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A general treatment of enterohepatic recirculation of drugs has been
developed based on the fraction of drug in systemic circulation that
is excreted in the bile and the fraction of drug reabsorbed from the
gut that reaches systemic circulation in each enterohepatic cycle.
The deduced equations make it possible to establish mathematical
relationships between the areas under the blood level curves (AUC)
of a drug when administered to normal and bile duct-cannulated
animals and to predict the effect of enterohepatic recycling on bio-
availability and clearance. The results were compared with those
obtained by other authors using different approaches to enterohe-
patic recirculation, and some discrepancies were found in the equa-
tions describing the effect of enterohepatic recycling on AUC and
bioavailability of drugs. The cause of such discrepancies and the
problems associated with the prediction of hepatic extraction ratio
from in vitro studies are discussed.

KEY WORDS: enterohepatic recirculation; pharmacokinetics; bio-
availability; clearance; biliary excretion; first-pass effect.

INTRODUCTION

The effects of enterohepatic circulation on pharmacoki-
netic parameters such as terminal half-life, clearance, appar-
ent volume of distribution, area under the blood drug con-
centration versus time curve, and bioavailability have been
examined by means of simulation studies and analytical eval-
uations of enterohepatic circulation (1-10). The purpose of
the present study was to develop a mathematical treatment
of enterohepatic circulation of drugs, which, although it as-
sumes linear pharmacokinetics, is based on amounts of drug
that reach systemic circulation rather than on rates of trans-
fer between body compartments.

METHODS

In the framework of this paper, absorption is defined as
the process by which a drug is transferred into the intestinal
wall from the intestinal lumen, and the expression ‘‘com-
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plete absorption’ means that the entire amount of drug dis-
appears from the intestinal lumen by passing across the in-
testinal wall, although it may be subject to intestinal mucosa
metabolism.

In the following analysis, drug disposition was assumed
to be linear. Complete intestinal absorption of unchanged
and conjugated drug excreted in the bile (after hydrolysis of
conjugates in the intestinal lumen) was also assumed in order
to simplify initial descriptions, but corrections for incom-
plete absorption and other features can easily be introduced.
Another assumption was that conjugated drug in systemic
circulation cannot be hydrolyzed to yield the parent drug,
although it may be excreted in the bile and in the urine and
metabolized to other compounds. Descriptions are given in
terms of normal and bile duct-cannulated animals (with re-
absorption and nonreabsorption of drug excreted in the bile,
respectively).

As far as possible, we have used terms (effective dose,
effective clearance, net clearance) described in previously
published works which considered the influence of entero-
hepatic circulation on drug pharmacokinetics (6,9).

Intravenous Administration

Intravenous administration to bile duct-cannulated and
normal animals (the latter with enterohepatic cycling of the
drug) is represented schematically in Fig. 1. After intrave-
nous administration to bile duct-cannulated animals, the
amount of drug reaching systemic circulation is the admin-
istered dose (D), and the amount of drug excreted in the bile
(Ay;v - o) is given by the product Df,, where f;, represents the
fraction of the drug in the systemic circulation that is ex-
creted in the bile as unchanged and/or conjugated drug.

In normal animals, the drug excreted in the bile (Df,)
enters the intestine and, after hydrolysis of conjugates, is
subject to absorption across the intestinal wall and metabolic
first-pass effect by the intestine and the liver. Therefore, the
new amount of drug reaching the systemic circulation is
Df.F,, where F, is the fraction of the drug in the gut that
reaches the systemic circulation unchanged. As a result, E,
= 1 — F, represents the fraction that does not reach sys-
temic circulation as a consequence of the first pass-effect
and may be divided into the fraction of absorbed drug that is
excreted (unchanged and/or conjugated) in the bile (E,) and
the fraction that is irreversibly eliminated (E,,). It is clear,
then, that

F=1—-E =1-(E, + E) (1)

