
Journal of Pharmacokinetics and Biopharmaceutics, Vol. 11, No. 5, 1983 

An Understanding of the Role of Enzyme 
Localization of the Liver on Metabolite Kinetics: 
A Computer Simulation 

K. Sandy Pang x'a and Richard N. Stillwell 2 

Received January 25, 1983--Final August 18, 1983 

The metabolic sequence of drug, D, to its primary (MI) and terminal (MII) metabolites as 
mediated by enzymes A and B, respectively, was chosen to illustrate metabolizing activities 
among hepatocytes in different regions of the liver lobule. Six models of distributions of the 
hepatocellular activities (intrinsic clearances for A and B) were defined with respect to the flow 
path in liver, and the concentrations D, MI, and MII in the liver were simulated. The extent of 
sequential metabolism of the primary metabolite was compared for these six models of enzymic 
distributions. It was found that when the average hepatic intrinsic clearances of A and B were 
high (almost complete extraction of both drug and primary metabolite during their single passage 
through the liver), the distributions of A and B were not important determinants of metabolite 
kinetics. By contrast, when the average hepatic intrinsic clearances of A and B were both low, 
the distributions of A and B exerted profound effects on metaboIite kinetics. The sensitivity to 
enzymic distribution in this region, however, was difficult to assess due to difficulties in detecting 
low levels of MI and MII. The effects of enzymic distributions on metabolite disposition would 
be better detected in compounds (drug and metabolite) with intermediate extraction ratios. 

KEY WORDS: Uneven distribution of enzymatic activities; primary metabolite; formation 
and elimination; intrinsic clearance; metabolite kinetics; sequential metabolism; generated 
metabolite; preformed metabolite. 

I N T R O D U C T I O N  

It is well recognized that  the d is t r ibut ion  of drug metabol iz ing  enzymes 
in a ma jo r  me tabo l i z ing /exc re t ion  organ such as the liver plays a very 
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important role in drug and metabolite kinetics in the pharmacokinetic 
profiles of these entities in the whole body. Yet this aspect has not been 
examined nor emphasized in the course of development of pharmacokinetic 
principles. Most approaches assume a perfusion limitation, such that the 
concentration in venous blood emerging from an organ is in equilibrium 
with that in the organ (1). The assumption is inherent in compartmental 
analysis for the description of mono-, bi-, or multiexponential decay of 
drug or metabolite in the body (2), and is also present in physiological 
modeling where each organ is viewed as a discrete compartment (3-5). The 
distributions of drug metabolizing activities are not relevant in these 
approaches, because the eliminating organs are considered as "well mixed" 
and operationally behave as such; drug and metabolite disposition follows 
as if the distribution of enzyme systems were evenly distributed. 

Models on hepatic elimination have since emerged. A "parallel tube" 
(6) or "sinsusoidal perfusion" model assuming a perfusion limitation and 
an even distribution of enzymes throughout the liver predicts a bidirectional 
interchange of substrate between blood and hepatocyctes, but not direct 
exchange among hepatocytes, resulting in an exponential decay of drug 
concentration along the flow path in the liver. This model contrasts with 
the more frequently used model on hepatic elimination that is based on the 
assumption that the liver is an effectively "well-mixed" organ (7), and that 
the concentration in hepatic venous blood is in equilibrium with that in the 
organ. 

