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INTRODUCTION 

Much work in drug metabolism lends itself to in vitro and in vivo correlations, 
with the ultimate aim of applying data obtained from a much simplified in 
vitro system to predict events in vivo (1-4). Investigators have long recog­
nized that the rates of metabolite formation in vitro, whether examined in a 
reconstituted system of purified enzy·me, tissue homogenate, subcellular frac­
tion, or intact isolated cells, are governed by the kinetic constants V max and 
Km for the underlying enzymes involved, and by the availability of the 
substrate or cosubstrate. However, the incubation conditions usually include 
high substrate and cosubstrate concentrations such that the enzyme becomes 
rate-limiting in the overall reaction. 
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624 PANG, XU, & ST-PIERRE 

Within the intact liver, enzymatic activities are parceled and localized 
zonally in discrete regions or cells; other potential rate-determining factors 
also exist . A substrate entering via the blood flow to the organ must gain 
access to the inside of the cell through the cell membrane, a first potential 
barrier, before it can utilize the metabolic/excretory systems within cells . 
Hence additional variables, namely blood flow (5, 6), the extent of drug 
binding to blood and tissue proteins (7-11) , the permeation of molecules 
across biological membranes, and the structure of the organ need to be 
considered for the metabolism of drugs (for reviews, see refs. 12-15) .  In 
some instances, the rate of synthesis of a cosubstrate lags behind its rate of 
depletion; the cosubstrate will become rate-limiting under this circumstance 
(16, 17) . For these reasons, observations in vitro often deviate from the 
results obtained in vivo. In vitro data often provide the metabolic profiling 
and not necessarily the quantitative formation of the metabolites within the 
intact organ. 

For the whole body, multiple eliminating organs exist for drug biotransfor­
mation and excretion. A metabolite formed within an organ is likely to 

undergo immediate metabolism and/or excretion prior to leaving that organ. 
This fundamental observation: primary, secondary and tertiary metabolite 

formation and/or excretion arising from a single-pass delivery of a drug 
through the organ, has been expressed as the sequential first-pass effects of 
formed metabolites (18 ,  19); then all metabolites that are not excreted are 
poured into the venous output into the circulation. These metabolites also 
return to the elimination organs and are subjected to further metabolism; if 
polar, they will ultimately be excreted into either bile or urine. Thus, any 
given metabolite formed from the liver or other metabolizing organs may be 
sequentially metabolized/excreted either at its genesis or upon recirculation. 
The presence of multiple organs for formation of the given metabolite, and the 
anatomical arrangement of these metabolite formation organs are important 
considerations for metabolite disposition (20-23). Moreover, the occurrence 
of competing, eliminating organs for excretion and metabolism to other 
metabolites are additional factors for drug metabolism and metabolite disposi­
tion in vivo. For these reasons, in vitro findings often do not directly correlate 
with in vivo findings. 

This review aims to update the various effects of the biochemical and 
physiologic determinants on metabolite disposition in the liver, the most 
important drug-metabolizing organ, and to describe the interorgan rela­
tionships between the liver and other drug-metabolizing organs for metabolite 
formation and removal. We emphasize structural aspects of the liver and the 
determinants of hepatic clearances of drug and metabolite. Drug elimination 
(metabolism and excretion) within the liver is discussed as a whole and in 
conjunction with the kidney, another metabolite formation and excretion 
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METABOLITE DISPOSITION 625 

organ; these two organs pose as two parallel organs. We further discuss the 
liver and intestine, two serially arranged organs, and their contributions to the 
first-pass effect. 

To date, most experimental and theoretical work has focussed on drug 
disposition. However, interest in the kinetics of metabolites is increasing 
because of their role in biological activity and toxicity. Existing treatments, 
including those presented in textbooks (24, 25), tend to be overly simplistic in 
approach and often fail to consider the sequl<ntial first-pass effect of the 
nascently formed metabolites, even though it has been shown experimentally 
that immediate sequential metabolism and/or excretion of nascently formed, 
primary metabolites occurs within a metabolite-formation organ, which sub­
sequently reduces primary metabolite outflow concentrations (18, 19) and 
yields higher than expected concentrations of the secondary and tertiary 
metabolites (26) . This observation is usually overlooked in considering pri­
mary, secondary, and tertiary metabolites formation. This aspect of im­
mediate sequential metabolism is especially important in estimating total 
metabolite formation (oral vs intravenous administration (27» for extensive or 
complex schemes of drug conversion to primary, secondary, and then tertiary 
metabolites. Numerous examples of extensive metabolic schemes exist, 
namely in the metabolism of diazepam to nordiazepam and temazepam, both 
of which form oxazepam then the oxazepam glucuronides (28) , lidocaine to 
3-hydroxylidocaine or MEGX, to 3-hydroxy MEGX or GX, then to the 
conjugated species or ring-opened metabolite (29, 30), other extensively 
metabolized compounds such as propranolol (31), and cyclophosphamide 
(32), where the terminal metabolite is the tertiary or quaternary species. These 
metabolic schemes usually entail competing pathways, which, to varying 
degrees, modulate the sequential metabolism of the species of interest. 

DETERMINANTS OF METABOLITE KINETICS 

FOR LIVER 

Structure of the Liver 
The liver is the most important drug-eliminating organ in the body, and is 
capable of both metabolic transformation and biliary excretion. The liver is a 
highly specialized and heterogeneous organ (33-39), and its structure and 
attendant heterogeneities must be considered for a more quantitative expres­
sion of drug metabolism (metabolite formation) and subsequent metabolism 
of the metabolite. The smallest functional unit of the liver is known as the 
acinus (36-38), which consists of a terminal portal venule and hepatic arter­
iole, a bile duct, lymph vessels, and nerves. A zonal relationship exists 
between the cells constituting the acinus and the blood supply. The hepato­
cytes situated close to the portal space are first supplied with fresh blood (rich 
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626 PANG, XU, & ST-PIERRE 

in oxygen and nutrients), and zonation is contingent upon the oxygen tension 

at that locale. With a steady input of oxygen entering the organ, a concentra­

tion profile in space is created, declining from inlet to outlet. Zone 1 (or 
periportal region) is closest to the entry of the hepatic artery and portal vein or 

the portal triad and is of the highest oxygen tension. Zone 3 (perihepatic 
venous or peri central region) is near the exit, where oxygen tension is lowest. 

An overlapping zone 2 (or midzonal) region exists, where the oxygen tension 
is intermediate. However, the shape of the profiles can be altered as zone 2 
cells can be recruited to behave more like zone I or 3 cells, depending on flow 
and oxygen utilization. These different acinar regions are specialized in 

mediating various biochemical/physiologic processes (40-43; for review, see 
ref. 44). 

The sinusoids are surrounded by single plates of hepatocytes of similar 
lengths and lined by endothelial cells containing sieve plates with open 

fenestrae. There is also a freely accessible Disse space (a functional ex­

tracellular interstitial space that allows for equilibrative exchange). The veloc­

ities of blood elements flowing through the various sinusoids differ and are 

displayed as skewed outflow profiles (or dispersion of elements) upon injec­
tion of noneliminated reference indicators (for example, labeled red cell, 
albumin, sucrose, or water) (5, 45) . Functional metabolic (44) and excretory 
(46, 47) heterogeneities are known to exist, as cells in different zones of the 
liver are distinct, both morphologically and functionally. Discrete carrier­
mediated systems present for amino acid or carbohydrate transport have 
recently been found (41, 43). 

Biochemical and Physiological Determinants of Drug 
and Metabolite Processing 

The physiologic and biochemical factors governing drug and metabolite 
clearances have been extensively reviewed (48-59). Several mathematical 
descriptions have evolved to describe the interrelationship of membrane 
permeability, binding to red blood cells and plasma and tissue proteins, 
enzymatic activity, cosubstrate availability, and organ blood flow on the 
uptake of drugs and metabolites. A recent review compared the properties and 
steady-state mathematical relations of several hepatic clearance models 

("well-stirred", "parallel tube", "dispersion", and "enzyme-distributed") for 
their ability to predict metabolite formation and elimination (59). Only the 
enzyme-distributed model, which best describes metabolite formation and 

elimination, is covered in detail here. 
First, for the intact organ, the steady-state rate of loss of drug, Vss> is solely 

attributed to the rate of elimination (metabolism and excretion) inasmuch as 
tissue binding is completed and will not contribute to the rate of loss. 
According to Fick's principle, this is given by: 
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METABOLITE DISPOSITION 627 

1. 

where Q is the hepatic blood flow rate, and C1n and COUI' respectively, denote 
the steady-state blood input and output drug concentrations. The rate of 
removal, when expressed in terms of the rate of drug presentation, QC1n, 
gives the steady-state hepatic extraction ratio, Ess 

2.  