As a consequence of the first-pass effect by the intesti-
nal mucosa and the liver, a fraction of absorbed drug may be
excreted unchanged in the bile (E,,), another fraction may
be metabolized to noncycling species (E,.), and still another
(E.) may be metabolized to drug conjugates. A fraction of
these conjugates (G,) can leave the liver in the hepatic ve-
nous blood and enter systemic circulation, whereas the re-
maining fraction (1 — G) is immediately excreted in the bile.
Conjugated drug in systemic circulation can undergo, in the
next circulatory cycles, biliary excretion and irreversible
elimination (by renal excretion and metabolism to other
compounds). The fraction of conjugated drug in the systemic
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Fig. 1. Schematic representation of bile duct-cannulated animals
(upper part) and normal animals (lower part) receiving an intrave-
nous dose of a drug which can undergo enterchepatic recycling. The
I + L box represents the liver and intestine as a whole, and the large
box represents the systemic circulation. In normal animals, biliary
excreted species are subject (after hydrolysis of conjugates) to first-
pass elimination during absorption.

circulation which is excreted in the bile and the fraction
undergoing irreversible elimination are represented by G,
and 1 — G, respectively. In the following scheme, the
relationship between the different fractions is given:

l( Enc
E, E E.G,

LE; Laa—cg

Then E, (apparent biliary extraction ratio) represents
the sum of the following fractions of absorbed drug:

E,=E,+E. (1-0G)+ EGG
E, + E. (1 -G, + GGy)
= E,, + E.G, )

where G, (=1 — G, + G G,) is the fraction of conjugated
drug formed by first-pass effect which is excreted in the bile.
On the other hand, E,, is the irreversible presystemic meta-
bolic extraction ratio and represents the fraction of absorbed
drug that neither reaches systemic circulation as unchanged
drug nor is excreted in the bile. Therefore, it includes drug
metabolism to noncycling species and irreversible elimina-
tion of conjugated drug, and it represents the sum of the
following fractions of absorbed drug:

Em = Enc + Ech (l - Gsb) = Enc + Ec (1 - Gb) (3)

Ech(l - Gsb)

EchGsb
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The amount of drug excreted in the bile as a conse-
quence of the first-pass effect (Df,E,) and the amount ex-
creted from unchanged drug in the systemic circulation
(Df,’F,) are again subjected to the same process, as shown in
Fig. 2. The sum of all the quantities which appear in the
boxes (those shown and those which would appear if Fig. 2
were extended to infinite cycles) represents the total amount
of unchanged drug that reaches the systemic circulation in
normal animals (D}, _ ), using as a reference the amount that
reaches it in bile duct-cannulated animals (D). In order to
obtain a mathematical expression for D, _,, the sum of all
terms of the indicated series must be calculated (see Appen-
dix). The resulting equation is as follows:

JoFt

et 4
= (oF: + Eo) @

Di_.=D [1 +

D _ . is the “‘effective dose’” for intravenous adminis-
tration, as proposed by Tse et al. (9), which represents the
amount of drug that reaches the systemic circulation in nor-
mal animals in comparison with bile duct-cannulated animals
intravenously dosed (which is the administered dose, D).
Assuming that the total clearance (Cl,) remains constant for
both series of animals, the ratio between ‘‘doses’’ equals the
ratio between areas under the blood level/time curves after
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Fig. 2. Partial view of the enterohepatic recycling process after in-
travenous administration to normal animals. The effective dose (D*)
is the sum of all the quantities in the boxes. Starting from the amount
of drug reaching the systemic circulation in the first cycle (Df,F,),
the next amounts reaching the systemic circulation are equivalent to
Df, F, muitiplied by f,F, (Df,2F 2, from the biliary excretion of drug
in the systemic circulation) and by E, (DfiF.E,, from the biliary
excretion of drug as a consequence of the first-pass effect). This
sequence continues in the other cycles, as can be seen in the lower
part. The sum of all these values is given in the Appendix.
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administration of the same dose to the animals (i.e., the mag-
nitude of D, _  and D is reflected, respectively, by the area
under the blood level curves). Therefore, in the case of in-
travenous administration,

CL = D _ Di 5))
‘7 AUGy_. AUG;,_,
DitAn _ AUCiv—n (6)
D AUGC;,_.

Here AUC,, _. and AUC,, _,, are the areas under the blood
level curves in bile duct-cannulated and normal animals, re-
spectively.

Substituting the ‘‘doses’’ for the respective areas in Eq.

