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We examined data from our previous studies in which we not only delivered perfusate containing 
�9 1 4  . �9 . 3 �9 t tracer concentraUons of [ C]phenacetm and its metabohte [ H]acetammophen under constan, 

perfusate flow (10 ml/ min/ liver) into the rat liver preparation just once, but also recirculated fresh 
reservoir perfusate containing a tracer dose of [~4C]phenacetin through the same rat liver 
preparation. From the single-pass studies, estimates of fm the fractional rate of conversion for 

1 4  , . I 4  . ' . �9 �9 a r  [ C]pnenacetm to form [ C]acetammophen, and F(Mp~, the apparent avadabdtty o) 
z4 . . . .  " . z4  . [ C]acetammophen, were obtained by determm,ng the concentrations of [ C]acetammophen m 

the perfusate before and after incubation with GlusuIase. These estimates were f= = 0.871 • O. 16 
and F(M.m = 0.43 • 0.10. These and the steady-state clearance values of phenacetin (9.1 • 
0.8 ml/ min ) and acetaminophen (6. 7 • O. 7 ml/ rain ) from the single-pass studies were used to 
predict the concentrations of [14 C]acetaminophen in the reservoir perfusate on recirculation of 
[14C]phenacetin. We found that the sequential first-pass elimination of the metabolite must be 
considered when the metabolite is highly extracted by the liver. I f  we had neglected to take this into 
account, the fractional rate of conversion of a precursor to form a metabolite and the rate of 
formation of the metabolite would have been underestimated by the factor F(M.m. 

KEY WORDS: sequential first-pass elimination; metabolite; precursor; fractional rate of 
conversion; apparent availability. 

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

A l t h o u g h  the  concep t  of m e t a b o l i t e  m o d e l i n g  is no t  new and  the re  is 
g rowing  conce rn  a b o u t  and  r ecogn i t i on  of  m e t a b o l i t e s  as act ive and  toxic  
subs tances ,  m e t a b o l i t e  k ine t ics  a re  s e l d o m  desc r ibed  in the  l i t e r a tu re  (1-4) .  
A p red ic t ive  m o d e l  for  a m e t a b o l i t e  b e c o m e s  a necess i ty ,  pa r t i cu l a r ly  when  
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Glossary 

Subscripts M, P, and (M,P) denote, respectively, the preformed metabolite, the precursor, and 
the metabolite derived from the precursor. Subscript ss denotes steady-state conditions. 
Subscripts i.v., i.p., and p.o. denote, respectively, the intravenous, the intraperitoneal, and 
the oral routes of administration. 

AUC(p), AUG(M), and AUC(M,p) denote the area under the curve or the integral of the 
equation describing the concentration of a drug between the limits of t = 0 and t = co for the 
precursor, for the preformed metabolite, and for the metabolite formed from a precursor, 
respectively. 

C denotes concentration. 
C(x,), C(P)L, Cim~,~, and Cout(m denote, respectively, the concentrations of the precursor in 

central compartment, in the liver compartment, in blood entering the liver, and in blood 
leaving the liver. 

C(M.p), C(~.e)L, CIn(u.m, and Cout~u.e~ denote, respectively, the concentrations of the metabolite 
in the central compartment, in the liver compartment, in blood entering the liver, and in 
blood leaving the liver, after the administration of a precursor. 

CLp and CL~ denote, respectively, the intravenous or systemic clearance for the precursor and 
for the metabolite. 

C(~.~)~orm~d denotes the concentration of the metabolite formed from the precursor; i.e., 

Dose(p) and Dose~M~ denote, respectively, the doses of the precursor and of the preformed 
metabolite. 

Ee and EM denote, respectively, the hepatic extraction ratios for the precursor and for the 
metabolite; i.e., ( 1 - F e )  and ( 1 - F ~ ) ,  respectively. 

fm denotes the fractional rate of elimination of the precursor to form metabolite M;  fm denotes 
the rate of formation of metabolite/total rate of elimination of precursor. 