The total rate of loss is  the summation of the saturable metabolic and 
excretory processes occurring, and is 

n 
3. 

where V max and Km denote the maximum velocity and the Michaelis-Menten 
constant, r�spectively, for the ith saturable eliminatory pathway; CLint;, or 
[V max/(Km; + CL,u)). is the intrinsic clearance, the volume of hepatocellular 
water space cleared of drug per unit time for the ith pathway. The ratio 
dwindles to a constant, V max/Km;, under first-order conditions at Km; » 
CL,u, the unbound substrate concentration in liver. For a primary metabolite 
(mi) that is not further metabolized, its steady-state rate of formation v,7s'i is 
given by the sum of the steady-state efflux rate and the biliary excretion rate 
when the single-pass perfused liver is used: 

Ll Ae (mi) 
= QCOut (mi) + 4. 

Llt 

For a primary metabolite (mi) that is further metabolized, the steady-state rate 
of formation (v,7s'i) is given by the sum of the efflux rates of mi and all 
metabolites arising from mi in hepatic venous blood and in bile. The apparent 
fractional removal of the formed primary (or secondary) metabolite can be 
expressed as the apparent extraction ratio of the primary or secondary metabo­
lite, and is the ratio of the elimination rate of formed metabolite to the 
formation rate of metabolite. 
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628 PANG, XU, & ST-PIERRE 

Distributed-in-Space Processing of Drug and Metabolite 

When a substrate is taken up and irreversibly eliminated, a concentration 
profile in space is created during the steady state, declining from inlet to outlet 
(6�63) .  This concentration profile of substrate in space (with its correspond­
ing input-output concentration difference), is related to, and must be ac­
counted for by the underlying hepatic microcirculatory structure and physio­

logic and biochemical processes. The metabolic zonation within the liver 
(64---86) has been known to influence drug and metabolite processing within 
the liver. Uptake of substrate by successive cells along the direction of flow, 
from the inlet to the outlet of the liver, could be viewed as a distributed-in­
space phenomenon. The events are dependent on substrate influx for recruit­
ment of metabolicl excretory activities , and efflux, in a fashion linked to the 
delivery by flow (12, 14, 56, 86); the influx, elimination, and efflux charac­
teristics are modulated by substrate binding to blood (red blood cells (87-89) 
and plasma proteins (9 , 9�98», the perfusing medium, and to tissue (7, 8,  
10, 11); the general dogma i s  that the free substrate i s  the species that is 
transported across membranes and becomes eliminated (90--94, 97). Similar 
consideration must then be given to metabolites formed within hepatocytes ; 
after formation, each metabolite is either potentially subjected to immediate 
additional metabolic andlor excretory events, or reenters the sinusoid and is 
then exposed to the interactions with hepatocytes downstream from its site of 
formation before it finally leaves the liver (12, 55, 76-78, 86). For this 
reason, a metabolite formed within the liver is expected to undergo different 
extents of metabolism/excretion, including the predominant formation of 
various metabolites, than a metabolite (preformed) entering the liver from the 
circulation (18,99-103) . This disparity is due to different points of metabolite 
introduction in the organ, even though the same transport and elimination 
mechanisms are involved in subsequent processing. The whole must thus be 
viewed within the context of the microcirculatory events and the functional 
heterogeneities in the liver. 

Enzyme Zonation 

Zonal enzymic distribution is one of the most important determinants in 
metabolite formation and immediate sequential metabolism of the nascently 
formed metabolite within the liver. Metabolic zonation within the liver lobule 
has been well studied during the past few years . Direct and indirect techniques 
have shown an enriched presence of the cytochrome P-450s , epoxide hydro­
lase, glutathione-S-transfersases, carboxylesterases (64-66, 69, 80, 85, 104) 
and UDP-glucuronosyltransferases in the perihepatic venous region (Zone 3) 

(67,68,71,72) [glucuronidation activity is also found to be evenly distrib­
uted in zones 1 , 2 ,  and 3 (73, 76-78)], with the sulfotransferases predominat­
ing in the periportal region of the liver (74--79) (Table 1). Elimination of a 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

2.
32

:6
23

-6
69

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



Table 1 Relative enzymic activities found by immunohistochemical and staining techniques, micf(Jdissection, and by prograde and retrograde perfusions 
and HAPV and HAHV perfusion of the rat liver 
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Sulfation 

Sulfation 

Sulfation 

Noted Metabolic Heterogeneities 
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Alcohol dehydrogenase 

Arylsulfatase 
l3-glucuronidase 

Glucuronidation 

Hydroxylation 

Posterior 

Mixed-function oxidases cytochrome P-4S0 

NADPH cytochrome P-4S0 c Reductase 

UDP-glucuronosyltransferase 

Epoxide Hydrolase 

Glutathione-s-transferase 

O-Deethylation 

Carboxylesterase 

Glucuronidation 

Hydroxylation 

N-Deethylation 
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substrate/metabolite occurs only when it is present along the sinusoid and if it 
gains access into hepatocytes. Given the marked enzyme heterogeneities 
noted for Phase I and Phase II reactions, the nature and proportion of 
conjugates formed as primary or secondary metabolites arising from parallel 
or sequential pathways is expected to differ (103). 

The roles of enzyme zonation on competitive and sequential drug metabol­
ism have been illustrated both theoretically and experimentally. Con­
ceptually, an enzymic distribution describes the density of the enzyme or 
V max,x along the length of the sinusoid, L; two such enzymic systems are 
depicted schematically in Figure 1. The relative locations of each of these two 
systems may be described with respect to its median (or center) of enzymic 
distribution, the plane that divides total enzymatic activity (total V max or 
J� V max.xdx) into halves. The median or the "median distance" serves to 
interrelate the distance between inlet of the liver and the bulk of the enzyme. 
System I is viewed as an anterior pathway in relation to System II, since its 
median (or center) of distribution precedes that for System II. These two 
systems (I and II) may represent competitive pathways or sequential path­
ways. 

System \I 

" 
.. i 

o f;=�=------:::---'---�==----1 L 
Median Distance M I 

Median Distance II sinusoid 

Figure 1 The distributed-in-space phenomenon in drug processing. A schematic representation 

of uneven distribution of drug metabolizing enzymes in the liver, Systems I and II, which are 

either involved in parallel, competing, or sequential metabolic pathways. Drug processing occurs 

along the direction of flow of substrate, from left to right, in a distributed-in-space fashion. The 

enzymic distributions uf Systems I and II are described by the median distances, the distance from 
the inlet of the liver to the median (plane that divides the amount of enzyme into equal halves). As 

shown, System I is anteriorly localized relative to System II along the direction of flow of 
substrate. 
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METABOLITE DISPOSITION 631 

PARALLEL PATHWAYS Conjugation by sulfation and glucuronidation of 
most phenolic substrates is the simplest example of parallel, metabolic path­
ways. Sulfation is often a higher-affinity, lower-capacity pathway in relation 
to glucuronidation. A substrate coming into contact with hepatocytes along 
the direction of flow first accesses the anteriorly located enzyme system 
(System I, sulfotransferases) to generate the corresponding sulfate conjugate; 
glucuronidation by System II, the posteriorly located competitive system, 
occurs only when residual substrate arrives downstream for recruitment of 
such activities. Hence the concentration of substrate at x is related to its 
removal at points preceding x and at x. 

For highly extracted compounds, where outflow concentrations are much 
lower than the corresponding input concentrations, a steep intrahepatic gra­
dient exists during the steady-state flow of substrate into the liver; the 
converse is true for poorly extracted compounds. Anterior pathways affect the 
formation of metabolites downstream in highly extracted compounds the 
greatest; this occurs at low concentration wherein not all downstream hepato­
cytes are metabolically recruited because of depletion of substrate due to 
upstream metabolism. At intermediate concentrations that are saturating for 
the anteriorly located sulfation system, a proportionally higher substrate flux 
reaches the downstream region to effect glucuronidation, rendering dis­
proportionately higher glucuronidation rates; at higher concentration (> > 
Kms), all enzymic systems (anterior and posterior) will be recruited by the 
substrate, and the role of enzymic heterogeneity in metabolite formation 
becomes attenuated and unimportant ( 105, 106). Salicylamide, gentisamide, 
and harmol are highly cleared phenolic substrates that exhibit the typical 
compensatory rise in glucuronidation rate with concentration (102, 103, 107; 
Figure 2). With suppression of sulfation by a specific inhibitor, 2,6-dichloro-
4-nitrophenol (DCNP), thc aberrancy observed previously for glucuronidation 
of harmol and salicylamide disappears ( 103 , 108); Michaelis-Menten like 
kinetics are now observed for glucuronidation (Figure 3). 
SEQUENTIAL PATHWAYS Because metabolite formation must necessarily 
precede metabolite elimination, events such as drug uptake followed by 
biotransformation would affect further metabolism/excretion of the im­
mediately formed metabolite, compared to that for a preformed metabolite 
which is entering as input to the organ and is independent of the kinetic 
behavior of drug. Theoretical examinations of the fates of primary (Ml), 
secondary (M2) and tertiary (M3) metabolites upon steady-state input of a 
precursor drug (P) or preformed metabolites into isolated hepatocytes and the 
intact liver revealed differences (59, 109, 1 10) . For flow-limited precursor 
drugs and metabolites (that is, rapid entry of all species across liver cell 
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Figure 2 Concentration-dependent fonnation of metabolites of hannol, gentisamide, and salicy­
lamide in the single-pass perfused rat liver preparation (data from ref. 102, 103, 107). Note the 
disproportionate increases for glucuronidation and hydroxylation rates with concentration. 