),

SoFy

= i 4 —
AUCiy—y = AUCiv |1 + 7

M

Oral Administration

Bile Duct-Cannulated Animals

Figure 3 shows the schemes corresponding to oral and
intravenous administration to bile duct-cannulated animals.
The amount of drug reaching systemic circulation after oral
administration is DF,, and F, can be calculated as follows:

. AUCor ®
¢ AUG;, .

where or—c indicates oral administration to bile duct-
cannulated animals.
It is important to note the difference between f,, and E

Dose
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Apor-c = DEp + DFfy,

Fig. 3. Schemes for intravenous (upper part) and oral (lower part)
administration in bile duct-cannulated animals. Ay, _. and Ay, _.
are the amounts of drug excreted in the bile after intravenous and
oral administration, respectively.
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in Fig. 3. f, is the fraction of intravenously administered
dose that is excreted in the bile as unchanged and/or conju-
gated drug, whereas E, is the fraction of orally administered
dose excreted in the bile as a consequence of the first-pass
effect (assuming complete intestinal absorption). E, may be
estimated by rearranging the lower equation shown in the
figure:

Apor—c — DF,
Eb _ bor cD lfb (9)

Normal Animals

In Fig. 4, a schematic representation of oral administra-
tion to normal animals is shown. The effective dose, in this
case, is the sum of DF,, D¥, and D%. The mathematical ex-
pressions corresponding to DT and D% can be obtained by
the rule described in the Appendix, making C = DF/2f;, for
the calculation of D} and C = DF,E, for the calculation of
D%. In both cases, A = f,F, and B = E,. The resulting
equations are as follows:

DfpF
Df= —2r 10
"1 - (iF + Ev) (10)
DF\E},
Df= ——— 11
PTG+ By (an
Hence,
SoFy + Ep
* * * _ 4 —t 7
D3, = DF; + D + D5 = DF, [1 1 — (uF. + En)
(12)

and assuming that total clearance is the same for these ani-
mals and for bile duct-cannulated animals intravenously
dosed,

SoFy + Ep

AUCy s = auC ori [ 14 T

] (13

Bioavailability

The most commonly used method for estimating the ex-
tent of oral bioavailability is to compare the total areas under
the drug concentration in plasma versus time curve after oral
and intravenous administration. In this way, a mathematical
expression relating bioavailability in normal animals (F,_,)
to bioavailability in bile duct-cannulated animals (F,) can be
obtained from the quotient of Egs. (13) and (7):

F _ AUCorfn _ Fl 14)
T AUC,., 1 - Ey (

Since F, =1 — E,and E, = E, + E_, Eq. (14) can be
rewritten as follows:
En
1 - E,

Fin=1 =1—Eq (15)
where E,_, = E_ /(1 — E,) is the dose fraction which is
apparently lost by first-pass effect in normal animals.

The above equations have been developed by assuming

complete gastrointestinal absorption of the administered
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Fig. 4. Partial view of the enterohepatic recycling process after oral administration to
normal animals. The effective dose (D%, _,) is the sum of DF, and the amounts of drug in
the systemic circulation of Part 1 (D}) and Part 2 (D%) in the scheme.

dose. If this does not occur, bioavailability in bile duct-
cannulated animals is expressed by the product F,F,, where
F, is the dose fraction that disappears from gastrointestinal
lumen by absorption, and bioavailability in normal animals is
given by the expression

PR 16
T E (16)

which, by replacing F, and by operating, yields
Fion= Fo(l — Ei—v) an

Clearance

It is assumed here that the liver is the only metabolizing
organ for the drug, that the drug can be excreted unchanged
in the bile and urine, and that conjugated drug is subjected to
biliary excretion and irreversible elimination (renal excretion
and/or metabolism to other compounds).

In bile duct-cannulated animals, total clearance of the
drug (Cl,) can be calculated as the ratio between the admin-
istered dose and the AUC and expressed as the sum of the
hepatic (Cl,) and renal (Cl,) clearances, as follows:

D

Cl = 30c,

= Cly + Cly = Clpy + Clyc + Clc + Cl;
(18)

Here,Cl,,, represents the clearance of the drug by biliary

excretion as unchanged drug, Cl,. represents the clearance

of the drug by metabolism to noncycling species, and Cl_

represents the clearance of the drug by conjugation.
Equation (18) can also be expressed as

Cll = QhEh + Clr = Qh(Ebu + Enc + Ec) + Clr (19)

where @, is the total hepatic blood flow and E, (= E, + E, .
+ E_) is the hepatic extraction ratio of the drug. E,, E,

nc?

and E_ were previously defined for the intestinal and hepatic
first-pass effect. However, when there is no intestinal mu-
cosa metabolism (as assumed here), they also represent the
fraction of drug entering the liver which is excreted in the
bile unchanged (E,,), the fraction which is metabolized to
noncycling species (E,.), and the fraction metabolized to
drug conjugates (E,).

