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Abbreviations: Pgp, P-glycoprotein; Pqyp, effective permesbility; EfR, efflux ratio; CLinsec, intrinsic
clearance for apical efflux, mediated by transporters; CLinme, Metabolic intrinsic clearance; CLays,
intrinsic clearance for apical absorption, mediated by transporters; CLinux and Clgsux, intrinsic
clearances for basolateral influx and efflux, respectively, mediated by transporters, CLgy, passive
diffusion clearance common across apical and basolateral membranes; CLq4, and ClLy;, passive
diffusion clearance from the apical and basolateral compartments into the cell compartment,
respectively; CLgs and CLg,, passive diffusion clearance from the cell compartment into the apical
and basolateral compartments, respectively; P, Jc and Jmax, the permeability, flux, and apparent Vimax
estimated for the carrier system, respectively; K'y, and K"y, are the apparent K,;s estimated from the
Eadie-Hofstee plot, with and without the Hill coefficient, respectively; fne, fraction of dose
metabolized
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ABSTRACT

We explored the properties of a catenary model that includes the basolateral (B), apical (A), and
cellular compartments via simulations under linear and nonlinear conditions to understand the
asymmetric observations arising from transporters, enzymes, and permeability in Caco-2 cells. The
efflux ratio (EfR, Paps—a/Papa—s), Obtained from the effective permeability from the A—B or
B—A direction under linear conditions, was unity for passively permeable drugs whose transport
does not involve transporters; the value was unaffected by cellular binding or metabolism, but
increased with apical efflux. Metabolism was asymmetric, showing lesser metabolite accrual for the
B—A than A—B direction because of inherent differences in the volumes for A and B. Moreover,
the net flux (total — passive permeation) due to saturable apical efflux, absorption, or metabolism
showed nonconformity to simple Michaelis-Menten kinetics against Cpp, the loading donor
concentration. EfRs values differed with saturable apical efflux and metabolism (>1), and apical
absorption (EfRs <1), but approached unity with high passive diffusive clearance (CLy) and
increasing Cp o a higher degree of saturation of the process. The Jmnax and K'r, [or the K", based on a
modified equation with the Hill coefficient (B)] estimates from the Eadie-Hofstee plot revealed
spurious correlations with the assigned Vmax and Ky,. The sampling time, CLq, and parameter space of
Km and Vinax Strongly influenced both the correlation and accuracy of estimates. Improved correlation
was found for compounds with high CL4 These observations showed that the catenary model is

appropriate in the description of transport and metabolic datain Caco-2 cells.
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INTRODUCTION

The majority of drugs available in the market are oral dosage forms. For the assessment of
permeability and oral drug absorption, in silico models (Stenberg et al., 2001) and high throughput
systems such as the parallél artificial membrane permeability assay (PAMPA) (Kansy et al., 1998)
and cell-based systems (Hidalgo et a., 1989) exist to relate drug permeability to absorption,
especially for compounds that do not undergo intestinal metabolism (Usansky and Sinko, 2005). The
most popular, high-throughput screening tool for drug permeability is the human colon carcinoma
(Caco-2) (Hidalgo et al., 1989) or transfected Madin-Darby canine kidney (MDCKII) (Irvine et d.,
1999) cells. Upon culture, Caco-2 cells differentiate and become confluent to form monolayers with
tight junctions and polarized apical/mucosal (A side) and basolateral/serosal (B side) membranes that

are structurally and functionally similar to those of enterocytes.

ABC efflux transporters such as P-glycoprotein (Pgp or MDR1, multidrug resistance associated
protein 1), the multi-drug resistance-associated protein 2 (MRP2), and the breast cancer resistant
protein (BCRP) are expressed on the mucosal membrane of Caco-2 (Hunter et al., 1993; Hirohashi et
a., 2000), as are the absorptive transporters, such as the proton-coupled oligopeptide transporter
(PEPTL) (Guo et a., 1999) and organic anion transporting polypeptide (OATP 2B1) (Kobayashi et
a., 2003). Similarly, on the serosal membrane, basolateral efflux transporters, such as MRP3
(Hirohashi et a., 2000), and OSTo-OST[ (Okuwaki et al., 2007) are expressed in Caco-2. In
addition, multiple metabolic enzymes such as the sulfotransferases (SULTY),
UDP-glucuronosyltransferases (UGTs) (Sun et a., unpublished data), and the glutathione
Stransferases (GSTs) (Peters and Roelofs, 1989) reside in the Caco-2 cell monolayer. Besides, the
cytochrome P450 3A4 (CYP3A4), which is inherently poorly expressed in cell monolayer, may be
induced by incubation with 1a,25-dihydroxyvitamin D3 or acquired by transfection of the CYP3A4
gene (Cummins et a., 2001). The Caco-2 system allows for paracelluar transport (Adson et al.,

1994), and Ca?*-Mg?* free buffer has often been used to disrupt paracellular transport of fluorescein,
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a highly fluorescent probe, for assessment of the contribution of the pathway (Troutman and
Thakker, 2003a). Furthermore, an unstirred water layer that can impede the transport of highly

lipophilic drugs has been described for the Caco-2 cells (Hildalgo et al., 1991).

