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Purpose. To obtain mathematical solutions that correlate drug and metabolite exposure and systemic
bioavailability (Fyys) with physiological determinants, transporters and enzymes.

Methods. A series of physiologically-based pharmacokinetic (PBPK) models that included renal
excretion and sequential metabolism within the intestine and/or liver as metabolite formation organs
were developed. The area under the curve for drug (AUC) and formed metabolite (AUC{mi,P}) were
solved by matrix inversion.

Results. The PBPK models revealed that AUC{mi,P} was dependent on dispositional parameters
(transport and elimination) for the drug and metabolite. The solution was unique for each metabolite
formation organ and was dependent on the type of drug and metabolite elimination organs. The AUC
ratio of the formed metabolite after oral and intravenous drug dosing was useful for determination of the
fraction absorbed (F,ps) and not the systemic bioavailability (Fsys) when either intestine or liver was the
only drug elimination organ.

Conclusions. The AUC ratio of the formed metabolite after oral and intravenous drug dosing differed
from that for drug and would not provide Fy,. However, the AUC ratio of the formed metabolite for oral
and intravenous drug dosing furnished the estimate of F,,s when intestine or liver was the only drug
metabolic organ.

KEY WORDS: area under the curve of metabolite; AUC ratios; bioavailability; drug disposition; fraction

absorbed; metabolic enzymes; metabolite kinetics; PBPK modeling; transporters.

INTRODUCTION

Bioavailability (BA) and bioequivalence (BE) are
important issues in the evaluation of oral drug absorption
and comparison of the rate and extent of drug absorption
between drug formulations. Modern bioequivalence evalua-
tion is enhanced with the biopharmaceutics drug classification
system (BCS) (1) that was adopted as guidelines of BE by the
Food and Drug Administration (FDA). Generally, the target
entity in BA and BE studies is the parent drug; the com-
parison of the maximum plasma concentration (Cp,,x) and the
oral and intravenous area under the concentration-time profile
(AUC from time zero to infinity) provide the rate and extent
of absorption and oral bioavailability (2-5), respectively.
Riegelman and Rowland (6) and Rescigno (7) emphasized
that BA cannot be determined by AUC ratios unless the AUC
is proportional to the fraction absorbed and the clearance is
constant. For drugs that are highly metabolized and distrib-
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uted, however, low levels of the drug result and render poor
estimation of BA/BE. The anticipated difference in the extent
of portal absorption between formulations is revealed by the
fraction of dose absorbed, F,ps, the ratio of the absorption rate
constant, k, divided by (k,+k,), where k, is the rate constant of
drug degradation or loss in the gastrointestinal tract, GIT.
Generic equivalents that differ in k, due to formulation differ-
ences would show variations in F,ps. First pass removal is
denoted as F; and Fy; for the fractions available of the intestine
and liver, respectively. Their product, F.,sFiFy, yields the
systemic bioavailability, Fyys.

A point of departure among oral dosage forms is the
fraction absorbed (F,ps). Different excipients from drug
formulations can confer variability and affect k, and therefore
F,ps, since many excipients are able to modulate intestinal drug
permeability via complexation, hydrogen bonding, ion-dipole,
dipole-dipole and van der Waals interactions and modify the
physicochemical, pharmacological or pharmacokinetic behavior
of the medication. Generally speaking, excipients are important
determinants of disintegration and dissolution of the solid
formulation and the biopharmaceutical processes in gastro-
intestinal tract that can affect k,. Moreover, it is recognized that
excipients are modulators of drug transporters and can affect
drug absorption and first-pass removal. Many compounds are
substrates of the P-glycoprotein (P-gp), whose activities are
shown to be impacted by various excipients (8). Pluroic block
copolymers are found to inhibit the P-gp excretion of antineo-
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plastic agents such as doxorubicin (9-12). Inhibition of P-gp
activity has been noted for cremophor EL, Tween 20 (13,14),
Tween 80 or polysorbate 80 (15,16), Pecol (17), PEG-300 (18),
and D-a-tocopheryl polyethylene glycol 1000 succinate (TPGS
1000) (19). Moreover, Tween 80 is shown to inhibit the
oligopeptide transporter, PEPT1, and cremophor EL, the
monocarboxylic acid transporter, MCT, thus changing k, and
F,ps (20). Surfactants (21) and excipients such as sodium
taurodeoxycholate, sodium glycodeoxycholate and sodium
lauryl sulfate could increase the stability and transport (22) of
the modalities. N-Trimethyl chitosan chloride acts as a potential
absorption enhancer by opening tight junctions of intestinal
epithelial cells to allow increased transport of hydrophilic
compounds through the paracellular transport pathway
(23,24). In other instances, excipients are found to reduce
hepatocyte uptake (25,26) and/or the activity of enzymes and
decrease the metabolic intrinsic clearance (27,28). Therefore,
important components of pharmaceutical formulations that
affect improvement of formulation characteristics can reduce
the effectiveness of some preparations and result in variations in
BA and BE with use of different excipients.

The Guidance for Industry issued by the FDA (29)
stated that “For bioequivalence (BE) studies, measurement
of only the parent drug released from the dosage form is
generally recommended. The rationale of this recommenda-
tion is that the concentration-time profile of the parent drug is
more sensitive to changes in formulation performance than a
metabolite, which is more reflective of metabolite formation,
distribution, and elimination.” Consideration of metabolite
data in bioequivalence studies has been proposed. One of the
most common reasons is the case of the inactive prodrug
where the active metabolite is the appropriate species for the
assessment of BE. Another justification for use of metabolite
area-under-the-curve data (AUC{mi,P}) exists when (a) the
distribution volume of the parent drug is large and/or the
clearance of the drug is high such that the vascular (plasma or
blood) concentrations of the parent drug are too low to yield
meaningful or reliable bioavailability parameters, (b) data for
the parent drug is highly variable (30,31), and (c) the
metabolite, in addition to the parent drug, exerts therapeutic
activities and is present in higher concentrations than the
parent drug. Some proposals are made to consider metabolite
data for BA estimates of drugs that are highly metabolized in
liver (CLy¢, iz > > Qp) when the renal clearance of drug (CL,) is
low (32). Usually, the data on the parent drug is preferred for
drugs that are poorly cleared (intrinsic clearance, CLjy 1 < <
hepatic blood flow rate, Qg). Midha et al. (33) further
commented that many of the above arguments lacked weight
and came to the conclusion that the correct answers were
unknown and that there was no simple generalization that
could be made such that each drug/metabolite combination
must be examined individually.