The total amount of drug eliminated by a given pathway
is the product of AUC and clearance. Therefore, the total
amount of drug excreted in the bile (unchanged and/or con-
jugated) is

Ay = AUCG,,_ Cl,, + AUG;, CL.G,

= AUC;,, . On(Eyy + Ech) (20)

where G, represents the fraction of conjugated drug which is
excreted in the bile. Then the fraction of dose excreted in the
bile after intravenous administration to bile duct-cannulated
anmimals is

_ Abiv-c _ AUCiv—cOn(Epu + EcGp) _ On(Ebu + EcGb)

D D Cl,

o
(V)]

Clearance estimated from the ratio between dose and
AUC after intravenous dosing to normal animals,

D

Cl-n = 230G

(22)

is an apparent clearance (net total clearance), which may be
related to Cl, and the hepatic extraction ratio in bile duct-
cannulated animals as follows. By replacing AUC;, _, in Eq.
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(22) with the expression in Eq. (7) and rearranging, one ob-
tains
Cl(1 — foFt — Ey)
Cln=
(1 — Ep)

23)

Since it has been assumed that there is no intestinal mucosa
metabolism, the fraction of drug absorbed from the intestine

that reaches systemic circulation unchanged (F)) is
F,=1—-E =1-E, 24)

and the fraction of absorbed drug that is excreted in the bile
(unchanged and/or conjugated) as a consequence of the first-
pass effect is

E, = E, + EG, (25)
By using Eqgs. (18), (21), (23), (24), and (25), one obtains

En — Ep
Clicn = Oh 2>—22 4 I, (26)
1 - E,
or
Cli-p = Cly_p + CI; v}

where Cl,, _, represents the net hepatic clearance in normal
animals. From Eq. (26), one realizes that the net hepatic
extraction ratio in normal animals is

E _Eh_Eb:Enc+Ec(1_Gb)
b=n = ) —E, 1 - Ep — EGs

(28)

when the liver is assumed to be the only metabolizing organ
for the drug.

DISCUSSION

Area Under the Blood Level Curves

Mathematical expressions for AUC in normal and bile
duct-cannulated animals (the latter orally dosed) are summa-
rized in Table I. The increase in the area under blood level
curves when drug excreted in the bile is allowed to recycle
[Egs. (7) and (13)] depends on f,, F,, and E, values. There-
fore, an increase in these parameters leads to larger AUC
values in normal animals than in bile duct-cannulated ani-
mals.

Tse et al. (9) deduced an equation for the effective dose
in normal animals intravenously dosed that was different
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from the one shown here [Eq. (4)]. Consequently, the math-
ematical expression for AUC in normal animals was also
different from Eq. (7) here. The reason for such a discrep-
ancy is that Tse et al. used only the fraction of the drug in the
body that is excreted in the bile and the fraction of the ex-
creted drug in bile subsequently reabsorbed from the gut (F,,
and F, in the original work, respectively) to evaluate the
influence of the enterohepatic recycling of the drug on the
effective dose, and they did not take into account biliary
excretion of the drug as a consequence of the first-pass effect
(Ey)- This becomes evident when their Eq. 1 is compared
with the amounts of drug represented in the boxes in Fig. 2.

Yamaoka et al. (10), using the concept of recirculatory
process, obtained a relationship between AUC for normal
animals and AUC for animals with inhibited enterohepatic
recirculation (deduced from Egs. 11, 13, and 15 in their pa-
per) that also differs from the relationship expressed in Eq.
(7) and is identical to that found by Tse ef al. (9). This oc-
curred because their model of enterohepatic recirculation
included weight functions corresponding to the processes
outside the body through the intestinal tract and inside the
body through the blood circulation system. However, it did
not take into account any function for the process of biliary
excretion of the drug as a consequence of the first-pass effect
(E,), which was also ignored by Tse et al.