Cell-based permeability models have become a necessary strategy in the drug discovery
paradigm (Lentz et al., 2000; Polli et a., 2001). The protocol facilitates the drug-discovery scenario
to define whether or not new drug entities are Pgp substrates. Inhibitors such as GF120918 are used
to identify Pgp involvement and obliterate apical efflux. In paralel, computational models have
evolved to describe Caco-2 transport. However, most of the interpretations express simplified views
and provide gpproximate solutions for the passive permeability coefficient, Payp, by assuming that the
system is a single barrier. Even for nonlinear cases, influx or efflux at the apical membrane was
simplified by viewing the system as a single barrier and assuming that drug molecules present at
either the apical or basolateral compartment have direct access to intracellular enzymes or efflux

transporters (Guo et al., 1999; Williamset a., 2002; Troutman and Thakker 2003b, Tran et al., 2004).

We are of the view that the single barrier model for the Caco-2 cell monolayer is inadequate,
and that a catenary model comprising basolateral (B), apical (A), and cellular compartments (Ito et al.,
1999; Tamet a., 2003; Irie et al., 2004; Gonzélez-Alverez et a., 2005) is more appropriate than what
routine analyses subscribe, especially under nonlinear conditions. Given the importance of the
Caco-2 system in drug discovery and development, we explored properties of the catenary model to
gain a mechanistically-based understanding of the asymmetric observations arising from
transporters, enzymes, and effective permeability under both linear and nonlinear conditions. We
examined the definition of Py, under sink and non-sink conditions, and when the parameter was
based on cumulative or timed-sampling. The definition of EfR and its dependence on transport,
binding, and metabolic parameters was studied. Moreover, the appropriateness of estimates of

Michaelis-Menten parameters, Vimax (8S Jmax) and Kn, (as K'r or K" py) was investigated.
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THEORY
The Caco-2 Cell M odél

We hereby briefly revisit the terminologies and concepts. Although we refer our terminology to
the Caco-2 system, the kinetics derived may also apply to transfected cell lines or other similar, in
vitro systems. Thetest compound isadministered into the donor side, the apical (A) or basolateral (B)
compartment, and samples are withdrawn at the alternate site (receiver side). Both “sink” and
“non-sink” conditions for the Caco-2 system have been considered. “Sink” conditions refer to the
situation in which back diffusion of drug in the receiver side to cell monolayer is negligible. Sink
condition would be satisfied when the sampling is conducted within the time interval that drug
concentration in the receiver side remain < 10% of the loading concentration, Cp o (Troutman and
Thakker, 2003a) or when drug in the serosal side is removed rapidly and irreversibly, leaving no
chance for the drug to return back to the enterocyte. In contrast, no assumption needs to be made for
“non-sink” conditions; thereis no need to assumethat drug concentrations are maintained high in the
donor side but low in the receiver side, and that drug molecules in receiver side do not re-enter the
cell compartment.

Definition of Py, and EfR

The most common approach is to document drug appearance in receiver side. This
permesbility term, Pay, defined in Eq. 1, is commonly known as the apparent or effective
permeability (Hilgerset a., 1990),

(AA | AY)/S
Pep= (R:—DO 1)

where (AARr/At) is the rate of drug appearance in receiver side, Sis the surface area of the transwell
(4.71 cm? Y amaguchi et al., 2000), and Cp o istheinitial drug concentration in the donor side at time
= 0. When the value is based on cumulative sampling (total amount transported from time = 0 up to

the last sampling point), the cumulative Py, is obtained. However, when the value is based on
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sampling at various time intervals, the incremental Py, is obtained, and Cp o now denotes the donor
concentration at the onset of the time interval (Youdim et a., 2003). Permeability, when based in
absence of transporters, denotes the ability of the molecule to traverse membranes by passive means.
However, high passive permeability is not synonymous with high lipophilicity since hydrogen
bonding or the presence of unstirred water layer for this group of compounds can delimit

permeability to such an extent that the compounds would exhibit alow permeability.

Usually, the purpose of transport studies in Caco-2 monolayer is to ascertain whether or not the
test compound is a substrate of the efflux transporter, especially Pgp. The efflux ratio (EfR), or ratio
of effective permeability for a drug given into B to appear in A (B—A) direction to that in A—B

direction (Eq. 2), isused.