F ( ~  denotes hepatic availability of preformed metabolite; i.e., CoutcMJCIn~ur 
F(~.p~ denotes the apparent availability of a metabolite formed immediately from its precursor; 

i.e., Cout(~.e).J C(~.e)~o~m~a,~; Cout(.~t.p),ss is the concentration of metabolite in blood leaving 
the liver; C(M.P)formed.ss is the concentration of the metabolite the concentration of the 
metabolite actually formed from the precursor in the liver under steady-state conditions. 

k' denotes the rate constant for the formation of the metabolite. 
k" denotes the sum of the rate constants for the other elimination processes of the precursor in 

the liver. 
kp and kM denote, respectively, the overall elimination rate constant for the precursor and for 

the metabolite. 
Q denotes hepatic blood flow. 
t denotes time. 
Vp, VR(e), and V~m denote, respectively, the volume of distribution, the volume of the central 

compartment, and the volume of the liver compartment, for the precursor. 
VM, VR(~), and VL(~) denote, respectively, the volume of distribution, the volume of the central 

compartment, and the volume of the liver compartment for the metabolite. 

d r u g  e f f ec t s  a r e  m e d i a t e d  s o l e l y  t h r o u g h  t h e  m e t a b o l i t e  as  in  p r o d r u g  

a d m i n i s t r a t i o n .  

T h e  i n t e n t  of  t h e  p r e s e n t  a r t i c l e  is to  e x a m i n e  o u r  p r e v i o u s l y  p u b l i s h e d  

d a t a  (5) in  w h i c h  t h e  m e t a b o l i t e  of  p h e n a c e t i n ,  a c e t a m i n o p h e n ,  w a s  q u a n -  

t i t a t e d  u n d e r  b o t h  s t e a d y - s t a t e  a n d  q u a s i - s t e a d y - s t a t e  as  w e l l  as l i n e a r  

k i n e t i c  c o n d i t i o n s  a f t e r  t h e  a d m i n i s t r a t i o n  of  t r a c e r  a m o u n t s  of  

[ 1 4 C ] p h e n a c e t i n  in  t h e  p e r f u s e d  r a t  l i v e r  p r e p a r a t i o n .  T h e  e x i s t i n g  
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compartmental  approach, which views the liver as a part of the central 
compartment,  was used to predict, from the steady-state data, the concen- 
trations of [14C]acetaminophen in reservoir perfusate after the addition of a 
tracer amount  of [14C]phenacetin to the reservoir. We found that the 
predictions did not correlate with the observations; the concentrations of 
[tgC]acetaminophen were drastically overestimated. Therefore,  we 
modeled the liver as a compartment  separate from the central compartment  
and hence examined the effects of sequential first-pass elimination of the 
metabolite in prediction of metabolite concentrations. 

T H E O R E T I C A L  

It is assumed that the liver is the only eliminating organ for the 
precursor (P) and its metabolite (M) and that linear kinetic conditions occur 
whereby 

1. The clearances of both the precursor and the metabolite, CLp and 
CLM, respectively, are coneentration independent.  

2. The unbound fractions of the precursor and the metabolite in blood 
are constant (6). 

3o The ratio of the rate of conversion of a precursor to a metabolite to 
the total rate of precursor elimination, fro, is a constant; fr~ multi- 
plied by the rate of elimination of P thus equals the rate of formation 
of M. 

Oniy the simplest case is considered in the present analysis. It is assumed 
that the volume of liver is negligible compared to that of blood or plasma and 
that equilibration of the drug between the blood or plasma and the tissue 
occurs .instantaneously. 

The Liver as Part of the Central Compartment  

In the simplest case, the drug in blood or plasma equilibrates so rapidly 
with the drug in organs and tissues that any changes in drug concentration 
would be reflected in the blood or plasma (central compartment)  and the 
body behaves as a single compartment  where elimination takes place. In 
such an instance, a one-compartment  model describes the kinetics of a drug 
and a two-compartment  model describes the kinetics of the metabolite 
(Fig. 1A). 