Bioavailability

Equation (14) shows that enterohepatic recycling leads
to larger estimated bioavailability in normal animals (F,_,)
than in bile duct-cannulated animals (F,), since (1 — E,) is
less than 1. Equation (16) must be used if the administered
dose is not completely absorbed, and bioavailability in nor-
mal animals is also larger in this case than in bile duct-
cannulated animals (F,F,). It can be demonstrated that Eq.
(16) is equivalent to the equation found by Shepard and Re-
uning using a very different mathematical process (8). How-
ever, it is different from the equation reported by Yamaoka
et al. (10), for the above-mentioned reasons.

Mathematical expressions relating bioavailability with
the irreversible presystemic metabolic extraction ratio (E,,)
and the extent of enterohepatic recycling (evaluated by E)
are given as Eq. (15) (for complete absorption) and Eq. (17)
(for incomplete absorption). For a drug undergoing biliary
recycling, an increase in E, (when E,_ is maintained con-
stant) will lead to a decrease in bioavailability, i.e., the en-
terohepatic recycling will decrease bioavailability.

Table I. Mathematical Expressions for the Area Under the Blood Drug Concentration Versus Time
Curves (AUC) in Normal and Bile Duct-Cannulated Animals as a Function of AUC,, , f,, F,, and E ¢

Drug
administration AUCs relationship
i.v. (normal) AUC, . = AUCy« {1 b «{;Ft+ ~ )] )
- t b
Oral (normal) AUC,,. = AUCwe F, [1 - fbl(;tb; be )] a3y
- t b.

Oral (b.d. cannul.)

AUC,. . = F, AUC,..

< Numbers in parentheses on the right indicate the equation number in the text. The last equation is

Eq. (8) in the text, rearranged.
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It should be pointed out that this statement does not
contradict the conclusions drawn from Eq. (14). In a strict
sense, bioavailability is decreased by enterohepatic recy-
cling because E, _, is larger than the irreversible presystemic
metabolic extraction ratio (E,,), and an increase in E, leads
to an increase in E,_,. However, when bioavailability in
normal animals is compared with that found in bile duct-
cannulated ones (which do not experience recycling), larger
bioavailability should be obtained for the former because of
enterohepatic recycling. For example,

e If two drugs, A and B, have complete gastrointestinal
absorption and the same irreversible presystemic
metabolic extraction ratio, with drug B undergoing
biliary excretion and intestinal reabsorption (entero-
hepatic recycling), drug B [E, _, = E_ /(1 — E,)] will
have a lower bioavailability than drug A (E,_, = E,,).

o If two drugs, C and D, have complete gastrointestinal
absorption, the same irreversible presystemic meta-
bolic extraction ratio and biliary extraction ratio as
conjugates, but the conjugates of C are very stable
and those of D are not, biliary excretion represents a
loss of drug for C, whereas labile conjugates of D can
be hydrolysed and subjected to enterohepatic recy-
cling. [This example is equivalent to administering the
same drug to bile duct-cannulated (C) and normal (D)
animals.] In this case, drug D [E,_, = E_/(1 — E)]
will have a larger bioavailability thandrug C (E,_,, =
E, + Ep).

When there is no irreversible presystemic metabolism,
E, = 0and E,_, = 0, and consequently, bioavailability in
normal animals is unity or F, [from Egs. (15) and (17)], de-
pending on whether the administered dose is completely ab-
sorbed or not.

It has been suggested that absorption can appear to be
greater than 100% of the dose for drugs that undergo entero-
hepatic recycling (11). Equation (17) clearly shows that it is
not possible when linear pharmacokinetics is assumed, be-
cause the highest possible value of F,__ (when F, = 1, due
to complete absorption of the dose, and E,_, = 0, due to
absence of irreversible metabolic first-pass effect) is unity.

Clearance

For drugs that undergo enterohepatic circulation, Col-
-burn (6) used the expression ‘‘effective clearance’ to de-
scribe the intrinsic ability of the eliminating organs to re-
move drug from the blood and the expression ‘‘net clear-
ance’’ to describe the irreversible elimination of the drug
from the body. In that analysis of the enterohepatic recircu-
lation phenomenon (6), the liver was considered the only
eliminating organ of the body.