Recently, there is a resurgence of the use of physiologically-
based pharmacokinetic (PBPK) models. PBPK models describe
the essential physiological (blood flow rate, flow pattern,
and intestinal transit) and biochemical (protein binding,
transporters, and enzymes) factors that influence rate
processes of transfer and removal of the drug and its
metabolites and, in turn, highlight the disposition of these
chemical species. The models describe compartments of
discrete volumes that are connected to the blood compart-
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ment by flow; the unbound species traverses across the
membranes and is the species that is eliminated. In the
PBPK model, drug and metabolite are taken up by passive
diffusion and/or via transporters and are metabolized
intracellularly by enzymes or subject to excretion by apical
transporters within the eliminating organs, and automati-
cally account for sequential metabolism/excretion of the
formed metabolite if such pathways exist. Analytical
solutions of the AUCs (or exposure) and clearances based on
the PBPK models have been solved for the liver, intestine, and
kidney (34). These solutions are presently extended to the
formed metabolites and are paramount to the understanding of
the roles of each of the underlying variables in determining the
exposure and fates of the drug and the formed metabolites.
Hence, the usefulness of PBPK modeling surpasses the existing
compartmental approaches (35,36). Moreover, the AUC ratios
readily provide the systemic bioavailability or Fgy, the BA
estimate, and reveal the variables affecting estimation of this
parameter. However, the AUC solutions for the formed
metabolite are usually based on the presence of only one
eliminating organ, e.g., the intestine, liver, or kidney (34), and
the AUC solutions based on a PBPK model that encompasses
more than one eliminatory organ for the handling of the parent
drug and metabolite are lacking. There is no doubt that such
solutions on Fyys and drug/metabolite disposition are dependent
on the transporters and enzymes among the different organs.
In this theoretical study, we revisited the question and
investigated whether metabolite data might be useful or act as
a surrogate for bioavailability estimates. We used pharmaco-
kinetic theory based on PBPK modeling to understand what
variables alter the AUC of the parent drug and of the formed
metabolite (AUC{mi,P}) following the administration of the
parent drug. With the PBPK models, we showed that the
AUC of the formed metabolite (AUC{mi,P}) depended on
both the metabolism and excretion characteristics and baso-
lateral transport and efflux of the precursor drug as well as
those that impact the metabolite. The usefulness of the ratio of
AUC of the formed metabolite in Fyys and F,,s was discussed.

METHODS
Physiologically-Based Pharmacokinetic (PBPK) Models

Several PBPK models were described: Cases 1 to 4 show-
case the intestine and/or the liver as the first-pass metabolite
formation organ. In these models, the kidney is included for the
excretion of drug and metabolite (Figs. 1, 2 and 3). For the sake
of simplicity, the renal clearances for the excretion of drug (CL,)
and metabolite (CL{mi}) are assigned to the blood compart-
ment. Other organs are lumped as highly perfused (subscripted
HP) or poorly perfused (subscripted PP) tissues. The uptake and
efflux intrinsic clearances for the intestine are denoted CLY; and
CL},, respectively, and CLY! and CLI} for the liver. These
transfer clearances represent the sum of both the passive
diffusion (CLgir) and the transfer intrinsic clearances that are
composed of V.8, the maximum uptake velocities, and K,
the Michaelis-Menten constants or 2(V,./Kp,) of the carrier-
mediated processes under linear condition. In the first two cases,
we only considered the simplest case in which the intestine
(Case 1) or the liver (Case 2) is the only formation organ for the



Metabolite Data on Bioavailability Estimates

< Highly perfused tissue <
< Poorly perfused tissue <
Systemic Blood
> Migg Psg »
| |
lCLr{m i} l CL,
liver blood
AQH Mi g Ps < Cria
CLd”1{mi}ITCL;‘2{mi} L[4 et N Qpy
tissue intestine blood
I't'lli tl Miine, Pintb <= ey
L L «
oyt [formy cu[fou,
bife 7
<CLirﬂ.met,l{m[}Kf|iinl: CLint.msH.] Plnt CLint.metZL’
Tl fissue
: Qb‘l ka{mi}I+CLint.sec,]{mi} ka I* CLint.sec.[
e H
kg{mi} Mllumen Pllumen
b ol il N ks ! lumen
Rl oral dose

Fig. 1. A PBPK model depicting the intestine as the only tissue for metabolite formation and sequential
metabolism. Metabolism of drug to other metabolites also occurs; both drug and metabolite are secreted by
the intestine. The drug and metabolite distribute into the liver, but no elimination occurs within this organ;
both may be excreted by the kidney (Case 1). See text for details.
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Fig. 2. A PBPK model depicting the liver as the only tissue for metabolite formation and sequential
metabolism. Metabolism of drug to other metabolites also occurs; both drug and metabolite are secreted by
the liver. The drug and metabolite distribute into the intestine, but no elimination occurs within this tissue;
both may be excreted by the kidney (Case 2). See text for details.
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Fig. 3. A PBPK model depicting the intestine and liver as tissues for metabolite formation and sequential

metabolism. For Case

3, separate metabolites are formed by the intestine and liver, respectively, and the

formed metabolites can distribute into the alternate organ, but is only eliminated by the formation organ and
kidney. For Case 4, the same primary metabolite is formed in both liver and intestine. For both Cases 3 and
4, both the drug and metabolite may be excreted by the kidney. See text for details.

metabolite in question, and the metabolite may be further
metabolized within its formation organ but not within other
eliminating organs. In the third scenario, the intestine forms
one particular metabolite, whereas the liver forms another,
different metabolite; the metabolite formed would only be
metabolized or excreted within its organ of formation (Case 3).
The last example describes that both the intestine and liver
form a common metabolite; the metabolite is further metabo-
lized in the intestine and liver (Case 4).

Case 1

PBPK models involving the intestine that consider trans-
porters and enzymes have been used previously to describe
intestinal metabolism (37). One is the traditional model (TM)
and the second is the segregated flow model (SFM) (37). The
latter is more appropriate, since many compounds are observed
to exhibit a greater extent of metabolism with the oral (po)
route vs. the intravenous (iv) route, or route-dependent
intestinal metabolism (38). The original models are somewhat
restrictive, since the drug forms only one metabolite, and the
formed metabolite is further metabolized. The areas under the
curve of the formed metabolite (AUC{mi,P}) from po dosing
for TM and SFM are the same, whereas that from iv dosing
differs in the flow term, Q; or Qpy for TM and Q. (enterocyte
flow, or a small portion of Qy) for SFM (37).