Consider that a precursor, P, is converted to a metabolite, _M, with a rate 
constant, k'  (Fig. 1A). Biotransformation of the precursor to other metab- 
olites and biliary excretion of the precursor proceed with rate constants 
whose sum is k". The overall elimination rate constant for the precursor, kp, 
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(A) COMPARTMENTAL MODEL 

PRECURSOR COMPARTMENT METABOLITE COMPARTMENT 

{BIPERFUSION-LIMITED MODEL 

LIVER 
k" Cin 0 

k M 

COut O 

kp=k'4 k" 

BODY 

Cp 1VR 
CM 

Fig. 1. A: One-compartment open model for the precursor and the 
metabolite. P and M denote the precursor and the metabolite, 
respectively. Vp and VM denote the volumes of distribution of 
the precursor and the metabolite, respectively, kM and kp 
denote the overall elimination rate constants for the metabolite 
and the precursor, respectively; the latter is equal to the sum of the 
rate constant for the formation of the metabolite, k', and all other 
constants of elimination, k". B: The liver as a discrete compart- 
ment. The liver, a drug-eliminating compartment, is connected to 
the reservoir, a noneliminating compartment, via hepatic blood 
flow (Q). C1n and Cout denote the concentrations of the blood 
entering the liver and leaving the liver, respectively. Ce and CM 
denote the concentrations of the precursor and the metabolite, 
respectively. 

is the sum of k' and k", and the overall elimination rate constant for the 
metabolite is denoted by kM. By definition, the fraction of the dose of P 
which forms M, f,,, is given by 

o r  

f~ = k ' / k p  (1) 

k' = fmkp (1A) 

The rate equations which describe the change of material in each 
compartment after an intravenous (i.v.) dose of P [Dose(p)i.v.] are 

Vp dC~p~/ dt = - k p  VpC(p~ (2) 
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for precursor and 

VM dC(~,e)/  dt = k '  VeC(e) - kM V~C(M,e~ (3) 

for metabolite, where Vp and V~ denote,  respectively, the volumes of 
distribution of the precursor and the metabolite. 

The equations which describe the concentration of P and M in the 
systemic blood at any time t [C(F) and C(M,e), respectively] are obtained by 
solving simultaneous equations 2 and 3: 

Dose(p)i.v. e -ke* 
C(p~ = (4) 

Vp 

k'Dose(~,)i.v.[e-kr'~ _ e-kMt] 
C(~,p~ = (5) 

V M ( k ~  - ke)  

On substitution of equation 1A into equation 5, we obtain 

fmkeDose(e)i.,,.[e-k~" _ e-kMt] 
C(M,e~ = (5A) 

VM (kM -- ke)  

On integration of equations 4 and 5A between the limits t = 0 and t = oe, the 
area under the curve for the precursor [AUC(e)i.v.] and the area under the 
curve for the metabolite as formed from its precursor [AUC(M,e)] are 

AUC(p) i .v .  = Dose(e)i. , , . /keVe = Dose(e)i.v./CLp (6) 

AUC(M,e~ = fmDose(p)i.,,./kMVM = fmDose(p)i.,,./CLM (7) 

where the intravenous or systemic clearances of the precursor and the 
metabolite, CLe and CLM, respectively, are given by the products of their 
rate constants and the volumes of distribution. The area under the curve of 
the metabolite [AUC(M,p)] is the same for all routes of administration of P 
when P is absorbed completely and unchanged. Furthermore,  the relation- 
ships among the area under the curve, clearance, and the dose hold 
regardless of the number  of nonelimination compartments into which both 
the precursor and the metabolite become distributed; a nonelimination 
compartment  is defined as a compartment  that does not contain any system 
that eliminates the drug or the metabolite from the body. 

The intravenous clearance of the metabolite can be obtained from an 
intravenous dose of the metabolite [Dose(M~i.v.], and the area under the 
curve of the preformed metabolite [AUC(M)I.v.] is 

CLM = Dose (M) i . v . /AUC(M) i .v .  (8)  

After substituting equation 8 into equation 7 and rearranging the resulting 
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equation, we obtain the fraction of the dose of P which forms M:  

frn = AUC(M,p)Dose(M)i.v. (9) 
AUC(M)i.v.Dose(p) 

Note that, according to the one-compartment model, fm may be 
estimated after intravenous administration of M and of P by any route of 
administration, including intravenously. 