membranes, no barrier-limitation), the apparent extraction ratios of the pri­
mary and secondary metabolites, E(M),P) and E(Mz,P), respectively, arising 
from drug (P) differ from the extraction ratios (E(M a and E(M2)) obtained 
with the administration of the preformed metabolite species MJ and M2, 
respectively. In both systems, a rank order is found: E(M1) > E(M],P) and 
E(Mz) > E(M2,MJ) > E(Mz,P), that is, the extraction ratio of a generated, 
lipophilic metabolite (M) or Mz) will be less than, and at best equal to, that 
after its administration into the organ as a preformed species. The discr�pancy 
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(A) DCNP Inhibition 
G 

INPUT HARMOl CONCENTRATION 
(/..1M) 

(8) DCNP Inhibition 

total 

x 
/x 

______ x SAM-G 

s 

/C:��==-�=======: SAM-OH 

It! '6. SAM-S 

0 200 400 600 800 

INPUT SALICYLAMIDE CONCENTRATION (uM) 

Figure 3 Suppression of sulfation rates of harmol (A) and salicylamide (B) with 2,6-dichloro-4-
nitrophenol (DCNP). Note the disappearance of the non Michaelis-Menten-like behaviors for 

glucuronidation and hydroxylation observed in Figure 2 (data from ref. 103, 108). 

is further augmented by an increasing number of steps involved in the 
formation of the metabolite (59). The degree to which these extents vary also 
depends on the distribution of enzymic systems for metabolite formation and 
metabolism, and the intrinsic clearances for the precursors . But the kinetic 
phenomenon appears to be less independent of the presence of competing 
pathways under first-order conditions ( 14, 59). 

This situation in isolated hepatocytes is illustrated with several hypothetic­
al, simulated examples that show the rank order (59, 1 10; Figure 4). The 
extent of sequential metabolism of a generated metabolite is maximal when 
associated with precursor compounds with high intrinsic clearances for forma­
tion relative to the intrinsic clearance for metabolism of the metabolite, and is 
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Figure 4 Simulated extents of sequential metabolism [drug (P) conversion to its primary (M\), 
then secondary (M2), and tertiary (M3) metabolites] in a well-mixed system for a primary 
metabolite M\ after administratin of P (expressed as E{M[,P}) (A), and for a secondary metabo­
lite M2 after administration of P (expressed as E{M2,P}), or Ml (expressed as E{M2,M\}) (B). 
Values of intrinsic clearances (mllmin) for the metabolism of P, M" and M2 are shown. (See text 
for details.) 

least for precursors with very small formation intrinsic clearances. Rapid 
formation of the primary (or secondary) metabolite furnishes that metabolite 
for avid metabolism and lessens the "lag" observed when its extent of 
sequential metabolism is compared to that found for the preformed primary 
(or secondary) metabolite. When formation of the metabolite is extremely 
rapid, the extents of metabolism of the preformed and generated primary 
metabolites become identical. If formation of metabolite is slow, however, 
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METABOLITE DISPOSITION 635 

sequential metabolism lags behind that for preformed metabolite, and the rank 
order hence becomes apparent. 

This kinetic phenomenon is displayed in the sequential processing of tracer 
[14C]phenacetin to [14C]acetaminophen and [14C]acetaminophen sulfate con­
jugate and the metabolism of eHJacetaminophen to [3H]acetaminophen sul­
fate conjugate in rat isolated hepatocytes (110). In this apparently, well-mixed 
pool of hepatocytes consisting of cells from zones 1 .  2, and 3, preformed 
acetaminophen (labeled with tritium) readily enters hepatocytes to become 
sulfated. For the lipophilic precursor, phenacetin, the membrane barrier also 
appears to be absent in isolated hepatocytes such that both drug and metabo­
lite gain ready access into cells. [14C]Acetaminophen formed from [14C]_ 
phenacetin, however, yields proportionately less labeled sulfate than pre­
formed eH]acetaminophen under first-order conditions (Figure 5).  

A similar phenomenon is observed in the single-pass perfused rat liver 
preparation, where enzyme heterogeneity is present and formation followed 
by metabolism of the formed metabolite displays the kinetic phenomenon, 
now in a distributed-in-space fashion. In the intact liver, the e4C]acet-

c 
CD .c 
a 
o r: 
'j; 

100 

<II 40 4i 
() 
c( 
-o 
C 
<I> X 
W 

10 

.1 
" 4 

2 

___ 3H-Acet aminophen 

,. ___ C-AcetaminoPhen 
(form.d) 

20 30 

Time (min) 

Figure 5 Reduced extents of sulfation for [14C) acetaminophen generated from ll4Clphenacetin 
than for preformed [3Hlacetaminophen in isolated, rat hepatocytes. Incubation was performed in 
5 ml, containing 4, 2, and 1 ml cell suspensions (numbers appearing on graph). (Data reproduced 
from ref. 110, with permission.) 
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aminophen formed from e4C]phenacetin downstream (or perihepatic venous 
region) is unable to use sulfation activities within hepatocytes upstream (or 
periportal region) (79). The unfavorable enzyme stacking tends to steer 
towards a lesser extent of sequential sulfation of the formed 
[14C]acetaminophen in relation to that after administration of preformed 
[3H]acetaminophen to the liver. E(M) for preformed eH]acetaminophen 
(0.72) is greater than E(M"P) or 0.56 for [14C]acetaminophen formed from 
[14C]phenacetin. Even when all O-deethylase and sulfation activities were 
evenly distributed within the liver, E(M) would persist in being greater than 
E(M[,P) because of the kinetic phenomenon. 

Sequential metabolic processing has recently been examined in perfused 
mouse liver studies for the extensive metabolic conversion of diazepam (P) to 
lipophilic, intermediate metabolites, nordiazepam (Ml) and temazepam, both 
of which form oxazepam (M2), then to terminal, diasteriomeric oxazepam 
glucuronides (M3); temazepam formation from diazepam and as a contributor 
of oxazepam, Mb is a very minor and negligible pathway (100, 101). The 
extraction ratios of the oxazepam precursors, diazepam (E(P)=0.96) and 
preformed nordiazepam (E(M1)=0.4), are found to be high and intermediate, 
respectively (100, 101), whereas that for preformed oxazepam E(M2) is low 
(0.125) (99). The extraction ratio of formed nordiazepam, derived from 
diazepam [E(Ml,P) or 0.427] compares well with that observed after the 
administration of preformed nordiazepam (E(M1) or 0.4). The comparison of 
the extraction ratios of oxazepam, derived from nordiazepam [E(M2,M1) or 
0.06] and diazepam [E(M2,P) or 0.069] reveals that these values are lower 
than that for preformed oxazepam (0.125). The similar E(MI ,P) and E(M) 
values for nordiazepam metabolism may be explained by the rapid, initial 
formation step from diazepam; this high intrinsic clearance first step further 
renders virtually identical values of E(M2,M1) and E(M2,P) for oxazepam 
metabolism. However, because the second step, formation of oxazepam from 
nordiazepam, is comparatively slower, E(M2,M 1 ) and E(M2,P) are less than 
E(M2). If the formation of nordiazepam from a precursor is slower than that 
observed for diazepam, the sequential metabolism of nordiazepam to oxaze­
pam then the oxazepam glucuronides is expected to lag behind that for 
preformed nordiazepam, and the following rank orders for the kinetic phe­
nomenon, E(M1) > E(MJ,P) and E(M2) > E(MJ) > E(M2'P), will readily 
become apparent. 

SECONDARY METABOLITE FORMATION Salicylamide (SAM, 2-hydroxy­
benz amide) is competitively metabolized by the single-pass perfused rat liver 
primarily to its sulfate and glucuronide conjugates, and is hydroxylated at the 
5-position only to a minor extent to form gentisamide (GAM). GAM is 
sulfated at both the 2- and 5-positions (GAM-2S and GAM-5S) and glucur-
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METABOLITE DISPOSITION 637 

onidated at the 5- (GAM-5G) position. When preformed genetisamide is 
given to the single-pass perfused rat liver, the sulfate conjugates are major 
metabolites and GAM-5G is a minor metabolite (102). However, when SAM 
is delivered to the single-pass perfused rat liver, the major sequential metabo­
lite arising via GAM is GAM-5G, with GAM-2S and GAM-5S as virtually 
undetectable metabolites (103). The astoundingly different proportions of 
sequential metabolites, which arise through administration of SAM or GAM 
to the once-through rat liver preparation, is explained by a downstream SAM 
hydroxylation (for GAM formation), which is in close proximity to the 
glucuronidation system. When GAM enters the liver, by contrast, sulfation, 
which is the anterior pathway, will be initially recruited to yield sulfate 
conjugates as the major metabolites. 