The predictive properties of both models have been demonstrated: the 
"well-stirred" model was adequate in the prediction of the kinetics of 
lidocaine and its deethylated metabolite, MEGX (8,9), phenytoin (10), and 
propranolol (10), in the perfused rat liver preparation; the "parallel tube" 
model was accurate in the predictions of the elimination kinetics of galactose 
(11,12) and ethanol (13) in perfused liver preparations. When these models 
were further extended to describe the sequential metabolism of 
acetaminophen as a generated metabolite of phenacetin, a reaction sequence 
that entails O-deethylation followed by sulfation, both models failed to 
describe the kinetic phenomenon of sequential first-pass metabolism of the 
primary metabolite, acetaminophen, in the perfused rat liver preparation 
(14,15). Moreover, the extent of sulfation of the generated metabolite, 
acetaminophen, was significantly lower than the extent of sulfation of the 
preformed metabolite, that is, when acetaminophen was given as itself to the 
liver. The observed extent of acetaminophen sulfation lay halfway between 
the predictions of the "well-stirred" model, which predicts identical extents 
of sulfation for the generated and preformed metabolites, and the "parallel 
tube" model, which predicts a lesser extent of sulfation for the generated 
metabolite with respect to the preformed metabolite (14). 
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These data served as an incentive to probe the failure of both modeis 
in the prediction of metabolite kinetics. In sequential metabolism, two 
enzyme systems are involved: one for formation and one for metabolism 
of the generated metabolite. Failure of the above models in their predictions 
on acetaminophen sulfation when phenacetin was administered has been 
attributed to the preferential localization of drug metabolizing activities for 
O-deethylation and sulfation. O-deethylation occurs preferentially in the 
centrilobular region of the liver, or a region where sinusoidal blood drains 
out of the liver, whereas sulfation enzymes are enriched in the periportal 
region, or a region which receives the mixed supply of portal venous and 
hepatic arterial blood at the entrance of the flow path in the liver (16). 
These distribution patterns have also been well characterized by his- 
tochemical, morphometric, immunocytochemical, and staining techniques 
(17-19), as well as indirectly by induction (20) and inhibition (21) studies 
where toxicity served as an endpoint and indicated the presence of the 
enzyme systems. 

Yet this phenomenon of uneven distribution of drug metabolizing 
enzymes within an organ such as the liver is often ignored in the treatment 
of (primary) metabolite kinetics, that is, the extent of sequential first-pass 
metabolism of the generated metabolite is usually considered as identical 
to the extent of metabolism of a preformed metabolite. In other words, the 
"well-stirred" model holds true. Also, there is a lack of understanding of 
the role of enzymatic activity for the formation of a primary metabolite on 
sequential metabolism. Again, the sequential first-pass metabolism of the 
generated metabolite is generally considered to be identical to the extent 
of metabolism of the preformed metabolite regardless of how rapidly the 
generated metabolite is formed; this assumption is inherent in the "well- 
stirred" model. It has only recently been demonstrated that the enzymatic 
activity for the formation of the primary metabolite is of paramount import- 
ance in determining the extent of sequential metabolism of the generated 
metabolite. The higher the enzymatic activity for formation of the primary 
metabolite, the more rapid will be the sequential elimination of the gener- 
ated metabolite; the converse also holds true (22). Once-through liver 
perfusion studies with acetanilide, a slow-forming precursor of 
acetaminophen, and phenacetin, a fast-forming precursor of acetaminophen, 
have alluded to this kinetic observation (22). The extent of sequential 
metabolism of the generated metabolite will only equal that for the prefor- 
med metabolite at best, that is, when the generated metabolite is formed 
extremely rapidly in comparison to its sequential metabolism (23). 

The consequences of the oversight on deviations of sequential metabol- 
ism of a generated metabolite form the metabolism of a preformed meta- 
bolite is an over-estimation of the extent of metabolism (or elimination) 
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of the generated metabolite. The severity of the error depends not only on 
the distribution of enzymic activities for primary metabolite formation and 
metabolism, but also on the relative enzymic activities for primary meta- 
bolite formation and metabolism. 

The present communication describes a computer-assisted simulation 
for six models of enzymic distributions for the metabolic sequence of drug 
(D) that forms solely a primary metabolite (MI), which is further metabol- 
ized to a terminal metabolite (MII). Essentially, a tubular flow model is 
assumed, that is, bulk flow through the liver occurs through a common flow 
path and accounts for the majority of flow through the liver. The distribution 
of enzymes is varied and described with respect to this flow path. 