The Liver as a Compartment  Separate from the Central Compartment  

The liver, an eliminating organ, is connected to the central compart- 
ment via blood flow, Q (Fig. 1B). When the liver is the only eliminating 
organ, and all other organs are rapidly equilibrated with the central 
compartment, a situation analogous to the liver perfusion system is 
established where the central compartment is equivalent to the reservoir. 
Elimination of a precursor and its metabolite occurs in the liver either by 
metabolism or by biliary excretion. After the introduction of a bolus of drug 
into the reservoir (equivalent to intravenous administration), the concen- 
tration of the drug in the reservoir is the same as that entering the liver (C~), 
and the concentration of the drug entering the reservoir is the same as that 
leaving the liver (Co~t). 

When elimination is perfusion rate iimited (that is, there is no 
diffusional barrier for a drug or a metabolite to reach its site of elimination), 
the drug in the blood emerging from the organ is in equilibrium with that in 
the organ (7). The rate equations which describe the rates of change of 
material in the reservoir (of volume VR) and the liver (of volume VL) a r e  

VR,p, dC(m/ dt = OCout . . , -  QG.(,., (lO) 

VL~m dC(p)L/ dt = OCIn(m - QCout,e,- ke VL(m C(m~ (11) 

for precursor and 

Vn(M) dC(M.p)/ dt = OCout~.,.)= QCI.,~.,.~ (12) 

V~M~ dC(M.e)L/ dt = f,,F(M.pIQEvGn(~ + QGn~M.~,- QCou,,,~.m - QEMC~n(M.p) (13) 

rate of change of net contribution from rate in rate out elimination on recireulation of 
drug liver precursor (after sequential preformed metabolite 

first-pass elimination of 

metabolite) 

for metabolite, where F(M,p) is the apparent availability of the metabolite 
derived immediately from the precursor and is the ratio of the steady-state 
concentration of the metabolite in the hepatic venous blood to the steady- 



Sequential First-Pass Elimination 281 

state concentration of the metabolite which is actually formed in the liver 
(5). Hence the total concentration of the metabolite formed immediately 
from its precursor is higher than the concentration of the metabolite which is 
detected in the hepatic venous blood when there is sequential first-pass 
elimination of the metabolite. 

When the volume of the liver is negligible compared to the volume of 
the reservoir, the terms VL(~ dC(mL/dt and VL(M~ dC(M,l,)~/dt may be set to 
zero. By solving equations 10-13 simultaneously, we obtain the following 
equations which describe the concentrations of the precursor and the 
metabolite in the central compartment  (reservoir) at any time: 

Dose(p)i.v. e-OEpt/Vre(P) 
C(p~ = (14) 

VR(p) 

CM, PI f,F(M, mDose(z,~i.v.[ E _~Ep/VR~ ] 
- "  urn., o MI VT ,--b-f A vR .,J 

x [e-Oe~t/vR(P, - e-OEMt/VR(~,] (15) 

Since the volume of the liver (VL) is small compared to the volume of 
the central compartment  (VR), the volume of the central compartment  
becomes the volume of distribution of the drug and the metabolite. Also, as 
the product  QE is clearance, Q E / V  becomes the overall elimination rate 
constant. Therefore,  equations 14 and 15 can be expressed as 

--kpt 
Oose(p)i.v. e 

C(p~ = (14A) 
v,, 

fmkeF(M, mDose(mi.v.[ e-k,t _ e-k~'*] 
C(M.m -- (15A) 

VM (kM - kp) 

Note that equation 14A is the same as equation 4. However,  the 
equation for the concentration of the metabolite (equation 15A) according 
to this approach (the liver as a separate compartment),  in contrast to that for 
the former approach (the liver as part of the central compartment,  equation 
5A), reflects the sequential first-pass elimination of the metabolite. 