Here we described a more extensive PBPK intestinal
model that further considers the presence of competing, meta-
bolic pathways for the drug and for the metabolite within the

intestine (Fig. 1). The metabolite (Miyy,) is formed via intestinal
metabolism with CL;y men 1, and the drug may be metabolized
to other products with intrinsic clearance, CLiptmer21, OF iS
secreted with the intrinsic clearance, CLjy¢ sec.1- The intestinally
formed metabolite (Miy,) may undergo further metabolism
or secretion by the intestine, with metabolic (CLiymer{mi})
and secretory (CLiysec{mi}) intrinsic clearances, respectively.
The secretory intrinsic clearance represents the sum of both
passive and carrier-mediated processes, denoted by CLgi +
> (Vimaxsec//Kmsec1) Of the secretory pathways. The drug and
metabolite may be absorbed with the respective rate constants,
k, and k,{mi}, and luminally removed by k, and k,{mi}. There is
no hepatic elimination of either drug or metabolite.

Case 2

The liver, the most important drug and metabolite
metabolizing organ, is considered as the only formation and
metabolizing organ for the metabolite in question, Mip
(Fig. 2). The drug forms the designated metabolite (Mi) in
the liver with metabolic intrinsic clearance, CLin¢met1.1, and
other metabolites with the metabolic intrinsic clearance,
CLint merz.i1» and undergoes biliary excretion with the secre-
tory intrinsic clearance, CLiysecn (Fig. 2). There is no
metabolism or excretion of either drug or metabolite by the
intestine (Fig. 2). The hepatically formed metabolite (Miy) is
further metabolized in the liver (with intrinsic clearance,
CLinmer,n{mi}) or excreted into bile (with intrinsic clearance,
CLint,sec,H{mi})'



Metabolite Data on Bioavailability Estimates

Case 3

Case 3 brings into perspective that when the drug forms
different metabolites within the intestine and liver, Mip,, and
Mip, respectively (Fig. 3), each metabolite may be metabo-
lized and/or excreted within its organ of formation but not
formed or metabolized in other tissues. With this scenario,
Miy,; may enter the liver but not for further processing. The
same comment applies to Miy; this metabolite will not be
eliminated by the intestinal tissue.

Case 4

Case 4 describes a more common occurrence in which the
same metabolite is formed in both the intestine and the liver
(Fig. 3). For Case 4, the intestine and liver both form the same
metabolite, and Mip,, and Mip are chemically identical. The
metabolite formed in the intestine may enter the liver for
further processing; the same applies to the hepatically formed
metabolite which can enter the intestine for further processing.

Method Used to Solve AUC

The method of Sun and Pang (37) was used. The rate
equations for each model were written, providing the coef-
ficients for square matrix inversion to obtain the area under
the curve of the drug and the metabolite (see Appendix).
Matrix inversion was conducted with the program Maple9™
(MapleSoft, Waterloo, ON), and the solutions obtained
were further simplified by LiveMath® (MathMonkeys,
Cambridge, MA) to render these in a presentable format.

RESULTS
Physiologically Based Pharmacokinetic (PBPK) Models

Case 1: Metabolite Formation (with CL;y; e, 1) and Sequential
Metabolism Within the Intestine Only

Upon matrix inversion, the area under the curve for the
drug after po (AUC,,) and iv (AUC;,) administration with
doses Dosep, and Dose;,, respectively, are summarized in
Table I (Case 1a). The solutions showed that the AUC;, was
influenced by the drug transport clearances, CLY; and CL!,,
intestinal flow (Qpy), the renal clearance (CL;) and the
intestinal metabolic (CLjy¢met1; and CLiptmerr) and the
secretory clearance (CLjysec1), @ parameter that was influ-
enced by reabsorption and appeared as a product with the
fraction  (1-Fyps); the AUC,, was further affected by Fyps.
Upon comparison, the dose-corrected AUC,,/AUG;, yielded
Fyys or Fuus Fr. The intestinal availability, Fy, was a complex
fraction of CL{jl P CL{Q, CLint,mell,I: CLinl,melZ,I, (1_Fabs)
CLintsect and Qpy (gfor TM) or Q., (for SFM), equaled

d2

pvCL
for the TM
QpvCLY, +(Qpv+CLY, ) [CLintmett 1+CLint etz + (1~ Fabs) Clintsec

QunCLL,
QenCLY,+(Qen+CLY,; ) [CLincmett 1+ CLingmerz 1+ (1= Fabs) Clint sec,1 |

and for the

SFM; the renal clearance term (CL;) was absent in the
dose-corrected AUC,/AUGC;.

The areas under the curve of the formed metabolite
following po (AUC,,{mi,P}) (same for TM and SFM) and iv
(AUG;,{mi,P}) dosing of drug were influenced by all of the
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parent drug parameters for transport, metabolism, and excre-
tion, and those of the metabolite: the basolateral influx and
efflux clearances of metabolite, CLY; {mi} and CL!,{mi} , the
metabolic (CLjymen 1{mi}) and the net secretory [(1—F,ps{mi})
CLiptseca{mi}] intrinsic clearances of the metabolite;
(1-F,ps{mi}) equaled [kq{mi}/(k,{mi} + k,{mi})], a term, which
when multiplied to CLijygseci{mi}, denoted the net secretory
intrinsic clearance of Miy,,. The metabolite AUC ratio
[AUC,,,{mi,P}/Dose,,[/[AUC;,{mi,P}/Dose;,] yielded the prod-
CL,(CLY, +Qpv)
QpvCLY,
for the SFM. Note the presence of the

uct of F,ps and |1

for the TM and
{1 N CL,(CL;1+Qen)]

QeaCLY,
term CL,, the renal clearance of the drug, in the metabolite
area ratio (Case la, Table I).

The solutions were much simplified in absence of renal
excretion for the drug or the metabolite (CL; and CL {mi} = 0;
Case 1b Table I). Again, the AUC;, was affected by the drug
transfer and intrinsic clearances and the intestinal flow; AUC,,,
was additionally influenced by F,.s. Interestingly, the ratio of
dose-corrected AUC,/AUGC;, or Fyy (=FapsF1) of the drug
remained the same as that in Case la. The AUC for the
metabolite, AUCpo{mi,P} and AUC;,{mi,P}, were further
influenced by the transfer clearances, together with the
intrinsic clearances for metabolism and excretion of the
metabolite, and (1-F,ps{mi}). The dose-corrected ratio of
AUC,,{mi,P}/AUC;,[mi,P} yielded F, neatly for Case 1b
and was the same for the TM and SFM. It was further deduced
that ([AUC,/AUG,;)/[AUC,o{mi,P}/AUC;,{mi,P}] furnished
Fy. This condition (Case 1b) emphasized the usefulness of the
metabolite area ratio in the estimation of F,, and F; for both
the TM and SFM. Note, in the solutions for Case 1a and Case
1b, that the basolateral transport clearances of both the drug and
metabolite in the liver (CLE, CLEL, CLE {mi}, and CL!} {mi}), the
non-eliminating organ, were absent.