In this paper, the analysis of the effect of enterohepatic
recycling of drugs on clearance focuses on drugs with he-
patic and renal elimination, and no restrictions have been put
on the species responsible for enterohepatic cycling (un-
changed and/or conjugated drug). Individual organ clear-
ances in bile duct-cannulated animals are effective clear-
ances (Cl,,, Cl)), and the total clearance calculated by apply-
ing Eq. (18) (Cl) reflects the intrinsic ability of the body, as
a whole, to remove drug from the blood. However, when
total clearance is calculated in normal animals by applying
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Eq. (22), Cl, _ , represents the net total clearance and reflects
the irreversible elimination of the drug from the body.

By comparing Egs. (19) and (26), one can assess the
differences between total clearance and net total clearance.
It then becomes clear that these differences are due to he-
patic elimination of the drug. Therefore, irreversible hepatic
elimination of the drug from the body in normal animals (net
hepatic clearance, Cl,, _ ) does not reflect the intrinsic ability
of the liver to remove drug from the blood (effective hepatic
clearance, Cl,) because a fraction of drug removed from the
blood by the liver and excreted in the bile (E,) is not irre-
versibly eliminated since it will return, in part, to the blood
after absorption in the intestine. On the other hand, by com-
paring Eqs. (18), (22), and (27), one realizes that Cl,, _, < Cl,
and that E, _ < E,.

The different meanings of net and effective hepatic
clearance could be relevant in studies relating metabolic pa-
rameters determined in vitro to those determined in vivo.
The hepatic extraction ratio determined in vitro from the rate
of disappearance of unchanged drug (12) is actually an esti-
mation of the sum E,. + E_. Therefore, if the drug under
study is excreted in the bile of the whole animal as a conju-
gated (E,, = 0 and E, = E,. + E_), the hepatic extraction
ratio determined in vitro is an estimate of E, rather than of
E, _.. On the other hand, if enterohepatic recycling in the
whole animal is due to unchanged drug (G, = 0), in vitro
assays will actually estimate an hepatic extraction ratio (E,,.
+ E_) lower than E,, _, [as easily deduced from Eq. (28) by
making G, = 0]. It is clear from this that in vitro estimations
of in vivo hepatic first-pass effect could lead to erroneous
results, by either overestimation (when E,,, = 0) or under-
estimation (when G, = 0) of E,,_,, when enterohepatic re-
cycling exists and is not considered.

The treatment of enterohepatic recycling of drugs de-
scribed in this paper can easily be adapted to different con-
ditions, such as intraperitoneal administration, incomplete
reabsorption of drug excreted in the bile, etc., in order to
evaluate the influence of enterohepatic recycling on AUC
and bioavailability estimations in these particular cases.

APPENDIX

As pointed out in Fig. 2, the effective dose after intra-
venous administration to normal animals is

D} _. = D + Df,F, + DR’F? + Df’F’E, + DfF.E,
+ Df’FPE, + . .. (A1)

where the terms after Df, F, show the following relationship:

D(F)’ <

D(bet)2

7

D (be [)

N

D(be t)Eb

/

D(f,F\)’E,

D(be()zEb

/\

D(f,F)Ey*
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By making C = D(f,F), A = (f,F), and B = E,, this dia-
gram can be written as follows:

cwr

—
CA

\ CAZB -

caB— e

ARz T~

T

2 p—— g
/VCAB\

Hence, Eq. (A1) can be written as

- CA®
CA? +
CA + 3CA’B
Di_,=D+C+ | + |+ |2CAB} + +
CB + 3CAB?
CB? +
L CB® _
+ ... (A2)
which, on rearrangement, yields
Df_,=
— A3 —
A? +
A + 3A°B
D+C 1+|+1+ {24AB} + + + ...
B + 3AB?
B’ +
| B
(A3)

As can be seen, the terms in brackets are analogous to those
of the binomial expansion of (A + B)"forn = 1,2,3, ...
Thus,

Dt _ =D+ CI[l+(A+B)+(A+ B3

+ A+ B>+ ... (A4)

where the terms in brackets correspond to a geometric pro-
gression with a ratio (A + B). Hence, the last equation can
be rewritten as

Di_. =D+ CI[S] (AS)

where S means the sum of » terms when n approaches in-
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finity. Since the ratio of the geometric progression is less
than 1 (see lower), this series is convergent and its sum is

1

S=1"@a+8

(A6)