The intent of the simulation is to (a) determine the pattern of enzymic 
distribution which is the least or the most efficient for sequential metabolism 
of MI, and (b) to identify conditions whereby the extent of sequential 
metabolism of MI is the least or the most sensitive to patterns of enzymic 
distributions. Identification of these factors will aid in the understanding of 
deviations of metabolite kinetics that arise during parent drug administration 
in comparison to the administration of a preformed primary metabolite. 

T H E O R Y  

Several basic assumptions are made in the simulations. For the sake 
of clarity and simplicity, a condition similar to the once-through liver 
perfusion system is described, in which a constant input concentration of 
the drug D, Cin, is delivered under constant hepatic blood flow rate Q into 
the liver, and where steady-state output concentration of drug Cout, primary 
metabolite [MI], and terminal metabolite [MII] are detected in hepatic 
venous blood. The rate of drug and metabolite removal under steady-state 
conditions is attributable only to metabolism; binding is essentially com- 
pleted and does not contribute to loss of drug and metabolites, and biliary 
excretion for drug and metabolite is nonexistent. The average intrinsic 
clearance for the formation and metabolism of the primary metabolite, 
mediated by enzymes A and B, respectively, are designated a s  CLint, A and 
CLint, B. Several basic assumptions are taken: 

1. Linear conditions are assumed; CLan, is the ratio of Vmax/Km 
(24,25). 

2. The degree of binding of drug and metabolites to blood components 
remains constant along the entire flow path in liver. 

3. The unbound species is that which is metabolized. 
4. The rate of metabolism of each species is equal to the product of 

the CL~,,, and unbound concentration. 
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5. The average intrinsic clearance, or the area of the plot of intrinsic 
clearance and the length of flow path, L, is held constant in the comparison 
of the patterns of enzymic distributions; that is, although the intrinsic 
clearance varies along any point, x, within the flow path among the models, 
the time-averaged intrinsic clearance is held constant, i.e., 

CLim = CLi,,,x" d x / L  

The following mass balance differential equations are used in the 
description of the concentrations of drug and its metabolites in the flow 
path. The concentrations of these species at the end of the flow path, or L, 
becomes the hepatic venous concentrations: 

- OdCx = ~ fBCxCLint, Ax (1) 

QdCx(MI)=-~fBGCL.,,A~ dx I Z . - - { f~(M ~c  ,.,,Bx (2) 

OdCx ( MII ) = -~ [B ( MZ ) C~CL,n,..~ (3) 

where Cx, Cx(MI),  and Cx(MII)  are the concentrations of drug, primary, 
and terminal metabolites, respectively, along any point x of the flow path 
of length L; f~ and fB(MI) ,  respectively, denote the unbound fractions of 
drug and primary metabolite in blood. CL~,,t, Ax and CLi,,t, Bx represent the 
hepatic intrinsic clearances for enzymes A and B at any point x along the 
flow path, and are described by the following relationships: 

CLint, A,, = CLint, AO + slope A (x - A0) (4) 

CLi,,t, Bx = CLi,,t, Bo + slope B ( x  - BO) (5) 

where CLint, AO and CL~,,,Bo, respectively, denote the initial values for the 
intrinsic clearances of A and B, respectively, at points A0 and B0 where 
the distributions of A and B commence. The points where the distributions 
of A and B end, however, are denoted by A1 and B1, respectively. When 
A0 < x < A1 and B0 < x < B1, CLi~t,A~ and CLi~t, Bx are described by Eqs. 
(4) and (5), respectively. For other conditions, these values are set as zero. 
A0, B0, ~41, and B1 are distances within the flow path, L, and away from 
the point of entry of blood, which is designated as 0. 
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METHODS 

Modeling studies were carried out on a PDP 11/45 computer with a 
program written in FORTRAN, with use of the GASP IV simulation package 
(26). The simulation package performs Runge-Kutta England (RKE) 
integrations of Eqs. (1)-(3), and at suitable intervals (1/1000 of the flow 
path), writes out the values of the variables representing the concentrations 
of the drug and its primary and terminal metabolites to disk files. These 
files are subsequently read by a general data plotting program (LSQ) and 
converted to plot files, which are then output to a Versatec printer-plotter. 
The hepatic venous concentrations of D, MI and MII (at L) are read after 
exiting the general program by the editing language XECO. 