Case 2: Metabolite Formation (with CL ;e 1) and Sequential
Metabolism in Liver Only

The solutions for AUC,,, and AUC;, of a hepatically and
renally cleared drug were given in Table II (Case 2a). It was
observed that the AUGC;, was influenced by the total liver blood
flow, Qy, the liver transport clearances, CLg‘1 and CLdHZ, the total
hepatic intrinsic clearance, CLiyp or sum of CListmet1 1
CLintmez,n and CLiggsecn, and CL. AUGC,, was further
influenced by F,,s. The dose-corrected AUC,,/AUGC;,
or the systemic availability, Fy, was given by FapsFp,
where Fyy was [Qu(CL! + CLinn)|/[Qu(CLE+ CLingn) +
CLdH1 CLin ] For the areas under the curve for the metabolite
after po and iv drug doses, additional parameters for the
metabolite as well as (1-F,,s{mi}) appeared in the solutions
(Table II for Case 2a). The ratio of the dose-corrected
AUC,,{mi,PYAUC;,{mi,P} yielded the simple product of Fp,
and (Qyg + CL,)/Qy. Hence, if the drug renal clearance, CL,,
and Qy are known, F,,; may be readily estimated.

In absence of the renal excretion of the drug (CL,=0),
the solutions for AUC,,, and AUC;, were simplified (Case 2b
in Table II). The AUC;, was influenced by the total liver
blood flow, Qy, the liver transport clearances, CLE{1 and CLff2 ,
and CL;,p, whereas AUC,,, was further influenced by Fyps.
The dose-corrected AUC ratio remained equal to F,psFy. For
the metabolite, given that both CL, and CL,{mi} equaled zero,
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the solutions showed that additional parameters for the
metabolite affected the areas under the curve for the metab-
olite, AUC{mi,P} after po and iv drug dosing (Case 2b in
Table II). Note that the influx and efflux clearance of the
parent drug at the basolateral membrane, CLL, and CLL, were
absent in the solutions of AUC{mi,P}s. The ratio of the dose-
corrected AUC,,{mi,P}/AUC;,{mi,P} yielded neatly F,,. Again,
Fy may be ascertained from [AUC,/AUGC;,J/[AUC,,{mi,P} /
AUC;,{mi,P}]. Note in these solutions for Case 2a and Case 2b,
the drug and metabolite transfer clearances in the intestine
(CLY,, CLL,, CLL,{mi}, and CLL,{mi}), the non-eliminating
organ, were absent.

Case 3: Intestinal (with CLjy;en.1) and Hepatic
(with CLiy e, 1) Formation of Different Metabolites,
Miy,, and Mi;, Respectively

For Case 3, each metabolite formed by the intestine or
liver was metabolized or excreted within its organ of
formation and in other tissues. The solutions were indeed
very complex. Among the solutions, there was a clear
indication that the AUC{mi,P} after oral and intravenous
drug dosing was under the influence of all drug and
metabolite parameters. Due to the lengthiness of the solution,
only the dose-corrected AUC ratios of the drug and
metabolite were presented (Table III). The ratio of AUC,/
AUGC,, yielded the systemic availability, Fgy, which equaled
FapsF1Fy (Table I1T), with the Fy and Fy terms being identical
to those solved previously, with the intestine (Case 1) and
liver (Case 2) being the only organ for metabolism (Tables I
and II), respectively. The AUC,o{mi,P}/AUC;,{mi,P} for the
intestinally formed metabolite, Miy,, was modified by F,ps,
the blood flows (Qpy and Qua), and surprisingly, by the
intrinsic clearances in the liver, the alternate metabolizing
organ, and the influx drug intrinsic clearances for the liver
(CLY and CL!, ) and intestine (CL}; and CL), ), as well as
the renal clearance (CL,). Similarly the ratio for the hepati-
cally formed metabolite, AUCo{mii,P} /AUC;,{mii,P}, was
modulated by Fups, Qpy and Qga, the intrinsic metabolic
clearance of the intestine, the influx drug intrinsic clearances
for the intestine (CL}, and CL}, ) and liver (CLY, and CLY,
) as well as the renal clearance (CL;). The solutions for the
AUC,, and AUC;, became much simpler if the renal
clearance was zero, as shown in the lower section of
Table III (Case 3b); the AUC,,/AUC;, ratio or Fy,, was the
same as for Case 3a, and AUC{mi,P},,/AUC{mi,P};, and
AUC,,{mii,P} /AUC;,{mii,P} were similar to those of Case 3a,
with the exception that CL, was absent. These solutions for
the metabolite ratio for Case 3 differed from those of Case 1
and Case 2.

Case 4: Intestinal (With CL ;4 e, 1) and Hepatic (wWith CLiyy e, 1)
Formation Giving Rise to the Same Metabolite (Miy,, is Miy)

For Cases 4a and 4b, the solutions for the AUCs for drug
and metabolite (po and iv) were too bulky to be simplified as
presentable forms (Table IV). The AUC ratio of the
precursor, Fgy, the product of Fps, £y, and Fy, was found to
be identical to that for Case 3 (Table III). For the drug whose
renal elimination is negligible (CL,=0), the AUCs for the
precursor may be further simplified. However, AUC,{mi,P}/

Sun and Pang

AUC;,{mi,P} was distinct from those for Cases 1, 2, and 3 and
was very complicated.

Ratio of Area Ratios of Metabolite to Drug for po or iv
Administration

The AUC ratio of formed primary metabolite to that of
the precursor is often used in drug-drug interaction (DDI)
studies to suggest the mechanism of interaction, whether
reversible inhibition or enzyme-based DDI. Solutions for
such ratios clearly showed that for Case 1 for intestinal
metabolism only, CL;y met1.1, the metabolite formation intrin-
sic clearance was present in the numerator, and hence the
ratio was most sensitive to changes in CLiymen caused
either by a competitive inhibitor or enzyme inducer
(Table V). The AUC ratio of metabolite to drug was found
to be modulated by parameters pertaining to the formed
metabolite and some parameters of the precursor, including
the renal clearance (CL,), influx and efflux intrinsic clear-
ances in the intestine as well as the alternate drug elimination
clearances, including the alternate pathways of intestinal
metabolism (CLiymerz1) and secretion [(1—Faps)CLingsec]-
For Case 2, in which metabolism only occurred in the liver,
solutions for AUC ratio of metabolite to precursor again
showed the formation intrinsic clearance, CLiymet1 11, in the
numerator, and hence the ratio would be most sensitive to
changes in CLiymen n as modified by competitive inhibition
or enzyme induction. However, the ratio was also affected by
all parameters related to the formed metabolite, and the
influx, efflux, and alternate metabolic and secretory intrinsic
clearances for the precursor. It was noted that the renal
clearance term was present in the AUC{mi,P}/AUC ratio
after an oral not iv drug administration. Therefore, caution
should be taken when the AUC ratio of metabolite/precursor
is used to interpret data in Cases 1 and 2. The AUC ratios of
metabolite/precursor were too lengthy to be presented for
Cases 3 and 4. The composite findings suggest that the
AUC{mi,P}/AUC would not necessarily reflect changes in
CLint,mctl,I or CLint,mctl,H 0nly~