Liver Blood Flow 

The role of hepatic blood flow on drug removal has been well studied (5, 6, 
111-115), but is seldom extended to describe metabolite formation. When 
substrates are categorized as highly (Es == 1), intermediately, or poorly (E == 

0) extracted compounds, a systematic variation in behavior is found. A highly 
cleared compound is almost completely removed due to the underlying high 
liver metabolic/excretory activities, and hence the clearance of these com­
pounds becomes rate-limited by organ blood flow rate; for poorly cleared 
compounds, clearance is restricted by the intrinsically poor removal ability of 
the organ for the substrate and not by sluggish delivery of substrate by flow 
(48-50, 56). For highly cleared compounds, Ess is not readily perturbed by 
changes in flow; for poorly cleared compounds, a reduction in liver blood 
flow ratc results in a longer transit time and an increase in extraction ratio, 
whereas with a faster flow rate, the opposite will be observed. Changes in 
organ blood flow on metabolite formation, however, affect parallel and 
sequential metabolic pathways differently (116-118). 

PARALLEL PATHWAYS The manner in which two conjugative pathways 
compete in drug removal has been investigated both theoretically ( lOS, 106, 
117,118) and experimentally (116,117) in the single-pass perfused rat liver 
preparation at varying flow rates (8 to 16 mllmin). For evenly distributed 
conjugative systems, or for an anteriorly distributed sulfation and posteriorly 
distributed glucuronidation system, the changes in S (sulfation rate) are 
expected to parallel those for Ess with flow, since drug processing (reflected 
by Ess) is mostly conversion to the sulfate conjugate, due to its low Km. The 
changes for G (glucuronidation rate), however, are different and will vary 
according to the drug input concentration. G, the less avid and posterior 
pathway, is apparently int1uenced by diametrically opposed factors induced 
by flow: substrate supply and sojourn time (118), and these two opposing 
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FLOW RATE (mil min) 
Figure 6 Influence of organ blood flow on the extraction ratio of harmol (10 uM) and formation 
of harmol sulfate and harmol glucuronide conjugates. The flow-induced changes of harmol 
sulfation CA.) parallel those for harmol extraction ratio (.). No apparent change is observed for 
harmol glucuronidation ( • ) due to the counterbalancing effects of reduced sojourn time for drug 
and higher availability of drug downstream at increased flow rates (data from ref. 118, with 
permission). 

effects are apparent at low input concentrations « < Kms), where substrate 
availability and not enzyme is rate-limiting. At low flows (6-8 mllmin), avid 
sulfation (high affinity pathway) occurs, sparing almost no substrate for 
glucuronidation (low affinity pathway). Hence, despite a longer sojourn of 
drug in the liver, little G will be observed as substrate is not available. At 
higher flow rates ( 1 4-1 6  ml/min), which furnish diminished drug transit 
times, more substrate is spared from sulfation for formation of the glucur­
onidc at a faster rate of drug transit. For these reasons, G will be seemingly 
unaltered upon flow changes from 6 to 1 6  ml/min at input concentrations < 
Kms, when these two opposing effects cancel each other out. This pattern is 
displayed in harmol conjugation, where decreased (periportal) sulfation and 
an unchanged glucuronidation are observed with increasing flow (Figure 6) . 

SEQUENTIAL PATHWAYS For any preformed species, drug or preformed 
metabolite entering the liver, an inverse relationship between the extraction 
ratio and flow exists, regardless of enzymic distribution. The effect of flow on 
the apparent hepatic extraction ratio of the generated metabolite in sequential 
pathways is similar to that for the preformed metabolite (and its precursor), 
except for the persistently higher extent of metabolism for the preformed over 
the formed metabolite. This has been attributed to the longer sojourn time of a 
preformed species vs a generated species in flow-limited situations (drug and 
metabolite do not encounter hepatocyte membrane as a barrier) (6, 59, 109,  
118). Pending the enzyme model for overlap of  enzymes, the extcnt of 
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METABOLITE DISPOSITION 639 

sequential metabolism of the generated metabolite differs; it is higher for a 
greater degree of overlap between the formation enzyme and the enzyme for 
sequential metabolism. The predictions match the observations for tracer 
[14C]acetaminophen formed from [14C]phenacetin (downstream) and for trac­
er preformed [3H]acetaminophen sulfation (upstream) with flow changes in 
the single-pass rat liver preparation (118). The extents of metabolism of all 
species, [14C]phenacetin, preformed [3H]acetaminophen, and formed 
e4C]acetaminophen, are decreased with increasing flow. 

Protein Binding Effects 

The influence of drug-protein binding on drug disposition has been both well 
recognized and intensively studied (9, 61, 90-98, 116-122). The generally 
accepted view is that pharmacological activity and the rate of removal within 
drug metabolizing/excretory organs are related to the unbound species. Hence 
changes in the unbound concentration in the body, expressed also as changes 
in the unbound fraction, may on occasion elicit toxic or subtherapeutic 
outcomes. This is especially true for highly bound compounds like warfarin, 
bilirubin, dicumarol, and valproic acid (123-125). 

Because of the existence of a concentration gradient along the liver sinusoid 
due to irreversible drug loss, the outlet concentration is lower than the inlet. 
The lowered substrate/protein ratio at the outlet is expected to result in 
decreases of the unbound fraction; such a decrease is more apt to occur for 
highly bound drugs that are highly cleared since the concentration gradient 
along the sinusoid is the steepest (119, 126). The dynamics of substrate 
removal and the induced changes in the unbound fraction along the flow path 
at varying inlet concentrations, in the presence of heterogeneously distributed 
enzymic systems, have been examined in concert for substrate removal under 
varying input substrate concentrations (126). 

Since protein binding is viewed in most instances as a reversible process 
and describable by the Langmuir isotherm, the unbound plasma concentration 
for a single class of N number of equivalent binding sites of identical affinity 
constant, KA, can be solved analytically and described with respect to the 
total plasma concentration, Cp as follows (126): 

- (l + NKA[Pt] - KA Cp) + {(I + NKA[Pt] - KA Cp)2 + 4 KA Cp}'h CP,u '" 
5. 

and equals the unbound blood concentration CB,u in absence of red cell 
concentrative mechanisms. The characteristic dependence of the unbound 
fraction on the KA and protein concentration for the binding isotherms is 
depicted in Figure 7. At low KA, the binding isotherm changes only slightly 
and gradually with concentration. At high KA (> 105 M-l) where binding is 
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640 PANG, XU, & ST-PIERRE 

tight, low unbound fractions are seen at low concentration. However, sharp 
and precipitous increases occur in unbound fraction with small increments of 
the drug concentration at various regions of the binding isotherms, which 
appear to be dependent on KA and the protein concentration (Figure 7, A and 
B). These marked changes in binding occur when binding is near its saturation 
capacity such that further small increments in concentration will cause sharp 
rises in the unbound fractions. 

The unbound concentration is often expressed relative to the total plasma 
concentration, Cp, as an unbound fraction, fp. 

fp Cp,u 
Cp 6. 

The unbound fraction in blood, fB, is related to the unbound fraction in 
plasma as: 

fp 
7. 

(CS/Cp) 

where CB/Cp is the blood to plasma concentration ratio. 
The manner in which heterogeneous enzymic systems (one, two, and three 

parallel enzymic systems) modify the unbound fraction along the length of the 
sinusoid (fB.J has recently been studied ( 126). From mass balance con­
siderations, the change of the concentration (dCx) of a flow-limited substrate 
over a small increment of length, dx, across the single-pass liver preparation 
at steady-state is described by the following equation: 

8 .  

where i i s  the dummy variable for the number of parallel metabolic pathways, 
and n is I, 2, or 3; fB.x is  the unbound fraction in blood at point x, which, 
when multiplied by the corresponding substrate concentration, ex, yields the 
unbound substrate concentration; V �ax.x and K:::i are the enzymatic con­
stants for formation of the metabolite, mi, at x. For n multiple metabolic 
pathways, the rate of loss of substrate at any point x is the sum of the rates of 
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Figure 7 Unbound fraction in plasma vs total plasma substrate concentration for the binding of a 
drug to a single class of two equivalent binding sites. The KA values are varied from 103 to 106 
M-' at total albumin concentrations of 1% (A) and 4% (B). 

formation of the terminal metabolites. As can be seen, with high V maxS and 
low Kms, removal of the unbound substrate will be greatly facilitated and will 
further modify the unbound fraction along the length of the sinusoid. 

At constant protein concentration, the binding constant, KA, strongly 
influences in Ess and fB between the inlet to the outlet of the liver, or the % 
change fB [defined as (fB,In-fB,Out)/fB,In X 100% where subscripts In and Out 
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642 PANG, XU, & ST-PIERRE 

respectively denote the inlet and outlet of the liver sinusoid] for a given 
enzymic system (same Km and V max) (Figure 8). For the low KA (103 M-l), 
Ess displays its characteristic decrease with increasing concentration due 
primarily to saturation of the enzymic system; the effect of protein binding on 
metabolism is minimal (Figure 8). For the higher KA (106 M-l), Ess first 
shows an uncharacteristic increase with concentration, then the pattern shifts 
to a decreasing trend with concentration (Figure 8). The upward trend of Ess is 
expected to occur only for tightly bound drugs that are relatively highly 
cleared, when the availability of unbound drug becomes rate-limiting. 
However, with increasing concentration, saturation of binding sites (as shown 
in Figure 7) ensues, causing disproportionately greater increments in unbound 
drug and unbound fraction; the corresponding % change fB between the inlet 
and outlet of the liver becomes greatly magnified (> 100-fold) compared to 
the lower KAs (cf Figure 8). Thus the rate-limiting step switches to one of the 
enzymic system (Km and V max) with increasing concentration. Any further 
increase in concentration brings about saturation of the enzyme system, and 
Ess subsequently becomes decreased. 