Although the equations contain more than one variable, e.g., Cx, 
CLint.A., Cx(MI), CLim, B., Cx(MII), and x, the intrinsic clearances are 
defined by Eqs. (4) and (5), and the concentrations may also be determined 
according to these values for the intrinsic clearances (Eqs. 1-3). The values 
for CLi,,t,Ao, slope A, AO, A1, CLi,,,,Bo, slope B, B0, and B1 are predeter- 
mined in the following fashion among the six models for enzymic distribu- 
tions as shown in Fig. 1. In model I, the activity of A, CLim, Ax increases 
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Fig. 1. Patterns of distributions of enzymes A and B among the six models. The average 
intrinsic clearance for enzymes A and B, CLI~r,A and CLI,,r,B, respectively, are equal to hepatic 
blood flow rate. See Table I for the assignment of the slopes and intercepts along the length 
of the flow path, L. 
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linearly from zero along the flow path, whereas that for B, CLint,~x decreases 
linearly to zero along the flow path. In model II, the distribution of A is 
the same as in model I, but the activity of B is evenly distributed. In model 
III, both activities for A and B are evenly distributed. In model IV, A is 
evenly distributed whereas the activity for B increases linearly from zero 
along the flow path. In model V, the activity of A decreases linearly to 
zero, but that for B increases linearly from zero along the flow path, In 
modei VI, the distributions of A and B are evenly distributed, but A is 
not present in the second half of the liver, while B is absent in the first half 
of the liver. Another model which we have not shown describes the enzymic 
distributions of A and B as in model VI, but with the distributions for A 
and B reversed. For the sake of convenience, the flow path, L, is set as 
unity. The drug and its metabolites are unbound to blood components 
(fB =f~(MI)= 1.0), and the intrinsic clearances are expressed in terms of 
hepatic blood flow, O. For the time-averaged intrinsic clearance for enzymes 
A and B equal to hepatic blood flow, the parameters which describe the 
enzymic distributions of A and B are shown in Table I. 

The average intrinsic clearances for A and B, as defined earlier, are 
the plots of the areas of CLi~t.x for enzymes A and B, respectively, along 
the length of the liver. These are expressed in terms of hepatic blood flow 
rate: at high average intrinsic clearance (greater or equal to 10-fold flow), 
hepatic extraction ratio or E approaches unity; at intermediate average 
intrinsic clearance (equal to flow), the hepatic extraction ratio equals 0.632; 
at low average intrinsic clearances (0.1 times flow), the hepatic extraction 
ratio is less than 0.1. 

Six sets of simulations were performed for each model (Fig. 1): (i) 
when the average intrinsic clearances of both A and B are high; (ii) when 
the average intrinsic clearance of A is intermediate and the average intrinsic 
clearance of B is varied; (iii) when the average intrinsic clearance of A is 
low, and the average intrinsic clearance of B is varied; (iv) when the average 

Table I. Parameters Which Define the Distributions for Enzymes A and B When Their 
Respective Average Hepatic Intrinsic Clearances Equal That of Hepatic Blood Flow Rate a 

Models CLint.AO b slope A A O A 1  CLim, B 0 b slope B B0 B1 

I 0 2 0 1 2 - 2  0 1 
II 0 2 0 1 1 0 0 1 
II1 1 0 0 1 1 0 0 1 
IV 1 0 0 1 0 2 0 1 
V 2 - 2  0 1 0 2 0 1 
VI 2 0 0 0.5 2 0 0.5 1 

aThe length of the flow path in liver is taken as unity. 
bMultiples of hepatic blood flow rate, O. 
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intrinsic clearance of B is high, and the average intrinsic clearance of A is 
varied; (v) when the average intrinsic clearance of B is intermediate, and 
the average intrinsic clearance of A is varied; (vi) when the average intrinsic 
clearance of B is low, and the average intrinsic clearance of A varied. 