DISCUSSION

Several methods have been adopted to estimate the
contribution of intestinal absorption (F,ps), intestinal metabo-
lism (F7), and hepatic elimination (Fy) to the first-pass removal
of drugs. One method is to compare the drug exposure (AUC)
following the dosing into the intestine lumen (po), the superior
mesenteric artery, portal vein, and peripheral vein (iv) (39).
Alternately, blood samples may be taken from the peripheral
vein, artery and portal vein following iv and po dosing to
construct the various AUCs in the estimation of F,,, Fj, and
Fi1 (40). With the use of isotopically labeled drug, one is also
able to administer the drug labeled with the stable isotope via
one route and the unlabeled drug via another route simulta-
neously to yield the AUCs of labeled and unlabeled drug from
the same subject so as to minimize the interindividual and
intraindividual variation (40). However, this method involves
the complex experimental design and is ordinarily not used in
the clinical setting.
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The deconvolution of F,ps, Fi, and Fy from the systemic
bioavailability (Fsys) may be made from the inference of the
presented PBPK models (41). As we had learnt from
compartmental modeling, the dose-corrected ratio of
AUC,/AUG;, provides Fy, the systemic bioavailability, the
product of F,,s and the available fractions of the first-pass
organs in question, Fj and Fy. The solutions showed that use
of the dose-corrected AUC{mi,P} ratio even in these simple
metabolic schemes of the precursor and metabolite as
surrogate indices is uncertain (Fig. 1A and B). The compart-
mental model offers little physiological significance and may
not relate to first-pass metabolism of the intestine or liver in
the formation of the metabolite, sequential metabolism of the
metabolite (42), nor describe the utilization of transporters.
In these compartmental cases, the ambivalence as well as
ambiguity in the application of metabolite data in BA is
attributed to the over-simplistic models, which do not clarify
whether the formed metabolite is sequentially metabolized
within its organ/tissue of formation. Rather, the formed
metabolite is eliminated by an organ distinct from the organ
of metabolite formation. In reality, these simple examples are
rarely the case. Multiple metabolite formation is likely

) e present, and the formed, phase I metabolite usually under-

5 5 goes sequential, phase II metabolism. Sequential handling of
E%E Ezd% the metabolite occurring during its time of genesis, either by
2= SIE metabolism or excretion, or sequential elimination of the
:} E ::% :5 formed metabolite, will affect the area under the curve of the
ge g formed metabolite (42). Moreover, there is the need to
=3 Sz consider uptake or efflux transporters at the basolateral and

% \L—;/ apical membranes that enhance entry and efflux as well as
19, 19, excretion of drugs and their metabolites within the eliminat-
T = T = ing organs. These factors will also affect the concentration-

L‘f L; time profiles and area under the curves. In view of the

multiplicity of enzymes and transporters for the drug and the
metabolite, there is the need for a better understanding of
the underlying assumptions of the removal characteristics of
the drug and the metabolite, and expanding the under-
standing to factors which affect the AUC{mi,P}, giving
consideration to what are the elimination organs for drug
and formation organs of the metabolite. Hence, compartmen-
tal modeling fails to elucidate the specific organ involved in
metabolite formation and sequential elimination or to identify
the variables that affect AUCs and organ availability of the
intestine and liver.

In contrast, these variables are readily identified by
PBPK modeling that aptly adds to our understanding of the
extent of absorption, though not on the rate of absorption
(Cmax) at this stage. PBPK modeling reveals, with great
certainty, the roles of influx and efflux transporters at the
basolateral and apical membranes, enzymes, flow, and bind-
ing, as well as renal clearance of the drug in determining the
AUCs. Expectedly, more complex solutions are provided for
the AUC{mi,P}s that depend not only on metabolite param-
eters but also those for the drug, and PBPK modeling again
confirms that metabolite formation is highly dependent on
physiological parameters for transport, secretion and metab-
olism of both drug and metabolite (Tables I, II, III and IV).
Hence, by definition, the AUC{mi,P} is more variable, as

1
d2

QpvCLY, +(Qpy+CLY; ) [CLintmett 1+ CLintme2 1+ CLingsee.

1
d2

QpyCLY,+(Qpv+CLY; ) [CLintmett 1+ CLint me2.1 +Cling se.
QpvCL

QpvCL,

=0

Fabs{

PBPK modeling, Case 4b - CL, and CL {mi}

Fabs|:

Table IV. Solutions for AUCs and Ratio of AUCs in PBPK Model, Case 4 (Fig. 3, the Same Metabolite is Formed in the Intestine and the Liver)

Faps F1 F

Fsys:FabsFIFH
Fsys—

All of the solutions for AUCs (AUG;,, AUC,,, AUC;,{mi,P}, and AUC,,{mi,P}) and the AUC ratio (AUC,,{mi,P} /AUC;,{mi,P}) were too bulky to be presented, except for Fyy
All of the solutions for AUCs (AUC;,, AUC,,, AUC;,{mi,P}, and AUC,,{mi,P}) and the AUC ratio (AUC,,,{mi,P} /AUC;,{mi,P}) were too bulky to be presented, except for Fyy

PBPK modeling, Case 4a - CL; and CL{mi} > 0

I
2|2 g2 commented by Midha et al. (33), and prone to characteristics
ala alg S . .
3= S of intrinsic clearance parameters for metabolite handling.
S § §§ Renal drug excretion will also impact the AUC{mi,P}; when
< <
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the renal excretion of drug is present, the solutions for AUC
{mi,P} are more complex (Tables I, II, IIT and IV).