On integration of equations 14A and 15A between the limits of t = 0 
and t = eo, we obtain the area under the curve for the precursor [AUC(e~i.v.] 
and for the metabolite [AUC(M,e~] (5): 

AUC(p) i .v .  = Dose(mi.v./k~,Ve = Dose(mi.v./CL t, (16) 

f,~F(M, mDose(v)~.v, fmF(M.v)Dose(v)~.v. 
AUC(M,p) = k M V M  - -  CLM (17) 
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The area under the curve of the metabolite is the same for all routes of 
administration of P when all of P is completely absorbed unchanged. 
Furthermore, the relationships among the area under the curve, clearance, 
and the dose hold regardless of the number of nonelimination compartments 
and the volume of the liver considered for both the precursor and the 
metabolite. 

When the apparent availability of the metabolite F(M,p~ is identical to 
the availability of the preformed metabolite, F(M~, the area under the curve 
of the metabolite becomes (4) 

fmF(M)Dosep 
AUC(M.p) - (17A) 

CLM 

The area under the curve following either an intraperitoneal (i.p.) or 
oral (p.o.) dose of the metabolite [DoSe(M)] when the metabolite is totally 
absorbed unchanged via the portal venous blood is 

F(M)DOse(M)i.p, or p.o. 
A U C ( M ) i . p .  or p.o. - ( 1 8 )  

C L M  

After substitution of equation 17A into equation 18 and on rearrangement 
of the terms, the fraction of the dose of P which is converted to M, fro, is given 
by (8) 

AVC(M,P)DOSe(M)i.p, or p.o. 
f~ = (19) 

A U C ( M ) i . p .  or o.o.Dose(p~ 

Note that P may be administered by any route but that M should be 
administered either orally or intraperitoneally but not intravenously when 
F(M,p~ is significantly less than 1.0. When F(M.p~ nearly equals 1.0, M may be 
administered by any route. 

DATA ANALYSIS 

Data analysis was performed on our published results (5) in which we 
passed perfusate containing tracer concentrations of both [14C]phenacetin 
(specific activity 55.7 mCi/mmole) and its metabolite [3H]acetaminophen 
(specific activity 937.5 mCi/mmole) for 40 min only once through the 
rat liver preparations (single pass) under constant perfusate flow 
(10 ml/min/liver). Additionally, we recycled fresh perfusate containing a 
tracer dose of [14C]phenacetin in the reservoir (equivalent to intravenous 
administration) for the subsequent 120 min under constant perfusate flow 
(10 ml/min/liver) through the same rat liver preparation (Fig. 2). The 
validity of all the assumptions stated previously was verified in the system. 
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Fig. 2. Design of the experiment--a single pass (40 rain) followed by 
recirculation of perfusate (120 rain). Peffusate containing a constant input 
concentration of [3H]acetaminophen and [14C]phenacetin was delivered 
under constant perfusate flow (10 ml/min) to the rat liver preparation. 
The rates of input of [3H]acetaminophen [Rate In (A*)] and of 
[14C]phenacetin [Rate In (P)] represent the product of flow and their 
respective input concentrations. The rate out (flow xoutput con- 
centration) for [3H]acetaminophen (A*), [3H]acetaminophen sulfate 
conjugate (S*), [anc]phenacetm. (P), and [14C]acetammophen" 
sulfate conjugate (S) in the effluent ~erfusate are represented by solid lines 
( ). The rates of appearance of [ H]acetaminophen and its metabolites 
and of [t4C]phenacetin and its metabolites in bile are shown by dotted 
lines ( . . . .  ). G and G* represent [14C]acetaminophen glucuronide con- 
. 3 . . . .  jugate and [ H]acetammophen glucuromde conjugate, respectwely. The 
recirculating design consisted of recirculation of perfusate containing a 
dose of [14C]phenacetin in the reservoir. The dashed lines ( . . . .  ) 
represent the extrapolated line of the logarithmic terminal linear portion 
of the [14C]acetaminophen (metabolite) curve and the residual line 
obtained by taking the difference between the extrapolated Jine and the 
metabolite curve. 
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Also, biliary excretion of [14C]phenacetin and of [3H]acetaminophen was 
negligible (< 1%) compared to the amount of drug and preformed metab- 
olite infused (5). 