KA - 10' M·I KA" 106M-I 

� 80 

4-4 
Q) 60 

bJ) 
$=I 
� 40 

,..s:::l 
U 20 
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Figure 8 Changes in unbound fraction in blood between the inlet and outlet of the liver (% 
change in fB) and the corresponding extraction ratios (E,,) at 1 % albumin concentration vs C1n, for 

an unienzyme system for binding constants of KA = 103 (left panel) and 106 (right panel) M-1 . 
The patterns are the same regardless of the distribution of enzymes (data from ref. 126, with 

permission). 
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The distribution pattern of a unienzyme system exerts very little or no effect 
on the overall Ess and the % change fB (all patterns are the same as seen in 
Figure 8).  However, the unbound fraction at point x along the length of the 
sinusoid (fB "J differs accordingly for each enzymic distribution pattern. The 
difference is negligible for low KA ( 103 M-1)  compounds, but is demonstr­
able for compounds with high binding affinities (KA = 106 M-1) (Figure 9). 
For multiple metabolic systems, small changes in Ess and % change fB due to 
variations in enzymic distributions have been detected for simulated data 
(126). The changes are attenutated when the Km is increased, and magnified 
when V max is increased ( 126). 
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LENGTH 01' SINUSOID (x) 
Figure 9 Simulated unbound fraction in blood at point x (fB.x) along the length of the sinusoid 
for a drug that is metabolized by an unienzyme enzyme system at various input concentrations. 
The Km (10 uM) and total enzymatic activity (Vmax or 500 nmoVmin) were held constant while 
the enzymatic activity at different point of x, V max,,, is allowed to vary along the sinusoidal flow 
path (from x=O to x=L).  The change in unbound fraction, fB,x for the KA of 106 M '" are shown 
for the following distributions: enzyme is evenly distributed (upper panel); enzymic concentration 
gradient is descending linearly, from a high value at x =0 to zero at x = L (middel panel); enzymic 
concentration gradient is ascending linearly, from zero at x=o to a high value at x=L (lower 
panel), Data for the KA of 103 M- ' showed little or no change in fB,x (data from ref, 126, with 
permission) , 
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644 PANG, XU, & ST-PIERRE 

Transmembrane Barrier 

The general mode of transport of a lipophilic substrate into cells is via passive 
transport through the liver cell membrane. When the rate of drug permeation 
into the liver is faster than the rate of delivery by organ perfusion rate, 
perfusion limitation exists. Alternately, membrane limitation occurs when 
carrier-mediated mechanisms ( 127-143) or retardation of polar compounds is 
present ( 144) , often posing as the rate-controlling factor in the overall uptake 
when the flux across the membrane is slower than the rate of delivery of 
substrate by flow. For compounds such as bile acids ( 1 3 1 ,  1 32,  1 34--

1 36, 1 38), organic anions such as bilirubin, indocyanine green, bromo su1-
fophthalein ( 139-141) ,  neutral compounds such as ouabain ( 1 33), and cations 
such as morphine and nalorphine ( 142) , such carrier systems exist in the liver 
to facilitate their transport into hepatocytes. Similarly, a carrier system trans­
ports glutathione out of liver cells ( 145) .  Diffusion rate-limited transport 
pertains to methotrexate ( 146) , actinomycin D ( 147), salicylate ( 148) , sulfate 
and glucuronide conjugates (98 , 149 , 1 50) , glutathione conjugates ( 1 5 1 ) ,  and 
enalaprilat ( 152-154), compounds that are of high polarity or exist in the 
charged or ionized forms at physiological pH. 

Membrane limitation on the overall rate of hepatic uptake implies that the 
transmembrane clearance (permeability surface area product) is smaller than 
liver blood flow and the hepatic intrinsic clearance, and the unbound drug in 
sinusoid no longer reflects that in tissue. The effect of a transmembrane 
barrier on drug extraction may be pictorially depicted (same as preformed 
metabolite, Figure l OA). The transmembrane clearance CLd has little effect 
on Ess for poorly cleared drugs (CL dfQ > CLin/Q). In this case, overall drug 
removal is dictated by the poor inherent ability within cells (or the intrinsic 
clearance or CLint) and not by the arrival of substrate through membrane 
permeation (CL d) . By contrast, the extraction ratios of high intrinsic clearance 
compounds (CLintlQ > 10) is dramatically modulated by membrane permea­
tion. This phenomenon may be readily explained by considering that the 
rate-controlling step in elimination is not the enzymatic or excretory capacity, 
but permeation through the membrane. The steady-state expression that de­
scribes the rate of change of drug along the length of the liver is given as, 

9 .  

where CL� and CLint,x are the transmembrane and intrinsic clearances at point 
x, respectively. 

The manner in which the presence of a transmembrane barrier influences 
vascular and intracellular events has only recently been illustrated (64--66) . 
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C Lint(mi) / Q  
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0.5 .l{��:<-----------_____________________________________ 0.1 
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Flow Normalized Diffusional Clearance 

(CLd(mil/O) 

1 0' 

Figure 10 Simulation of the effects between the flow (Q)-normalized transmembrane clearances 

of drug (eLd/Q) and metabolite (eLd{mi}/Q), and the flow-normalized intrinsic clearances of 
drug (eLin,/Q) and metabolite (eLin,{mi}/Q) on the extraction ratio of a performed (Ess(pmi)), 
(A), and generated metabolite (E,,(mi)), (B) and (e). Values of drug intrinsic clearance and 
transmembrane clearance were varied: CLint/Q values were la, 5 ,  1 ,  0 .5 ,  0 . 1 ,  0 .0 1 ,  of which 
50% is assumed to conduce to metabolite formation; CL d/Q were 102, 10' ,  10°, 10- 1  and 10-2 
(not all  simulations are shown) . (A) The steady-state hepatic extraction ratio of preformed 
metabolite, Ess(pmi) ,  is independent of clearance parameters of drug, but increases with eL d{mi}1 
Q, especially when the metabolite is reasonably highly cleared (eL;n,(mi)/Q » I) .  (B) EssCmi) 
decreases with increasing CL d{ mi}/Q due to rapid efflux of metabolite into sinusoids, and is 

altered only slightly by drug parameters, CLint and eLd Similar trends are seen for eLin,lQ = 10 
when CL d/Q = 100 or 10. (C) Similar trends in Ess(mi) is seen for eLint/Q = 0.01 and eL d/Q = 
10-2• The shapes of the graphs are not altered when the % formation is altered (from 50% to 10 or 
100%). The numbers adjacent to each graph represent the flow-normalized intrinsic clearance of 
the metabolite, eLint(mi)/Q (taken from ref. 153,  with permission) . 
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646 PANG, XU, & ST-PIERRE 

The probability of a metabolite encountering membrane-barriers for permea­
tion is even greater than for drug since drug biotransformation usually fur­
nishes metabolites of higher polarity than the parent compound to facilitate 
excretion. This is readily demonstrated for drug conjugates such as sulfates 
and glucuronides, which are transferred polar functional groups (98 , 149, 

150), and the glutathione adduct of styrene oxide ( 1 5 1) .  Another example is 
enalaprilat, a dicarboxylic acid metabolite formed from esterolysis of enalap­
ril, an angiotenison converting enzyme inhibitor ( 152, 154, 155) . 

Membrane barrier effects on metabolite formation and further elimination 
have also been examined recently ( 152, 153).  The steady-state expression for 
the rate of change of a generated metabolite is given by the following 
expression: 

_ CL d (mi) I rB•x (mi) Cx(mi)CLint,x (mi) - [CL:rB,x Cxhmi,xCLint ,x/(CL: + CLint,x)] ) 
L [CL�(mi) + CLint,x (mi)] 

10.  

where Cx and Cimi) are the concentrations of drug and generated metabolite 
in sinusoidal blood at any point x, respectively; fB,x and fB,x(mi) correspond 
to the unbound fractions of drug and metabolite in blood at point X; hmi,x is the 
fractional intrinsic clearance at point X for mi formation, and when multiplied 
to the total intrinsic clearance CLint,x at x, the product yields the formation 
intrinsic clearance of mi at x; CLint,x(mi) is the total intrinsic clearance for the 
elimination of mi at x .  CL� and CL�(mi) denote the transmembrane clear­
ances for drug and metabolite at point x, respectively; Q is the total hepatic 
flow rate, and L is the length of the sinusoid. 