These simple cases used in the illustration highlight the
need to consider the handling of the drug and metabolite in
eliminating organs prior to their use in BA estimates. It is
clear that, for different drugs and metabolites whose elimi-
nation characteristics differed, the solutions also differed.
This is the basic tenet and the most important aspect in the
consideration of metabolite kinetics, since the fundamental
pharmacokinetic properties differ individually and will affect
the AUCs and AUC{mi,P}s differentially. As can be seen
from the solutions (Tables I, II, III and IV), the AUC
comparison of drug for Cases 1 to 4 yields the systemic
bioavailability, Fyys, which equals FupsF for Case 1, Faps Fyy
for Case 2, and F,uI1Fy for Cases 3 and 4. The AUC,/
AUCG;, comparison is independent of renal drug excretion but
would not reveal Fu,s directly (Tables I, I1, ITT and IV). Since
one of our goals in developing the PBPK models has been to
ascertain the usefulness of AUC{mi,P} in BA estimates, a
comparison of the AUC{mi,P} after iv and po dosing is thus
made. In order to consider AUC{mi,P} as a metric for
comparison of BA or BE, however, we need to first consider
whether renal excretion of the drug exists and whether there
are other organs that form as well as metabolize the
metabolite, factors that would affect the AUC{mi,P} compar-
isons. The ratio of AUC,,{mi,P}/AUC;,{mi,P} tends to be less
complex especially when renal drug clearance is absent (see
Tables I, II, IIT and IV). For the intestinally or hepatically
formed metabolite, the CL, would affect the dose-corrected
AUC,,{mi,P}/AUC;,{mi,P}, whereas when CL, is absent, the
ratio neatly yields the fraction absorbed, F,ns for Cases 1
and 2 (Tables I, II, IIT and IV). Since, for Cases 1 and 2,
FapsForgan 18 given by AUC,,/AUC;, one may be able to
make inferences on Fogan (Fy or Fy) from (AUC,,/AUC;,)/
(AUC{mi,P},,/AUC{mi,P};;,) when CL, is absent (Tables I,
II, IIT and IV). This holds when the drug and metabolite
conform to the stipulation that the metabolite sequential
elimination occurs within the organ for formation, and no
other metabolizing organ exists.

Thus, it is possible to implement rules on the potential
use of metabolite data in BA studies when one is able to
identify that the intestine or the liver is the only metabolizing
organ. We surmise that that greatest use rests with Case 2, in
which the liver is the predominant organ for drug metabolism.
Even with renal drug excretion, F,,s may be obtained from
AUC,,{mi,P}/AUC;,{mi,P} or [Faps(1 + CL;/Qpn)] (Table II),
when the renal drug clearance is estimated from the urinary
and plasma data of the parent drug and hepatic blood flow
is known. With AUC,,/AUC;, that renders Fyy or FypoFp,
and armed with the metabolite area ratio, one may estimate
Fy readily as Fyy/Faps. In other cases, when the intestine
and liver are both able to metabolize the drug, either to
different metabolites (Case 3, Table III) or the same
metabolite (Case 4, Table IV), the situation becomes
extremely complex, and [AUC,,/AUGC;]/[AUC,,{mi,P}/
AUCG;,{mi,P}] would not provide any clean-cut estimates.
For Case 4, the relationship AUC,{mi,P}/AUC;,{mi,P} fails
to yield useful results.

In several theoretical communications, Weiss (43,44)
showed derivations of the ratio of AUC{mi,P}s following oral
and intravenous drug administration using a non-compart-
ment approach to come up with Eq. 1. The inherent
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assumption must have involved hepatic but not intestinal
metabolism.

AUC{mi, P}, /Dosepo
AUC{mi, P},,/Doseiy

= abs[FH+(1_FH)/fm] (1)

In Eq. 1, f;, is the fraction of the intravenous dose that is
eliminated hepatically, or (1-CL,/CLq) since CLyo = CL, +
CLy, and Fg or 1-Ey = 1-CLy/Qg. Substitution of the above
relationships into Eq. 1 yields a solution which is identical to
that reported for Case 2a (see Table II), suggesting that the
outcomes are surprisingly similar regardless of the initial
modeling approaches.

AUC{mi P}, /Dosep,
AUC[miP},, /Dose, — LavslFit + (1= Fia) /fm]
Cy
= Iabs |:1CQL;l +1_QI(“I]4:| (2)
CLy+CLy

= labs [1 + ((:)I:}

Weiss further predicted that, in absence of renal
excretion, the ratio of metabolites furnished F,us (44). A
perusal of examples in the literature (Table VI) pointed to
the similarity in F,, values derived from the present
equations shown in Table II and Weiss’s method. However,
Weiss’s method fails to reveal how the AUC of parent drug
and the formed metabolite are being influenced by trans-
porters and enzymes. By contrast, our method for Case 2
clearly shows the influence of transporters and enzymes and
considers the renal excretion of the drug. With sampling only
in the blood compartment, the ratio of the metabolite areas,
AUC,{mi,PYAUC;,{mi,P}, directly yields F,,, for Case 2b
and Fabsg[l + %LH‘ for Case 2a; for the latter, F,,s may be
estimated when CL, and Qg are known. Our method offers
another distinct advantage in that the additional estimation of
Fy (Case 2b) or Fy (Case 1b) may be obtained from the ratio,
[AUC,/AUGC;J/[AUCo{mi,P})/AUC;,{mi,P}].

One may question the usefulness of the AUC ratio of
formed primary metabolite vs. the precursor that is often used
in DDI studies to reveal or verify the mechanism of DDI,
particularly enzyme-based DDI. The solutions for the ratio
reveal that, although the ratio is most sensitive to changes in
metabolic intrinsic clearance for formation of the primary
metabolite of interest, the ratio is also modulated by many
other factors (Table V). Particularly, the alternative elimina-
tory pathways, such as the compensatory metabolism, secre-
tion, and renal elimination, are found to be determinants of
the ratio and should be taken into account when DDI data
are analyzed and interpreted.

CONCLUSIONS

In summary, the PBPK models on elimination organs
provide solutions on AUC and AUC{mi,P} pursuant to po
and iv drug dosing, and show that the blood flow, binding,
transporters, and enzymes as important factors affect the
AUCs of the drug and metabolite. The solutions stipulate
the need to consider the organ of formation and elimination
for the metabolite when the area ratio of the formed
metabolite is used for data interpretation. The AUC{mi,P}
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ratio after oral and intravenous drug dosing furnishes an
estimate of the fraction absorbed (F,»s) When intestine or
liver is the only drug-elimination organ. For these simplified
conditions, the organ availability of the intestine (F;) and
liver (Fy) may be ascertained. However, the AUC ratio of
the formed metabolite after oral and intravenous drug
dosing differed from that of the parent drug and would
not provide estimates of Fiy.
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APPENDIX
Mass balance equations and the corresponding matrices
for the physiologically based pharmacokinetic model (case 1

to case 4, as shown in Figs. 1, 2 and 3)

Definition of Terminologies

Q blood flow rate

A% blood or tissue volume

P parent drug

Mi the primary metabolite of interest

SB systemic blood, used as subscripts

HP highly perfused organ, used as subscript
PP poorly perfused organ, used as subscript
Intb intestinal blood, used as subscript