The calculations for the hepatic extraction ratio of drug is by the 
relationship: 

ci~-Cou, 
E (6) 

Cn 

The extent of sequential metabolism of the primary metabolite is assessed 
by the ratio of the output concentration of the terminal metabolite, [MI], 
divided by the sum of the output concentrations for the primary and terminal 
metabolites, [MI] + [MII]. 

RESULTS 

High Average Intrinsic Clearances of A and B 

Average intrinsic clearances of A and B are both high when the 
extraction ratio of drug and administered or preformed metabolite 
approaches 1. When the average intrinsic clearances of A and B were 10 
times hepatic blood flow, the drug (D) disappeared rapidly in liver, and 
little accumulation of the primary metabolite (MI) occurred, due to its fast 
metabolism by enzyme B to form the terminal metabolite (MII). An 
example was provided by model I (Fig. 2a), which was the least efficient 
for sequential metabolism of MI among all models, because the majority 
of the enzymatic activity of B was present before that of A. Nonetheless, 
in this efficient model, the extent of sequential metabolism of the generated 
metabolite was almost complete, and was similar in value to that of the 
administered metabolite. In the model where enzyme B was present before 
A (model not shown on Fig. 1), no sequential metabolism of the generated 
metabolite occurred at any time because there was no overlap between 
enzymes A and B, and all of enzyme A was present posterior to enzyme 
B; the preformed metabolite, however, was metabolized (extraction ratio 
approaches 1). 

On varying the average intrinsic clearance of B while keeping the 
average intrinsic clearance of A constant at 10 times hepatic blood flow 
(the ratio of CLi,,t,B/CLi,,t,A was varied from 2500 to 0.1-fold), the sequential 
metabolism of MI was essentially complete when the average intrinsic 
clearance of B remained substantial (10 times hepatic blood flow); but 
when the average intrinsic clearance of B was only 0.1-fold of A (equal to 
hepatic blood flow), the extent of sequential metabolism of MI was much 
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Fig. 2. (a) Simulated concentrations of drug (D) and primary (MI) 
and terminal (MII) metabolites in liver for model I when the 
average hepatic intkinsic clearances of A and B were set at 10 
times hepatic blood flow rate (see text for details). (b) The extent 
of sequential metabolism of a generated primary metabolite for 
the six.models of enzymic distributions when the ratio of the 
average intrinsic clearances of B/A were 2500, 500, 250, 50, 1, 
and 0.1; CLi,t,A was equal to I0 times hepatic blood flow rate. 

less than unity (Fig. 2b). This trend was also consistent in other models 
presented (Models I to VI; Fig. 3). It appeared, therefore, that when the 
average intrinsic clearances of A and B were both very high (greater than 
10 times hepatic blood flow), the enzymic distributions of A and B in liver 
became unimportant in the: extent of metabolism of M/. By contrast, when 
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Fig. 3. The extent of sequential metabolism of a generated primary metabolite for the 
six models of enzymic distributions when the ratio of the average intrinsic clearances 
of B / A  was 0.1; fLint, A was equal to 10 times hepatic blood flow rate. 

the average intrinsic clearance of B was lower, enzymic distributions of A 
and B emerged as an important  determinant (Fig. 3). 

Among the six models on enzymic distributions, wide variations in the 
extent of metabolism of MI were seen when the ratio of B / A  was 0.1 (Fig. 
3). The order of increasing efficiency of the models for sequential metabolism 
of MI was from model I to model VI. In model VI, the primary metabolite 
was formed at the front half of the liver with further metabolism in the 
second half of the flow path, and there is no region where both A and B 
were present simultaneously (Fig. 1). For  this very efficient model, the 
ex ten t  of metabolism of the generated metabolite would be equal to the 
extent of metabolism of the administered or preformed metabolite. 