Single Pass  of Perfusate  

The concentrations of [14C]phenacetin and [3H]acetaminophen in the 
input perfusate and the concentrations of [14C]phenacetin, [14C]acet- 
aminophen, and [3H]acetaminophen in the output perfusate were assayed 
before and after incubation with Glusulase. Assays after treatment with 
Glusulase, an enzyme preparation which contains fl-glucuronidase and 
arylsulfatase and thus catalyzes the hydrolysis of both [14C]acetamino- 
phen sulfate conjugate and [14C]acetaminophen glucuronide conjugate, 
furnished the steady-state concentrations of the metabolite actually formed 
[C(M,P)f . . . .  d ] .  

The fractional conversion of phenacetin to form acetaminophen, [,., is 
given by (5) 

frn = C(M,P)f . . . .  d,ss/[CIn(pLs s -- Cout,,,.s,] (20) 

The apparent availability of the metabolite, F(M,p), is given by the ratio 
of the steady-state concentration of acetaminophen in perfusate leaving the 
liver to the steady-state concentration of acetaminophen actually formed 
(5): 

Cout~M,~,,o, (21) 
F(M.p) -- C(M,P)formed,ss 

The rate constants for the elimination of phenacetin and acetaminophen, ke 
and kM, respectively, were calculated by the relationship k = QE/V .  

These rate constants, together with fm and F(~,e) for the individual 
experiments, are shown in Table I. 

Table I. Summarized Data from the Single-Pass Design Which Were Utilized for 
Prediction of the Recirculating Design 

kp ~ k~ b 
Study No. fm F(m,e) (min -x) (min -1) 

A 0.599 0.535 0.0364 0.0248 
B 0.814 0.359 0.0495 0.0405 
C 1.05 0.280 0.0582 0.0473 
D 1.03 0.447 0.0514 0.0461 

ake is calculated by QEp/VRw). 
bkM is calculated by QEM/VRtM). 
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Recirculation of Perfusate 

The volume of distribution was virtually identical to the volume of the 
reservoir perfusate for both phenacetin and acetaminophen in the system 
(5). Data from the recirculating experiments for both phenacetin and 
acetaminophen were fitted simultaneously (equations 4 and 5A or 15A) 
by the nonlinear curve-fitting computer program MLAB (9). Weights 
(1/concentration) were incorporated into the curve-fitting procedure. Four 
parameters were estimated: the concentration of the precursor at zero time, 
kp, kM, and either fm (equation 5A) or the product fmF(M,e) (equation 15A). 
The values for fm in the latter product were calculated by dividing the 
product [fmF(M,e}] by the experimentally derived values of FcM, e ~ which were 
obtained in the single-pass experiment. 

The measured area under the curve of the metabolite [AUC(M,p)] w a s  

also used to estimate fm according to both equations 7 and 17. The CLM and 
F(M,p) values used in the calculations were obtained from the single-pass 
experiment in the same rat preparation. 

RESULTS 

Predictions from the Data of the Single-Pass Experiment 

On modeling the liver as a part of a single compartment (Fig. 1A), good 
predictions were obtained for the concentrations of the precursor 
[14C]phenacetin in the reservoir perfusate. But the predicted concentrations 
of the metabolite [14C]acetaminophen were drastically overestimated (Fig. 
3A-D). By contrast, on modeling the liver as a discrete compartment 
separate from the central compartment (Fig. 1B), good predictions were 
obtained for the concentrations of both the precursor and the metabolite 
(Fig. 3A-D). 

Estimation of fm from the Recirculating Experiment 

The results of the curve-fitting procedure according to either equations 
4 and 5A or equations 4 and 15A were generally satisfactory. The fro values 
obtained by the curve-fitting procedure and those calculated from the area 
under the curve of the metabolite [AUC(M,m] (equation 7 or equation 17) 
were compared to the experimentally derived values obtained during the 
single-pass experiments (Table II). 