Int intestinal tissue, used as subscript
Lumen intestinal lumen, used as subscript

LB liver blood, used as subscript

L liver tissue, used as subscript

PV portal vein, used as subscript

HA hepatic artery, used as subscript
CL,, CL{mi} apparent renal clearances of the parent drug
and the metabolite, Mi, respectively

CLdl,CLf12 basolateral influx and efflux clearances of
enterocytes, respectively

CLintmenn;  metabolic intrinsic clearance for formation of
the Mi in the intestinal tissue

CLintmerz1  metabolic intrinsic clearance for formation of
other metabolites in the intestinal tissue

CLintsec1 secretory intrinsic clearance for drug in the
intestinal tissue

ka rate constant of drug absorption in the intestine

k, rate constant of intestinal transit and degradation
CLY,CLY,  basolateral influx and efflux clearances of the
hepatocyte, respectively

CLintmentn  metabolic intrinsic clearance for formation of
the metabolite of interest in liver

CLintmetzn  metabolic intrinsic clearance for formation of
other metabolites in the liver

CLint sec secretory intrinsic clearance of drug in the liver

{mi} and {mii} symbols used to qualify the parameters for primary
metabolites formed in intestine and other primary
metabolite formed in liver for case 3
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(1) Case 1 (see Fig. 1 for the model scheme)

In systemic blood (denoted by the subscript, SB),

dP.
Vsp dSB QHP + QPP + (Qua + Qpv)PLp
— (CLr + Qup + Qpp + Qua + Qpy)Psg (1)
dMISB Mipp Mipp
Vsp
B4t HP R (i} | PP Kpp {mi]
+ (Qua + Qpy)MiLp
— (CL{{mi} + Qup + Qpp + Qua + Qpv)Misp
(2)
In highly perfused organs (denoted by the subscript, HP),
dPyp Pup
A = Psg — —— 3
HP— QHP( SB KHP) (3)
dMiHP . l\/IiHP
\% = Misg — —F—— 4
HP— g QHP( isB KHp{mi}> (4)

In poorly perfused organs (denoted by the subscript, PP),

dPpp Ppp
V = Psg — — 5
PP QPP< SB KPP> (5)
dMipP . MiPP
\% = Migg — —+—~ 6
PP QPP( isB Koo 1}> (6)

In intestinal blood (denoted by the subscript, Intb),

dp
Vintb dlflb = QpyPsp + CLY,Pine — (Qpv + CLY, )Py (7)
dMi . o n e
Vint dtlmb = QpyMisg + CLy,{mi}Miry

— (Qpy + CLY; {mi})Mi (8)

In intestinal tissue (denoted by the subscript, Int),

dp
VInt dim = CLId]PIntb + kaplumenvlumen
- (CLéz + CLint,mctl,I + CLint‘mth‘I + CLint,sch)PInt
9)
dMiy, R x g
VIm dtl ! - CL{H {ml}MIInlb + ka {ml}MllumenVlumen

+ CLint,mell,IPInt

- (Cng{mi} + CLim,met,I{mi} + CLjnLgec,I{mi})MiIm
(10)

In intestinal lumen (denoted by the subscript, lumen),

dPlumcn
dt

Vlumen = CLint‘sec,]PInt - (ka + kg)PlumenVlumen (11)
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d1\/Iilumen

dt = CLintﬁsec,I {mi}Milnl

Vlumen
— (ka{mi} + kg{mi})Mijumen Viumen (12)
In liver blood (denoted by the subscript, LB),

dPrg

Vis a

= QpvPuw + QuaPsp + CLEL P

— (Qpv + Qua + CLY )Pis (13)

dMig

V
LB~ 4

= QpyMipnp + QuaMisp + CLE, {mi}Mip,

— (Qpv + Qua + CLY; {mi})MiLg
In liver tissue (denoted by the subscript L),

dpP,

VLd

=CLY P — CLEPL

dMlL

VLd

= CLY {mi}Miyp — CLIL{mi}Mi

(2) Case 2 (see Fig. 2 for the model scheme)
In systemic blood (denoted by the subscript, SB),

_ Pup Ppp
dt Kpup Kpp

— (CL; + Qup + Qpp + Qua + Qpv)Pss

+ (Qua + Qpv)Prs
(17)

a AR miT PP Rpp {mi}
+ (Qua + Qpv)Mip
— (CL;{mi} + Qup + Qrp + Qua + Qpv)Misp

Vsp

(18)
In highly perfused organs (denoted by the subscript,
HP),
dPyp Pup

\Y% - Psp — 0 1

HP— - QHP( SB KHP) (19)
dMigp . Minp

A% = Misg — ——F+—— 20

HP— - QHP( isB — {mi}) (20)

In poorly perfused organs (denoted by the subscript, PP),

dPPP PPP
Vpp—— T = Qpp (PSB - Kipp) (21)

dMi . Mi
Ve dtPP = Qpp (MISB — ml:ﬁ}) (22)

Sun and Pang

In intestinal blood (denoted by the subscript, Intb),

dPp,
Vinw dI n ® — QpyPsg + CL,Ppy — (Qpy + CLY; ) Prasy (23)
dMip, . N
Vint dtI ® = QpyMigp + CLY, {mi}Mijy
— (Qpy + CLY; {mi})Mimp (24)
In intestinal tissue (denoted by the subscript, Int),
dPInt 1
Vlnt dt - CL Plntb + kaPlumenVlumen - CLdZPlnt (25)
dMi R R
Vint dtlm = CL,I:ll {mi}Mie, — Cinz{Inl}Mllm (26)

In intestinal lumen (denoted by the subscript, lumen),

dp men
Vlumen ](l;t < - (ka + kg)Plumen\/vlumen (27)
In liver blood (denoted by the subscript, LB),
dP
Vig d]{B = QpvPru + QuaPsp + CLILPL
— (Qpv + Qua + CLY| )P (28)
dMi
Vis dtLB = QpyMipngp + QuaMisp + CLE, {mi}Mip,

— (Qpv + Qua + CLY {mi})Mirp (29)

In liver tissue (denoted by the subscript, L),

dPL
VL——= CL 1PLB
dt
- (CLSIZ + CLim,metl,H + CLim.metZ.H + CLint.secAH)PL
(30)
dMi
Vi = CL{{mi}MiLg + CLintmer Py

— (CL&{mi} + CLintmet s {mi} + CLintsec. {mi}) Mir
(1)
(3) Case 3 (see Fig. 3 for the model scheme, different

metabolites were formed in intestine (as metabolite
mi) and liver (as metabolite mii))