Sequential Metabolism of/~/I at Intermediate and Low Average Intrinsic 
Clearances of A 

The sensitivity of the extent of metabolism of MI to varying average 
intrinsic clearances of B (50-0.1 -fold of A) and to the enzymic distributions, 
when the average intrinsic clearance of A was intermediate (equal to hepatic 
blood flow with an extraction ratio of 0.632) or low (0.1 times hepatic 
blood flow with an extraction ratio of 0.0952) among the models is summar- 
ized in Table II. A comparison of the extent of sequential metabolism of 
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the generated MI with the extent of metabolism of preformed MI was also 
afforded pictorially (Fig. 4). At constant intermediate average intrinsic 
clearance of A, differences in the extent of sequential metabolism among 
the models were seen (Fig. 4a); the line of zero slope for model VI virtually 
represented the behavior for the extent of metabolism of the preformed 
metabolite. At low average intrinsic clearance of A, more differences in 
the extent of sequential metabolism were observed (Fig. 4b). At  both low 
average intrinsic clearances of A and B, the differences among the models 
were most marked (Fig. 4). 
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Sequential Metabolism of MI at High, Intermediate, and Low Average 
Intrinsic Clearances of B 

The sensitivity of the extent of sequential metabolism of MI to varying 
average intrinsic clearances of A (50 to 0.1-fold of B) and to enzymic 
distributions for high, intermediate, or low average intrinsic clearances of 
B is summarized in Table III. A comparison of the extent of sequential 
metabolism of MI to the extent of metabolism of preformed MI showed 

=-,-= 

.4- 

V 

1.0' 

0.5. 

l ,y_ . . . . . . . . . . . . . . . . . . . . .  ( A )  
. . . . . . . . . . .  - - - -_ - -_ . -_ - - -_ . -~ -_ .~==,  .,,,, 

- - - - - - 2 - 2 - S  . . . . . . . . . . . .  "_i""'" 
II 1 1  

0 ... CLint, B =IOQ 
o o15 ~ :o 

O9 
._1 
O 
~C 
l -  
w 

< 
I -  
Z 
W 

0 
111 

U~ 
0 
I -  
Z 
111 
I -  
X 
111 

-V-I- . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ( B )  I"O'v . . . . . . . . . . . . . . . . . . . . .  ~ : ~ C C ~  

l'V" . . . . . . . . . . . . . . . . . . . .  1 1 1 ~  n 

0.5 tF . . . . . . . . . . . . . . . . . . . . . . .  i '  

0 CLint, B = Q 
0 0:5 1 .'0 

-VI- . . . . . . . . . . . . . . . . . . . . . . . . . . .  ==!C) 
. . . . . . . . . . . . . . . . . . . . . . .  

~v- . . . . . . . . . . . . . . . . . . . . .  - - - - - "  
0.5 flf . t  f l "  

0 CLint,B = O. 1Q 
0 O J5 1~0 

EXTRACTION RATIO OF DRUG (E) 

Fig. 5. The relationship between the extent of sequential metabolism 
of a primary metabolite and the extraction ratio of the parent drug 
(E)  when the average hepatic intrinsic clearances for /3 were at (a) 
10, (b) 1.0, and (c) 0.1 times hepatic blood flow rate. 
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again that when the average intrinsic clearances of A and B were high, 
enzymic distributions were not important (Fig. 5a), but when the average 
intrinsic clearances of A and B were both intermediate or low (Fig. 5b and 
c), the extent of sequential metabolism of A l l  was more sensitive to enzymic 
distributions. 