The fm values obtained on modeling the liver as a part of the central 
compartment were underestimated in both instances; those obtained on 
modeling the liver as a discrete compartment separate from the central 
compartment were in close agreement with the observations (Table II). The 
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Fig. 3. Discrimination between the models. The decline of [14C]phenacetin according to 
both models ( ) and the appearance of [14C]acetaminophen according to the model 
with the liver as a separate compartment  ( . . . .  ) and according to the model with the 
liver as a part of the central compartment  ( - - - )  were simulated for studies A and B 
based on the data obtained from the single-pass design (Table II) and equations 4, 5A, 
and 15A; [] and A denote  the  observed concentrations of [14C]phenacetin and 
[a4C]acetaminophen, respectively. 

difference between the es t imated/ , ,  values according to the two models is 
the factor F(M.p). 

D I S C U S S I O N  

The examination of the simplest approach, a one-compartment  model 
for the precursor, and a two-compartment  model for the metabolite, as 
exemplified by phenacetin and acetaminophen in the perfused rat liver 
preparation,  revealed that while the time course of the precursor is well 
described, the time course for the metabolite is poorly indicated (Fig. 
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Table II. Fraction of the Dose of the Precursor, fro, as Estimated by the Compartment Model 
and the Perfusion Model 

f,, estimated from the 
curve-fitting procedure 

fm estimated from the 
area under curve 

Study Observed Compartment Perfusion Compartment Perfusion 
No. f,, model ~ model b model ~ modeI d 

A 0.599 0.362 0.677 0.380 0.710 
B 0.814 0.339 0.944 0.304 0.847 
C 1.05 0.333 1.189 0.319 1.139 
D 1.03 0.381 0.852 0.448 1.003 

~Equation 5A. 
bEquation 15A. 
~Equation 7. 
dEquation 19. 

3A-D) .  On adopting the al ternate approach in which the liver is viewed as a 
compar tment  separate  f rom the central compar tment  and considering 
sequential first-pass elimination of the metaboli te  good predictions were 
obtained for the time course of both  the precursor and the metaboli te  (Fig. 
3A-D) .  Deviat ions f rom perfect correlation in the data may be due to a 
decreased viability of the liver preparat ion;  the recirculation part  of each 
exper iment  always followed the single-pass part  of the experiment.  

The  est imated f,, obtained f rom the curve-fitting procedure  and with 
the area under  the curve of the metabol i te  reveals that when the liver is 
incorporated into the central compar tment ,  this fraction (f,~) may be 
drastically underest imated if there is a significant sequential first-pass 
elimination of the metaboli te  (Table II). The alternate approach with the 
liver as a separate  compar tment  accounts for this effect and hence furnishes 
a bet ter  estimate of fro. Again, deviations f rom perfect  correlations suggest a 
decreased viability of the liver preparat ion.  

All our  findings support  the view that sequential first-pass elimination 
of the metaboli te  acetaminophen occurs. Indeed,  sequential first-pass 
elimination of the metaboli te  occurred, as evidenced by the presence of the 
secondary metaboli te  [14c]acetaminophen sulfate conjugate in the outflow 
perfusate on passage of [14C]phenacetin only once through the liver prep-  
aration (Fig. 2). Moreover ,  there is a significant sequential first-pass effect of 
the metabol i te  [F(M,m = 0.42] (5). When this effect is not considered in the 
metabol i te  data, the fractional rate of conversion of the precursor to form 
the metaboli te ,  fro, and the rate constant of format ion of the metaboli te ,  k ' ,  
will be underest imated by the factor F(M.e~. 