In systemic blood (denoted by the subscript, SB),

dPSB

Vsp—— QHP + QPP — + (Qna + Qpv)Prs

- (CLr + Qpup + Qpp + Qua + Qpv)Pss
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dMisg Migp Mipp
Vg B _
B4y HP Koop (mi] + Qpp Kpp {mi}
+ (Qua + Qpyv)MiLp
— (CL{mi} + Qup + Qpp + Qua + Qpv)Misg
(33)
v dMiisy Miigp Miipp
SB d Hp KHp{mu} PP Kpp{mll}

+ (QHA + QPV)MiiLB
— (CLy{mii} + Qup + Qpp + Qua + Qpv)Miisp
(34)

In highly perfused organs (denoted by the subscript,
HP),

dPup Pup

\% = Psg ——— 35

HP— Qnup ( SB KHP) (35)
dMiHP . MiHP
\% - Migp — ———HP__
HP— g Qmup ( isB Kip {m1}) (36)
dMiiHP .. 1vﬁiHP

\% = M —_ 37

HP— g Qnp ( 1isB Kip {mii}) (37)

In poorly perfused organs (denoted by the subscript, PP),

dPpp Ppp

A = Psg — — 38

PPy Qpp < SB Kpp> (38)
dMipp . MiPP
v — Qpp Mgy — — PP _
PP Qpp ( isB Kpp{mi}) (39)
dMiipp .. Miipp
\ — Qpp [ Miigy — PP _ 4

gy~ Qe ( B Kpp{mﬁ}) (40)

In intestinal blood (denoted by the subscript, Intb),

dPy,
Vint dIt © = QpyPsp + CLY, P — (Qpy + CLY, ) Prany (41)
dMi . e

Vinw dtlmb = QpyMisp + CL, {mi}Miry
— (Qpy + CLY; {mi})Mi (42)

dMii . R

Vino — tlmb = QpyMiigp + CLy,{mii }Miipy

— (Qpy + CLY; {mii})Miipnp, ~ (43)

1251

In intestinal tissue (denoted by the subscript, Int),

dp
VIm % - CL(IﬂPImh + kaPlumenVlumen
- (CL}jz + CLint,metl,I + CLinL,metZA,I + CLint,sec.I)PIm
(44)
dMip, .
Vint dtl L — CLY, {mi}Mippg,
+ ka{mi}Milumcnvlumcn + CLim‘mctl‘IPIm
- (CleZ{ml} + CLim,mct,I{mi} + CLim,ch‘I{mi})Milm
(45)
dMii ey g U
Vit 7dtlm = CLal{mu}MuImb — CL£2{m11}M11Im (46)

In intestinal lumen (denoted by the subscript, lumen),

dPlumen

Viumen dt = CLinl,secAIPInt - (ka + kg)PlumenVlumen (47)
dMi -
Viumen % = CLint,sch{ml}MlIm
- (kd{ml} + kg{mi})Milumenvlumen (48)
In liver blood (denoted by the subscript, LB),
dp
Vis dlt‘B = QpvPrw + QuaPsp + CLILPL
— (Qpv + Qua + CLY| )P (49)
dMi . . R
Vis dtLB = QpyMiw + QuaMisg + CLde{ml}MlL
— (Qpv + Qua + CLdHl{mi})MiLB (50)
dMii . .
Vi q tLB = QpvMiinw + QuaMiisp
+ CLE {mii} Mii,
— (Qpv + Qua + CLY {mii})Miirg  (51)

In liver tissue (denoted by the subscript, L),

dpy,
Vi = CLIP g

- (CLde + CLint,mctl,H + CLint.mth,H + CLint.sch)PL
(52)
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dMlL

Vp—— e = CLE {mi}Mi g — CLE {mi}Mip (53)
Ve S CLY (i) M + CLin meut 1P

- (CLEIZ{HIII} + CLint,mct.H{mii} + CLiancc.H{mii})MiiL
(54)

(4) Case 4 (see Fig. 3 for the model scheme, the same
metabolite was formed in intestine and liver)

In systemic blood (denoted by the subscript, SB),

dPsp

Vsp—— it QHP + QPP + (Qua + Qpv)PLB
- (CLr + Qnp + Qpp + Qua + Qpv)Psg  (55)
v dMiSB o MIHP Mipp
B Tq T PR (miy O Kpp{mi}

+ (Qua + Qpy)MiLp

— (CL{mi} + Qup + Qpp + Qua + Qpy)Misp
(56)

In highly perfused organs (denoted by the subscript, HP),

dPyp Pup
Vup i = Qup (PSB - K—HP) (57)
dMigp . Migp
AY = Migg — ——+— 58
HP— - Qmup ( isB Kip {ml}) (58)

In poorly perfused organs (denoted by the subscript, PP),

dPpp Ppp
Y — Qpp [ Psp — -FF
PP ¢ = Qpp ( SB KPP) (59)
dMiPP . MIPP
A = Misg — ——— 60
PP Qpp ( isB Kop {mi}) (60)

In intestinal blood (denoted by the subscript, Intb),

dp
Vinto dI:tb = QpyPsg + CLy,Prog — (Qpy + CLY, ) Progy (61)
dMi . R
Vint dtlmb = QpyMigg + CLYj, {mi}Miry

— (Qpv + CLy {mi})Mipy,  (62)

In intestinal tissue (denoted by the subscript, Int),

dP, Int

Vlnt dt

= CL Plnlb + kaP]umenVlumcn

- (CLIdz + CLim,metl,I + CLim,metZ,I + CLim,sec.I)PIm
(63)

Sun and Pang

= CL}, {mi}Mipy

+ ka {mi}Milumenvlumen + CLint.metl.IPIm

- (CLIdZ{ml} + CLim.mcLI{mi} + CLiancc,I{mi})MiInt
(64)

In intestinal lumen (denoted by the subscript, lumen),

dP,
Vlumcn i;x[nen - CLiancc,IPInl - (ka + kg)Plumcnvlumcn (65)
dMi e
Viumen % = CLinttscc,I{ml}Mllnl
— (ka{ml} + kg{mi})MilumenVlumen (66)
In liver blood (denoted by the subscript, LB),
dP
Vis dtB = QpvPub + QuaPsg + CLE P
— (Qpy + Qua + CLY )Prg (67)
dMi . . e
ViB dtLB = QpyMip,p + QuaMigg + CLgIz{ml}MlL
— (Qpv + Qua + CLY {mi})Mirp (68)

In liver tissue (denoted by the subscript, L),

dPp
Vi =CL!Pp
- (CLdH2 + CLim,metl,H + CLim,metZ,H + CLint,seqH)PL
(69)
dMi .
\%% dtL = CLY {mi}Mirp + CLint met HPL
— (CLY{mi} + CLintmett{mi} + CLingsec,i {mi})Mir.
(70)
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