D I S C U S S I O N  

The distribution of hepatic drug metabolizing enzymes in the metabol- 
ism of drugs and metabolites has gained considerable attention recently, 
but the role of enzymic distributions on metabolite kinetics has not been 
clearly delineated. Simulation studies on enzymic distributions have recently 
been utilized to predict the outcome of a drug that is competitively metabol- 
ized to its conjugates by their respective enzyme systems (27), and the 
observed data, which were best predicted by the enzymic distribution model, 
showed that this model is most appropriate. In the description of harmol 
conjugation, this simulation technique indicates that the sulfotransferases 
are more abundant in the periportal region, whereas the UDP- 
glucuronyltransferases are more posteriorly located (24). This method of 
assigning enzymic distributions for sulfation and glucuronidation reactions 
reports similar findings to those by Conway et al. (28) for the metabolism 
of hydroxycoumarin to its sulfate and glucuronide conjugates, despite a 
different technique used. 

The present simulation study is aimed at providing an insight into the 
various distribution patterns and their relative activities so as to understand 
the efficiency of the organ, given the constraints of these differences in 
metabolizing a drug and its metabolites. Among the six distribution patterns 
described, the most efficient model entails that the enzyme for the metabol- 
ism of the primary metabolite be present posterior to the enzyme for its 
formation, and without overlap, to effect efficient metabolism (model VI, 
Fig. 1). This efficiency is manifested in the extent of sequential metabolism 
of the (primary) metabolite, which is identical to that of the preformed 
metabolite. The explanation lies in the full exposure of the primary meta- 
bolite to the entire spectrum of metabolic activity of the second enzyme. 
The least efficient model for enzymic distribution results when the enzymatic 
activity for the formation of the first metabolite (A) occurs after that for 
its metabolism (B), and sequential metabolism of this metabolite cannot 
be effected (reversal of distribution patterns as in model VI, Fig. ~ Among 
the remaining models, model I proves to be the least efficient, as a majority 
of the area for activity of enzyme A, the enzyme responsible for formation 
of the primary metabolite, is present posterior to that for its metabolism, 
B, and, as a result, sequential metabolism for the primary metabolite may 
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be handled by the metabolic activity of enzyme B, which is present in the 
region of overlap with enzyme A (Fig. 1, model I). When the models are 
ranked, I to VI proceeds with increasing efficiency for sequential metabol- 
ism. The explanation lies with the presence of enzyme B, whether before 
A or not, and the region of overlap between the two enzymes. 

Interestingly, the distribution of enzyme systems (models I to VI) does 
not affect the disappearance of the parent compound, as evidenced by the 
constant value in the extraction ratio for the drug and the preformed 
metabolite for each given intrinsic clearance. This condition, however, may 
change when a small diffusion barrier exists for drug and preformed meta- 
bolite entry into the eliminating organ, because the transit time and the 
time of contact between the substrate and the enzyme system may be 
affected. 

The region of least sensitivity of sequential metabolism to enzymic 
distributions occurs when both the metabolic activities for formation and 
for metabolism are very high or in a region where hepatic clearance is 
blood-flow limited (Fig. 2b), while the region of highest sensitivity occurs 
when both metabolic activities are low (Fig. 5c), because the "effective" 
activity of the second enzyme depends not only on its intrinsic clearance, 
but also on the availability of its substrate (primary metabolite), whose 
presence in the liver depends on the distribution of the two enzyme systems. 

Although the simulation study identifies a region of sensitivity (at low 
average intrinsic clearances of A and B) to the distribution patterns of the 
enzymes, this theoretical finding may not operate optimally in a practical 
setting. Under low metabolic activities of A and B, it may be difficult to 
detect the small concentrations of the primary and terminal metabolites 
formed with sufficient sensitivity to determine the real differences. In this 
respect, the sensitivity of the extent of metabolism of a metabolite to 
distribution patterns of the enzymes may be better detected in a system 
when both the average intrinsic clearances of A and B (and in particular 
for B) are intermediate. An example of this sensitivity has been displayed 
in the sequential O-deethylation of phenacetin to acetaminophen and sulfa- 
tion of acetaminophen to acetaminophen sulfate (14,16,22) and in the 
metabolic reactions of hydroxylation of acetanilide to acetaminophen and 
sulfation of acetaminophen to acetaminophen sulfate (22). 
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