The single-pass perfused rat liver, with concomitant adminstration of dif­
ferentially labeled drug and its preformed metabolite, has been found to 
illustrate fully the differential barrier effects on the varying fates between 
preformed and generated metabolites . This experimental condition is deemed 
optimal inasmuch as it precludes recirculation of the venous outflow of the 
formed metabolite, which would behave identically to the preformed metabo­
lite upon re-entry to the liver. The design readily identifies the barrier effect 
on the removal of both the generated and preformed metabolites .  For a 
generated metabolite, a barrier prevents metabolite efflux and causes the 
intracellular accumulation of the generated metabolite. Accumulation of the 
generated metabolite thus exerts a steering effect towards elimination, either 
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METABOLITE DISPOSITION 647 

by excretion or metabolism. For the preformed metabolite, the membrane 
barrier poses as a transport barrier that retards entry , preventing removal of 
the preformed species. 

The steady-state extraction ratios of a preformed vs a generated metabolite 
may be pictorially represented (Figure 10). The presence of a membrane 
barrier on a preformed metabolite (similar for drug) retards its removal 
(displayed as the hepatic extraction ratio Edpmi» , especially when the 
intrinsic clearance of the metabolite is high. Ess(mi), the extraction ratio of the 
formed metabolite shows almost an inverse relationship with CLd(mi), the 
transmembrane clearance of the metabolite, and is additionally influenced by 
CLint(mi) and precursor parameters , CLint and CL d, albeit to lesser degrees 
(Figure 10 ,  B and C). Given the same CLint(mi), decreases in CLd(mi) will 
retard preformed metabolite entry and reduce the hepatic extraction ratio of 
the preformed metabolite (Ess(pmi» (Figure lOA). A general statement may 
be made on metabolite extraction and transmembrane barrier for the metabo­
lite: In absence of a barrier (CL d(mi)!Q is large) ,  Ess(pmi) , the extraction ratio 
of the preformed metabolite is greater than Ess(mi), the extraction ratio of a 
formed metabolite. This observation has been explained previously as the 
kinetic phenomenon in sequential metabolite formation. With the presence of 
a transmembrane barrier, Ess(mi) exceeds Ess(pmi). Indeed, for enalaprilat 
and acetaminophen sulfate, these polar metabolites are excreted to greater 
extents as generated metabolites than as the administered, preformed species 
in single-pass liver perfusion studies (Table 2), despite the similarities in 
transport and excretory mechanisms for each metabolite entity. 

Interplay of Biochemical and Physiological Determinants on 
Drug and_ Metabolite Disposition 
As seen from the above description, drug and metabolite processing is a 
distributed-in-space phenomenon. The phenomenon may be used to explain 

Table 2 Effect of a transmembrane barrier on the extent of 
biliary excretion of preformed vs formed metabolites 

Polar 
metabolite E(MJ)a E(MJ,P)b 

Enalaprilat 0.053 0.256c 

Acetaminophen 0.003d 0.03e 
sulfate 

a extraction ratio of the preformed,  administered metabolite 
b extraction ratio of the fanned metabolite, after administration of 

precursors 
' Enalapril was the precursor. P (data taken from Ref. 155) 
d Data taken from Ref. 98 
e Acetaminophen was the precursor. P (data taken from Ref. 79) 
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648 PANG, XU, & ST-PIERRE 

the kinetic lag for the metabolism of a generated metabolite vs the metabolism 
of its preformed counterpart, disproportionate , downstream metabolite forma­

tion due to the modulation by an anterior pathway among parallel pathways, 
and the effect of hepatic blood flow on downstream metabolite formation. 
Heterogeneities in enzyme distribution will further modify these differences. 
Membrane limitation and protein-binding effects are shown as rate­
determining factors for metabolite formation and disposition. 

These determinants have been studied in isolation or combination, under 
steady-state conditions, with the single-pass perfused liver preparation. Stud­
ies with pulse injection of labeled substrate and metabolite, together with 
noneliminated reference indicators , have been used to identify barrier-limited 
entry ( 1 28 ,  129,  143 ,  149, 1 50,  154) , red cell (87, 88) and plasma and tissue 
protein binding effects (8-10, 96), cellular distribution, and saturation in 

removal ( 1 28 ,  1 29) in the dog liver and in the perfused rat liver preparations. 
The departure from steady-state in this mUltiple indicator dilution technique 

reveals the same, if not more, information on the structure of the liver in drug 
and metabolite handling. However, the mathematical treatments for these 
steady-state and non steady-state methods, which incorporate heterogeneity 
factors and the distributed-in-space phenomenon, have not been applied to the 
in vivo situation where there is recirculation. 

Metabolite Biliary Clearances 

As yet, the dctailed modeling that describes the control of many of the 
biological processes in a distributed-in-space fashion (enzyme-distributed 
modeling) has not been extended to describe venous efflux of substrate back 
to the circulation for re-entry of the liver in the "recirculation mode" . The 
reason is perhaps because much of the detailed mechanisms revealed from 
steady-state, single-pass studies or studies conducted with the multiple in­
dicator dilution technique are dampened with the time for recirculation. To 
describe recirculating events, a simplified physiological modeling approach, 
which views the liver or a tissue/organ as a well-stirred compartment, sub­
compartmentalized as tissue blood, interstitial space, liver tissue and the bile 
compartments , has been used to describe metabolite handling upon recircula­
tion of a bolus dose of the drug and preformed metabolite (23) .  The model 
(Figure 1 1) allows for the incorporation of transmembrane barriers,  irrevers­
ible removal by metabolism or excretion, binding, flow, and volumes, and is 
able to account for the sequential first-pass effects of formed metabolites 
within the liver. The model, however, falls short of a quantitative description 
of the distributed-in-space phenomenon and the influence of enzyme 
heterogeneity, since each compartment is assumed to be homogeneous and 
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Figure 11 A physiological model for the hepatic elimination of enalapril and enalaprilat 
(preformed {pmi} and generated {mil) in the single-pass and recirculating perfused liver prepara­
tion. In the single-pass system, constant input concentrations of drug (Cln) and preformed 
metabolite (Cln{pmi}) are delivered to the liver at constant flow (QLl. The liver is divided into 
three compartments: hepatic plasma, tissue, and bile. Exchange of drug and metabolite between 
plasma and tissue is characterized by influx (in) and efflux (ef) clearances (CL) across the 
sinusoidal (d) membrane. Drug within tissue is metabolized, by the hepatic metabolic intrinsic 
clearance, CL'l'n.L' Biliary excretion of drug and metabolite is a function of bile flow (QBile) and 
the biliary intrinsic clearances, CL�nl.L and CL�nl.L (mi). Efflux of drug and metabolite in venous 
outflow is the product of the corresponding outflow concentrations (COUI) and the venous flow 
rate (QLl. In the recirculating system, outflow plasma recirculates to a reservoir; drug and 
metabolite (preformed and generated) concentrations in the reservoir (CR, CR{pmi} and CR{mi}, 
respectively) represent the input concentrations delivered to the liver (data from ref. 23). 

well-mixed. Nonetheless, results from both single-pass delivery and re­
circulation of injected doses of [14C]enalapril and eHlenalaprilat with this 
method suggest a membrane barrier-limitation for the liver cell entry of 
enalaprilat: Es.(pmi) being less than Ess(mi) in single-pass studies (Figure 12), 
and accumulation of [14C]enalaprilat upon recirculation of [14C]enalapril 
(Figure 13) .  Thus, this simplified model can identify the rate-limiting step in 
describing the uni-enzyme metabolism of a drug (enalapril) and the excretion 
of the metabolite (enalaprilat). 

The results from the single-pass and recirculating liver experiments of drug 
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650 PANG, xu, & ST-PIERRE 

and preformed metabolite have also led to another observation (23) .  Since 
enalapril solely forms enalaprilat, which is only biliarily excreted, the biliary 
clearance of the formed and preformed enalaprilat may be compared. While 
the biliary excretion clearance of preformed [3H]enalaprilat in recirculation 
readily reaches a constant value (similar to that in single-pass experiments), 
the excretion clearance of formed e4C]enalaprilat is time-dependent and 
higher. With [ 14C]enalapril becoming depleted with perfusion time, the 
biliary clearance of the [ 14C]enalaprilat then approaches that for pre­
formed CH]enalaprilat. This observation is based on the time-dependency 
for the dual contributors for excretion: the intracellularly formed and the 
[ 14C]enalaprilat in the systemic circulation, since the expression normally 
applied for estimation of the apparent biliary excretion clearance of the 
metabolite is given by, 

excretion rate of formed metabolite CLb,app (mi) = --;--;---:--:------:---:-:----;;--;:----;----;--;c;c­midpoint concentration of formed metabolite 

excretion rate of [ intracellular + circulating] metabolite 
midpoint concentration of formed metabolite 1 1 .  

With perfusion time in the recirculating system, less metabolite production 
occurs and the intracellular component becomes smaller. When the drug is no 
longer present, the biliary clearance of the formed metabolite is attributed 
mainly to the circulating e4C]enalaprilat, which is handled identically to that 
for preformed CH]enalaprilat (Figure 13) .  