By substituting this expression for S in Eq. (A5), we obtain

1 DfvFi
Y a=D+C——— = — (A7
Do =D Cl—(A+B) D+1—(bel+Eb) (A7)
and, on rearranging,
SoFt
A —_— A8
Div-n = D11 1 = (foFt + Eb) (A8)

It can be demonstrated that the ratio of the geometric
progression (A + B) is less than 1:

Fi+ Ey=1—-(E, +E) + E, =1 — E;, — Ey + E,
=1-E,

Thus, F, + E, is less than 1. On the other hand, since f, is
less than 1, the product f F, will be less than F,, and conse-
quently,

A+B=fF +E,<F +E <1

Hence, A + B < 1.
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NOMENCLATURE

Apiv_c Amount of drug (unchanged and/or conjugated)
excreted in the bile after intravenous administration
of the drug to bile duct-cannulated animals

Amount of drug (unchanged and/or conjugated)
excreted in the bile after oral administration of the
drug to bile duct-cannulated animals

Area under the blood level versus time curve after
intravenous administration of the drug to bile
duct-cannulated animals

Area under the blood level versus time curve after
intravenous administration of the drug to normal
animals (bile duct noncannulated)

Area under the blood level versus time curve after
oral administration of the drug to bile
duct-cannulated animals

AUC,,_, Area under the blood level versus time curve after

oral administration of the drug to normal animals
(bile duct noncannulated)

Abor— c
AUCiv —-c

AUCiv»n

AUC

or—c

Cl, Clearance of the drug by biliary excretion as
unchanged drug

Cl, Clearance of the drug by metabolism to drug
conjugates

Cl. Clearance of the drug by metabolism to noncycling
species

Cl, Renal clearance of unchanged drug

Cl, Effective hepatic clearance: Cl, = Cl, + Cl . + CI,



General Treatment of the Enterohepatic Recirculation of Drugs

Clh—n
cl,

Cl_,
Dy _,
D:r—n

E,

E,

Eh‘n

nc

when the liver is the only metabolizing organ for the
drug

Net hepatic clearance

Total clearance

Net total clearance

Administered dose

Effective dose for intravenous administration to
normal animals

Effective dose for oral administration to normal
animals

Apparent biliary extraction ratio; fraction of absorbed
drug that is excreted unchanged and/or conjugated
in the bile as a consequence of the first-pass effect

Fraction of absorbed drug which is excreted
unchanged in the bile as a consequence of the
first-pass effect

Fraction of absorbed drug which is metabolized to
drug conjugates as a consequence of the first-pass
effect

Effective hepatic extraction ratio: E, = E,, + E_  +
E_ when there is no intestinal metabolism

Net hepatic extraction ratio

Irreversible presystemic metabolic extraction ratio;
fraction of absorbed drug that is irreversibly
eliminated as a consequence of the first-pass effect.
It includes the fraction of drug which is metabolized
to noncycling species and the fraction that is
conjugated and not excreted in the bile

Fraction of absorbed drug which is metabolized to
noncycling species as a consequence of the
first-pass effect

Fraction of drug absorbed from the gut that does not
reach systemic circulation unchanged in each
enterohepatic cycle: E, = E_ + E,

Fraction of the orally administered dose which is
apparently lost by first-pass effect in normal animals

Fraction of the orally administered dose that
disappears from the gastrointestinal lumen by
absorption

Fraction of unchanged drug in systemic circulation
that is excreted in the bile as unchanged and/or
conjugated drug: f, = Ay, _/D

Fraction of drug absorbed from the gut that reaches
systemic circulation unchanged in each
enterohepatic cycle (F, = 1 — E)). It represents
oral bioavailability in bile duct-cannulated animals
when complete intestinal absorption of the dose is
assumed. If this is not the case, bioavailability is
given by the product F,F,.

Bioavailability in normal animals: F, _, = 1 — E,__

1313

when absorption is complete. If this is not the case,
Ft~n = a(l - El—n)-

Gy Fraction of conjugated drug formed by first-pass effect

which is excreted in the bile, immediately after
formation or after entering systemic circulation: G,
=1- Gs + GsGsb

G, Fraction of conjugated drug formed by first-pass effect
which leaves the liver in the hepatic venous blood

Gy, Fraction of conjugated drug in systemic circulation
that is excreted in the bile

On Total hepatic blood flow
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