8 (appro~ately 5 h) and for K = 1 most of the active drug is 
transported by 7 - 100 (approximately 60 h). Thus if this degree of metabolism occurs in 
the stratum comeum the existence of a drug reservoir which remains active for 15 or 20 
days would not be expected. 

The next case considered (Fig. 3A) is where there is no metabolism in the stratum COT- 
neum but a significant amount in the viable epidermis. For the calculations a first order 
rate constant of 4.4 X 10” s-l (K= = 0.1) has been chosen to provide comp~son with 
the data given in Fig. 2A. The graph shows the effect of partition coefficient with this 
fmed rate of metabolism. As would be expected in the case of lipophilic materials the 
effect of this metabolic process is not as great as for metabolism in the stratum corneum. 
This is reflected in the two curves for K = 100 in Figs. 2A and 3A. It is interesting to note 
that the comb~ation of diffu~on coefficient in the viable epidermis taken with K, = 0.1 
produces curves which have the same limit at T + =. Using these conditions only one 
sixth of the original active drug reaches the dermal-epidermal junction irrespective of 
partition coefficient. 

The following two figures (Figs. 4A and 5A) show the effect of varying the metabolic 
rate constant whilst rna~ta~~g a fixed drug partition coefficient, arbitrarily chosen to 

Mt /MO, M, /Mea 

A r 0 I 

Fig. 2. A: release pr&le showing the effect of partition coefficient with a fmed metabolic rate in the 
stratum corneum (oh = 0.1) for the transcellular route. B: as Fig. 2A but for the intercellular route. 
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Fig. 3. A: release profile showing the effect of partition coefficient with a fmed metabolic rate in the 
viable epidermis (Km = 0.1) for the transcellular route. B: as Fig. 3A but for the intercellular route. 

be 100. For comparison the curves are included that show the cases where there is no 
metabolic transformation. The rate constants chosen cover the range 4.4 X IO-’ s-’ to 
4.4 X lo-’ S-l (KE, =K, = 10’3-10”). As the rate constant gets progressively faster the 
amount of drug reaching the capillary network decreases. For K; = 10e3, 46% of the total 
starting material will be metabolized but it will also be seen that just over a quarter of the 
drug will still be presed in the stratum corneum after 9 days and the reservoir effect may 
still be observed. By increasing the rate constant by a factor of 10 only 10% of drug will 
reach the dermal-epidermal boundary and most of this will have arrived at that site 
within 4 days. It would be unlikely that a depot effect would be seen under these condi- 
tions. 

Fig. SA shows the same profdes for the case where metabolism is occurring in the 
viable epidermis. It is immediately apparent that the metabolic fate of the drug is far less 
pronounced. For the slowest rate constant, K, = 10m3, there is vxy little metabolism and 
up to 9 days the release profile is coincident with the curve for no metabolism. Only a 
small difference is seen after infinite time when the figure shows that 95% of the original 
drug arrives in the blood stream; this should be compared with the 54% that arrives under 
similar conditions shown in Fig. 4A. Even increasing the rate constant by an order of 

Fig. 4. A: release profite showing the effect of metabolic rate constant in the stratum corneum (the 
partition coefficient K = 100) for the transcellular route. B: as Fig. 4A but for the intercellular route. 
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Fig. 5. A: release prof5le showing the effect of metabolic rate coustant in the viable epidermis (the 
partition coefficient K = 100) for the transcellular route. B: as Fig. SA but for the intercellular route. 

magnitude has little effect over a 9 day period and for both of these cases a significant 
reservoir persists in the stratum corneum. For the fastest rate constant, K, = 0.1, signifi- 
cant metabolism is occurring and it seems unlikely that the depot would manifest itself 
for these conditions. 

1NTERCELLULAR ROUTE 

The same profiles have been calcufated for the route where the drug diffuses round the 
dead cells in the stratum comeum via the intercellular channels. In a previous publication 
(Hadgraft, 1979b) it has been shown that the stratum corneum/water partition coeffi- 
cients measured and quoted in the literature assume that the whole of the skin sample is 
involved in the distribution process. If transport is via the channels and the drug is only 
stored in these regions the quoted partition coefficients have to be corrected by a volume 
correction factor 7. 

+y is typically the order of 7 and this factor has been included in ah the profdes labefted 
‘B’. The curves are thus derived from the formula given by Eqn. 30 but substituting ?K 
for IL 

The profiles giva in Figs. lB-5B all exhibit similar properties to their counterparts 
Figs. iA-5A and the discussion of the effects applies equally to both routes. The ordy 
difference between the two sets of curves is that at a given time the amount of drug that 
has reached the capillary network is slightly larger for the intercellular route. This is 
demo~trated by comparing Figs. 2A and 2B; for K = 1 the amount of drug released after 
an mfmite time lapse is 54% for the transceihdar route and 62% for the intercellular 
route. Where metabolism occurs in the viable epidermis the route has no effect on the 
total amount of drug reachbig the capillary network at r + 00 (Figs. SA and 5B). How- 
ever, for a given time interval (e.g. r = 300, K, = 10e2) 26% has been released for the 
transcelhdar route and 32% for the titercellular route. 
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Fig. 6. Release profiIe showing the effect of metabolic rate constants in both the stratum comeum and 
the viable epidermis for the intercellular route (IC = 100). 

Fig. 6B shows that Eqn. 30 can be used to predict release curves assuming metabolism 
occurs in both the stratum corneum and the viable epidermis. If K, = ~6 = 10D2 it is seen 
that the metabolism in the viable epidermis contributes a negligible amount. For the 
slower rate constants, eg. KL = 10m3 the release profiles can be modified by a faster rate 
process in the viable epidermis (eg. K, = 10e2). 

In any calculation it is thus necessary to balance the different factors involved to see 
where the major effects exist. More work needs to be conducted to quantify the meta- 
bolic rate constants and to find the exact location of the enzymes both in intact skin and 
in the diseased state. With judicial drug design it should be possible to modify drug struc- 
ture so its metabolism to inactive materials is minimized or by using the profiles described 
above to tailor a drug so that it is metabolized to an active substance at its site of action. 
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