METABOLITE KINETICS IN THE PRESENCE OF OTHER 

PARALLEL METABOLITE FORMATION ORGANS : 

LIVER AND KIDNEY 

The liver and kidney, which receive parallel arterial blood supplies, are major 
organs responsible for the elimination of most xenobiotics. The interorgan 
relationships between the liver and kidney has recently been studied with a 
physiological model (Figure 14) and the rat liver and kidney preparations, 
perfused in parallel with a red cell-albumin medium ( 1 56). Again, the pre­
cursor e4C]enalapril-product eH]enalaprilat pair has been used to illustrate 
these principles, since both the liver and kidney form enalaprilat from enalap­
ril, then both species are excreted into bile and urine. After administration of 
the loading doses and continuous infusions of [ 14C]enalapril and preformed 
[3H]enalaprilat into the reservoir, steady-state conditions are readily achieved 
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Figure 12 Hepatic handling of simultaneously delivered tracer conct ltrations of [ 14C]enalapril 
and preformed eHlenalaprilat in the single-pass in situ perfused liver, jlerfused at 10 ml min- I . 
(A) The observed bile flow rat (QBHe) was interpolated by a cubic spline for use in the fitting 
procedure. (B) The venous plasma concentration-time profiles for [ 14C]enalapril (EN; closed 
circles), generated [ 14C]enalaprilat (mi; closed diamonds) and preformed [3H]enalaprilat (pmi; 
open diamonds); outflow concentrations are expressed as % inflow concentration. (C) Biliary 
excretion clearances of [ 14C]enalapril and preformed [3H]enalaprilat and (D) metabolite extrac­
tion ratio for preformed and intrahepatic enalaprilat. The symbols have the same meaning as in 
(B). The observed data (symbosl, mean:!:S.D.,  n=5) and the fitted data (lines) predicted by the 
model are shown (data from ref. 23). 

for e4C]enalapril and eH]enalaprilat in the reservoir, but not for the formed 
metabolite , [ 14C]enalaprilat, which continues to accumulate (Figure 1 5C). 
For the administered species [ 14C]enalapril and eH]enalaprilat, their biliary 
clearances and fractional excretion FE (unbound urinary clearance/glomerular 
filtration rate) are similar to those obtained for the recirculating liver and 
kidney, respectively: net reabsorption for enalapril and net filtration for 
preformed enalaprilat ( 156, 157). The biliary clearance and fractional excre­
tion values of the formed e4C]enalaprilat (FE are greater than those for 
[3HJenalaprilat, decreasing with perfusion time, after an initial increase (Fig­
ure 1 5 ,  D and E) . The trends, very similarly displayed by both the kidney and 
liver (Figure 15 ,  D and E), indicate that these organs are metabolite formation 
and excretion organs (19 ,  23, 1 56,  157) , and reveal the duality of the origins 
of the excreted species (Eq. 1 1 ) .  

When the condition of combined, recirculating perfusion i s  simulated with 
a physiological model (Figure 14), which effectively combines the liver and 
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Figure 13 Time profiles for ['4Clenalapril (EN; solid circles) , generated ['4Clenalaprilat (mi; 
solid diamonds) and prefonned [3Hlenalaprilat (pmi; open diamonds) upon simultaneous addition 
of a tracer bolus dose of ['4Clenalapril and prefonned ['Hlenalaprilat to the reservoir of the 
recirculating rat liver, perfused at constant flow rat ( 10  ml min- I liver- I ) .  (A) The observed bile 
flow rate (QBde) was interpolated by a cubic spline (line) for use in the simulation. (B) Reservoir 
plasma concentrations, expressed in tenns of perfusate plasma concentration at time""O post 
injection. (C) Biliary clearances. The observed data (symbols, mean±S .D. , n=6) and the 
simulated data (line) are shown (data from ref. 23). 

kidney models, the metabolic clearance and/or biliary and urinary excretion 
clearances of preformed enalapril and preformed enalaprilat again show no 
change for the liver alone, or in presence of the kidney; the converse also 
holds true. However, for the formed metabolite arising from drug, there is a 
faster and greater accumulation of metabolite in reservoir for the combined 
liver-kidney preparation over the isolated kidney and liver preparations , due 
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Figure 14 A physiological model for renal and hepatic elimination of enalapril and enelaprilat 
(preformed {pmi} and generated {mil) in the combined perfusion of the rat liver and kidney (LK). 
Reservoir concentrations of drug (CR) and preformed (CR{pmi}) and generated (CR{mi}) metabo­
lites are delivered to the liver and kidney at constant plasma flows (QL and QK, respectively) . The 
liver is divided into three compartments as in Figure 1 1 .  The exchange of drug and metabolite 
between hepatic plasma and tissue is characterized by influx (in) and efflux (ef) clearances (CL) 
across the sinusoidal (d) membrane. Drug within hepatic tissue is metabolized, with a hepatic 
metabolic intrinsic clearance, CL'1'nt.L' Biliary excretion of drug and metabolite is a function of 
bile flow (QSile) and the biliary intrinsic clearances, CL�nt,L and CL�nt,L {mil. The efflux rate of 
drug and metabolite in venous outflow is the product of the corresponding hepatic outflow 
concentrations (COut) and the venous flow rate (Q d. The kidney. receiving a parallel arterial 
supply (QK) from the reservoir (data from ref. 156, with permission). 
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Figure 15 Experimentally observed data (symbols) and simulated curves (lines) predicted by 
the model for [14C]enalapril (EN; solid circles), its generated metabolite, [14C]enalaprilat (mi; 
solid diamonds), and preformed [3H]enalaprilat (pmi; open diamonds), after administration of a 
loading dose and constant infusion of [ 14C]cnalapril and [3H]-enalaprilat to the reservoir of the 
combined, recirculating liver and kidney preparation, perfused at 10 ml min-1 organ - I .  Splined 
data (lines) for (A) the observed GRF (solid squares) and urine flow rates (open squares), and (B) 
bile flow rates (open squares) were used for simulations. (C) Reservoir plasma concentrations, 
expressed in terms of perfusate plasma concentration at t=O, (D) the unbound urinary clearances/ 
GPR (fractional excretions), and (E) biliary clearances were plotted against perfusion time. Data 
are mean:tS.D. , n=6, and from ref. 1 56, with permission. 
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METABOLITE DISPOSITION 655 

to the presence of an additional metabolite formation organ (Figure 16A). The 
biliary (Figure 16B) and urinary (Figure 16C) clearances for the formed 
metabolite in the combined liver-kidney preparation also differ from those for 

the liver and kidney preparations, respectively . In the presence of another 
metabolite formation organ, greater accumulation of the formed metabolite 
results in the reservoir; estimation of the apparent excretory (urinary and 

(A) 
t: 180 
0 ·e , , 
C 135 LK ..... 
'" , , 
u , t: - � - - -.- - - - -
0 90 0 () 
'0 2 45 Q) V> Q) 
a:: 

(8) 
-

c 'E 
I l .  

2l c 3 � 
!1l Q) <3 
� jg 

CD - - - - - - - - -

(C) 
., 

c E 
I 3 
Q) u co !!! 2 
<1l Q) <3 
� '" 0 c ·co - - - - - - - - - - - - - - - - - - • 

:J 
20 40 60 80 

Time (min) 

Figure 16 The effects of multiple metabolite formation organ and volume of reservoir on 
excretion clearances of the formed metabolite. (A) Reservoir plasma concentrations, (B) biliary 
excretion clearances, and (C) urinary clearance profiles were simulated for [14C]enalapril (solid 
circles), its generated metabolite [ 14C]enalaprilat (solid diamonds) , and preformed 
[3Hjenalaprilat ( open diamonds), after a loading dose and during steady-state infusion of 
[ 14C]enaiapril and [3Hjenalaprilat, in the recirculating liver (L) and kidney (K) perfused in 
isolation and in the combined perfusion (LK),  when all systems are of the same reservoir size, 
and when LK has double the reservoir size (LK2) (data from ref. 1 56, with permission). 
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biliary) clearance of the formed metabolite in liver-kidney preparation by Eq. 
1 1  will yield lower values than those projected for liver or kidney alone. With 
a doubling of the reservoir size for the liver-kidney preparation, a condition 
tantamount to a dilution of the accumulated concentration of the formed 
metabolite in the reservoir, a rise in the apparent metabolite clearance fol­
lows. The presence of other metabolite formation organs and the size of the 
distribution volume thus alter estimates of the apparent excretory clearances 
of the formed metabolite, but not for the preformed species: drug or pre­
formed metabolite. 

METABOLITE KINETICS IN THE PRESENCE OF OTHER 

SERIAL METABOLITE FORMATION ORGANS : LIVER 

AND INTESTINE 

The intestine, liver, and lung are three drug-metabolizing organs involved in 
the first-pass effect of orally administered substrates. Because of the an­
atomical placement of these organs, the intestine, being anterior, reduces the 
flux of substrate entering the liver and, in turn, the contribution of hepatic,  
then lung metabolism in the overall first-pass effect ( 1 58-162). Intestinally 
formed metabolites may themselves serve as substrates for further hepatic 
metabolism prior to their reaching the general circulation. Although the 
first-pass effect of a drug and its overall assessment are well established, the 
role of the intestine and liver in metabolite formation and consecutive 
metabolism during first-pass and subsequent passes needs appraisal, in­
asmuch as the nature and proportions of metabolites formed differ between 
these first-pass organs. 