The model  in which the liver is part  of the central compar tment ,  
however,  was shown by other  investigators to simulate very adequately 
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metabolite concentrations such as salicylic acid formed from acetylsalicylic 
acid in man (1), biotransformed products from chlordiazepoxide in the dog 
(2), and metabolites from Nn-ethoxyacetylsulfamethazole in the monkey 
(3), even when the effects of sequential first-pass elimination of the 
metabolite were ignored. But a close examination of the data revealed that 
the liver extraction ratios of the metabolites were low. The intravenous 
clearance of salicyclic acid in man (2) was calculated to be 0.024 liters/min, 
and thus the hepatic extraction ratio should be about 0.016 [liver blood flow 
in man was assumed to be 1.5 liters/min, and the contributions of renal 
clearance (10) and renal metabolism (11) had been ignored in the cal- 
culation]. The intravenous clearances of the metabolites of chlordiazep- 
oxide (2), RO-550883/1 and RO-520921, were 0.64 and 0.79 ml/min/kg, 
respectively; hence their hepatic extraction ratios should be about 0.018 
and 0.023, respectively (assuming the perfusion rate to the liver was 1 ml/ 
min/g liver). The intravenous clearances of the three N4-ethoxy- 
acetylsulfamethoxazole metabolites (N4-hydroxyacetylsulfamethoxazole, 
sulfamethoxazole, and N4-acetylsulfamethoxazole) were 17.03, 2.23, and 
11.11 ml/min, respectively; hence their maximal hepatic extraction ratios 
should be about 0.12, 0.016, and 0.14, respectively (assuming that liver 
weight was 3.5% body weight and hepatic perfusion rate was i ml/min/g 
liver). For metabolites such as salicylic acid, RO-50883/1, and RO-520921, 
whose hepatic availability approaches unity, the rate constants of formation 
(k') estimated according to equation 5 approximate the true values, and 
hence the fm values (equation 5A) would correspondingly be in agreement 
with the true values. Because the F~M.p~ values equal nearly 1.0 in these 
experiments, the simulated metabolite curves are in close agreement with 
the observed data and the estimation of the fm values by a ratio of the areas 
of the metabolite after the intravenous administration of the metab- 
olite and its precursor (equation 9) would be valid. The metabolites of 
Na-ethoxyacetylsulfamethoxazole, however, have appreciable extraction 
ratios (0.12 and 0.14). After accommodating the disposition curve of the 
parent drug, the simulated metabolite curves are higher than that for the 
observed data (3). The error of underestimation of fm for a terminal 
metabolite from a given drug will be augmented when the metabolites are 
formed in sequence, for example, the fractional conversion (fro) of isoniazid 
to isonicotinuric acid via acetylisoniazid and isonicotinic acid (12); the factor 
by which the overall fm is underestimated is the overall apparent availability 
of the terminal metabolite F(M,P)OVERALL or the product of the apparent 
availability of the terminal metabolite and all the apparent availabilities of 
the preceding metabolites. 

For a metabolite which has a significant sequential first-pass effect, 
underestimation of the rate constant of the formation of the metabolite (k') 
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and the fractional rate of conversion (fro) by a factor of F(M.p~ is anticipated. 
The conventional method with a comparison of the areas under  the 
metaboli te  curve after intravenous administration of the metabol i te  and of 
the precursor (equation 9) would also underest imate  the parameters  by the 
same factor. By contrast, incorporation of F(M,p ) would overcome such an 
inadequacy. It  is frequently assumed that the availability of the preformed 
metabol i te  and the availability of a metaboli te  immediately derived from a 
precursor  are identical, that is, F(M)= FCM, p). The assumption, however,  is 
not always valid (5). The values of F(M) may be greater  than F(M.e~ because of 
the presence of diffusional barriers; a preformed metaboli te  has to gain 
access into hepatocytes while the metaboli te  derived immediately from a 
precursor need not cross the barrier  before it is metabolized. The value of 
F(M) may also be less than F(u ,p  ) because of incomplete mixing of the 
precursor and the metaboli te  in the liver (5). If indeed F(M~ = F(M,p), as it 
would when the liver behaves as a well-mixed compar tment  (7), the 
pa ramete r  fm (hence k')  can be est imated by the ratio of the areas of 
the metaboli te  following the intraportal  administration of a metaboli te  
and the administration of the precursor by any route (8). 

This aspect of the sequential first-pass elimination of the metaboli te  in 
the modeling of metaboli te  kinetics occasionally may be important  in 
therapy. 

For a prodrug that is t ransformed into a drug that is pharmacologically 
active or toxic, a significant sequential first-pass elimination of the drug 
would lead to a lower estimate of fm (or k ')  or a higher estimate for the 
concentrations of the metaboli te.  In these instances, the existing approach 
for the prediction of drug levels after the administration of a prodrug, based 
on the disposition of intravenous drug administration (13), would need to be 
modified. 
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