The segregation of intestinal and hepatic metabolism in the first-pass effect 
has been studied by both perfusion and in vivo experiments ( 160, 1 63-1 70). 
The first-pass effect by the intestine and liver has been approached by a 
single-pass rat small intestine-liver preparation, with drug entering the super­
ior mesenteric artery, and blank perfusate into the hepatic artery (hepatic 
arterial flow is 33% of intestinal blood flow and 25% of total liver blood flow) 
( 168-1 70). The steady-state extraction ratios of the intestine, EI, and liver, 
EH, and the contribution of each tissue/organ in first-pass metabolism may be 
segregated in this system. The rate of elimination divided by the rate of 
presentation at steady state provides the individual extraction ratios: 

EI 
QpV (CSMA - Cpv) 

QpVCSMA 

EH QpvCpv - QHVCH\; 1 -

QpvCpv 

Cpv 
CSMA 

QHVCHV 
QpvCpv 

12 .  

1 - 1 .333 CHV 1 3 .  
Cpv 
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METABOLITE DISPOSITION 657 

where Cpv, CSMA, CHA and CHV denote the steady-state drug concentrations 
in the portal vein, superior mesenteric artery, hepatic artery , and hepatic vein, 
respectively; QHV, Qpv and QHA represent the hepatic venous, portal venous , 
and hepatic arterial flows, respectively. The ratio of flow rates, QHv/Qpv 
or 1 .333 ( 1017 .5),  is the dilution factor of hepatic venous blood by the drug­
free hepatic artery. Since there is no drug presented to the hepatic artery 
(CHA = 0) , the effective extraction across the intestine and liver (ElL) 
is: 

QpVCSMA - QHV CHV 
QpV CSMA 

1 - 1 .333 CHV 

CSMA 
14 .  

When the metabolites formed from the intestine and liver are conjugates that 
do not undergo further metabolism in both the intestine and liver, the steady­
state formation rate of conjugates for the intestine (VTi ) may be found as the 
product of portal venous flow (Qpv) and the steady-state portal venous 
concentration of the metabolite (Cpv(mi)) ,  plus the time-averaged appearance 
rate of mi into lumen (amount recovered divided by time for collection, 

.1Alumen/.1t) ( 168) : 

.:1 A)umen (mi) 
QpvCpv (mi) + --..,---­

.:1 t  
1 5. 

Since the hepatic venous concentration of the conjugate mi consists of total 
metabolite arising from both intestine and liver metabolism, the steady-state 
hepatic formation rates are obtained as follows: 

�Alumen(mi) 
L1 t  

16 .  

where vITi i s  the hepatic formation rate for the conjugate mi; Cpy { mi l  and 
CHy(mi) are the portal and hepatic venous concentrations of the conjugate , 
respectively; .1Ae(mi)/.1t is the biliary excretion rate of mi, at steady state. 

The contribution of the intestine and liver to the overall elimination is given 
by the ratio of the rate of intestine or liver metabolism to the total rate of 
elimination across the two organs, at steady state: 
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vI EIQpvCSMA EI 17 .  
Vtotal (EICSMA + EHCpV )Qpv EI + EH(l - E1) 

vH EH QpvCpv EH (I -EI) 1 8 .  
Vtotal (EI CSMA + EH CpV ) Qpv EI + EH (1 - EI) 

The individual contribution of the intestine and liver to each conjugation 
pathway in the first-pass effect may be further expressed in terms of the total 
conjugation rate for each conjugate: 

contribution by intestine x 100% 19 .  

contribution by  liver x 100% 20. 

The influence of the intestine on the fraction of total, first-pass elimination 
that is hepatic at different EH values (from 0 to 1) is depicted (Figure 17) .  No 
hepatic elimination occurs when EI was 1 .0 regardless of the values of EH (the 
bottom horizontal line), when the substrate is completely removed prior to 

0.8 
iG 
§ O.S 
> 

J: 
> 0.4 

0.2 

o 0.2 0.4 0.6 0.8 

0.5 

0.7 

0.9 
1 .0 1 . 0  

Figure 1 7  The influence of intestinal extraction ratios on the contribution of the liver to overall 
metabolism at different hepatic extraction ratios (data from ref. 168, with permission). 
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reaching the liver. As EI decreases,  more hepatic elimination becomes notice­
able. The intestine, the anatomically anterior tissue, is first to encounter any 
portally absorbed compound. It regulates the available substrate for hepatic 
metabolism and hence reduces the contribution of hepatic metabolism to the 
total first-pass effect ( 168). In analogy to the competing, parallel conjugative 
pathways within the liver, the intestine will greatly modify the contribution of 
liver metabolism to the first-pass effect due to its ability to deplete substrate 
( 162). 

Typically, intestinal metabolism plays a more significant role in first-pass 
metabolism at low substrate concentrations reaching the superior mesenteric 
artery . With increasing concentration of substrate , saturation of intestinal 
metabolism occurs, and the impact of intestinal metabolism on first-pass 
metabolism is reduced. These aspects should be considered in first-pass 
metabolism when substrates pass successively into the intestine, then the liver 
( 168, 169). 

This behavior is exemplified by gentisamide (GAM), which is principally 
glucuronidated by the intestine and sulfated primarily by the liver. The 
steady-state extraction ratios of the intestine, EJ (0 .33 to 0.06) , and liver, EH 
(0. 84 to 0 .37), found according to Eqs. 1 2  and 1 3 ,  are highly concentration­
dependent, decreasing with GAM concentrations (Figure 1 8); there were with 
concomitant decreased contributions of intestinal glucuronidation (and to a 
lesser extent, sulfation) to the total (sum of intestine and liver) glucuronida­
tion (or sulfation) rate (Figure 1 9; 1 69). Similar trends have been observed for 

1 .0 
0 0.8 .b 
f= , 

, 0 « � 0:: 
z 0.6 0 f= 6 u 0.4 b « , • 0:: 
l-
x 0.2 • LU 

t + + 
0 • 

0 1 00 200 300 400 
INPUT GENTISAMIDE CONCENTRATION 

(J,lM) 

Figure 18 The interrelationships among extraction ratios for the intestine, EI c.t.), liver, EH(_), 
and the effective extraction ratio across the lintestine and liver, ElL (0) with varying input 
gentisamide (GAM) concentration to the organs: intestine, liver, and intestine-liver (Eqs. 12-14) 

(data from ref. 169, with permission). 
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Figure 19 The contribution of the intestine and livcr to the overall first-pass metabolism of 
gentisamide (upper panel, and individual intestinal (middle panel) and hepatic (bottom panel) 
conjugation (sulfation or glucuronidation) rate divided by the sum of the total rate (sum of 
intestine and liver) for the conjugative pathway (Eqs. 19 , 20), at varying input concentrations of 
GAM to the intestine-liver. The symbols were: upper panel, CA.) intestine, and (_) liver; middle 
and bottom panels: (e) GAM-2S, and ( . ) GAM-5G (data from ref. 1 69,  with permission). 

both salicylamide and 4-methylumbelliferone, which are glucuronidated by 
the intestine and sulfated by the liver ( 1 68 ,  170) . 

CONCLUDING REMARKS 

The importance of biological variables on hepatic drug and metabolite clear­
ances and the interplay of these determinants in a distributed-in-space fashion 
have been reviewed, mostly in single-pass liver perfusion studies. As can be 
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seen, any one of these variables may become rate-limiting, and are highly 
dictated by the substrate concentration entering the liver. In some instances ,  it 
is highly probable that the rate-limiting step for the overall uptake process 
may change during a single traverse of drug or metabolite across the length of 
the sinusoid. 

The limitation in the prediction of metabolite kinetics in a recirculating 
system at the present stage of development is restricted to the mere considera­
tion of each organ/tissue or its subcompartments as more simplified, well­
mixed compartments, viz, the physiological modeling approach. This ap­
proach, though failing to describe the distributed-in-space phenomenon with­
in each eliminating organ or incorporate enzyme heterogeneity in metabolite 
formation and sequential metabolism, is nevertheless adequate in expressing 
sequential elimination of metabolites and the rate-limiting step in drug and 
metabolite uptake . 

The field of metabolite kinetics is still at an early stage of development. Its 
quantitative expression requires the identification of the metabolite formation 
organ (58, 156) and knowledge of whether sequential elimination occurs 

within metabolite formation organs or other elimination organs ,  since differ­
ences are expected between serially arranged and parallel, metabolizing 
organs, as discussed here. The effect of a membrane barrier on sequential 
metabolism is yet to be explored and is expected to differ between a formation 
organ and another organ where consecutive metabolism occurs. These com­
plexities , often overlooked when viewing metabolite kinetics , serve as fertile 
grounds for future exploration. 
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