EfR = oA

app,A—B

2

Generally speaking, avalue of < 1.2 or 1.5 for EfR infers that only passive diffusion isinvolved in
drug transport, whereas EfR values that greatly exceed unity suggest that test compounds are
substrates of efflux transporters at the apical membrane (Lentz et al., 2000; Polli et al., 2001).
However, the inference is less certain for highly permeable substrates, even though the compounds
are Pgp substrates; rapid influx of drugs by passive diffusion or active uptake transporters on apical

membrane can overcome the effect of apical efflux (Lentz et al., 2000).

For EfR values falling between 1~1.5, there exists the dilemma to identify whether or not the
test compound is a substrate of Pgp or other efflux transporters. Methodsinvolving use of inhibitors
are thus developed. The effective permeability (Pap) in the presence of the specific inhibitors,
GF120918 for Pgp and BCRP (den Ouden et al., 1996), Ko143 for BCRP (Allen et a., 2002), and
MK571 for the MRPs (Gekeler et al., 1995), would be reduced to approximate values of the passive

permeability (Ppp) When the transporter component is drastically reduced or totally obliterated. To
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avoid ambiguity in the definition of the concentration employed, the inhibitor should be added to

both A and B compartments.

The absorptive quotient (AQ) (Eqg. 3) and the secretory quotient (SQ) (Eq. 4) areintroduced with
administration of the inhibitor into the apical and basolateral sides (Troutman and Thakker, 2003c).

These expressions are derived from Py, in @dsence and presence (Pep,a—g OF Pep g—.a) Of inhibition.

Poso—P
AQ = _PPAB app,A—B
° PPD,A—>B )
P -P
SO = _@wBoA PD,B—A
° PPD,B—)A @

A change in P4y With inhibitors would alter the AQ and SQ values if apica efflux transporters are
involved. The enhancement of the asymmetric transport of drugs in A—B (absorptive) direction
with attenuation of transport in B—A (secretory) direction with Pgp inhibitors suggests that Pgp is
involved in drug transport. The unidirectional measurements of AQ or SQ would reduce the
workload in drug screening while providing reliability to bidirectional study for identification of Pgp
substrates. It has been proposed that, if the AQ or SQ value is more than 0.3, the drug is considered

to be a Pgp substrate (Thiel-Demby et al., 2004).

Caco-2 Cells and Enzymes. Caco-2 aso houses various drug metabolizing enzymes, and the system
has been used to study drug metabolism as well as the interplay between transporters and enzymes
(Cummins et al., 2001). Metabolism in Caco-2 monolayer could modulate Py, EfR, and net efflux

rates. The effects of metabolism have not been properly addressed.

Various laboratories have used different terminol ogies to express the cellular metabolism within
the Caco-2 cells system. One of these is the extraction ratio (ER), given by the ratio of the tota
amount of the metabolite (Mety) divided by the sum of the Mety and the drug amount(s) in the
receiving compartment (D) in Eq. 5 (Fisher et al., 1999), or by the sum of Met;«4, Dr and the drug

amount(s) in the cell (Dei) (EQ. 6) (Cumminset al., 2001).
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ER — M ettotal (5)
M ettotal + DR
ER - M ettotal (6)
M ettota] +DR +DCeII

These equations on the extraction ratio, ER, have been misconstrued to describe the extents of
metabolism since the equations have neglected to consider the entire mass of the system, namely,
drug in the donor and/or cell compartments also equilibrates in the system. The above eguations have
led to the misconception that metabolism can be increased with increase in efflux transport under
linear conditions. A simple equation (Eg. 7) that describes the fraction of dose metabolized (fie) has

been used to correct for the misconception (Tam et al., 2003).

— Mét,a — Met — Mét
" CD,OXVD dose Met,,, +Dr+Dp+D

()

The parameter, fre, expressed as a fraction of dose, reflects the metabolic efficiency of the
monolayer system and is more appropriate to describe the extent of drug metabolism in Caco-2

monolayer.

Nonlinearity. In order to understand the transport mechanism of drugs across Caco-2
monolayer, the individual contribution of passive diffusion/permeability (Pep) and transporters (Pc)
to the overall or total permeability (Payp) has to be distinguished under nonlinear situations. The
carrier-mediated permeability (Pc), has been defined as Jya/ (K'm + Cp o) and Jma/K'm for nonlinear

and linear cases, respectively (Troutman et al., 2003b).

J IS J..1S
Ol

r
K/ +Cpy K/ ®)

m

P. =[Py, — Po|=

c app

K'm and Jnax are estimates of the Michaelis-Menten constant (K,,) and maximum flux (Vmax) for the
transporter, respectively. Usually, P, or the carrier-mediated permeability associated with the
saturable process, is estimated from Eq. 8 as (Pap — Pep). In the case of saturable apical efflux, Pep

may be evaluated from use of inhibitors of efflux transporters. The apical, absorptive transporter or
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enzyme activity is usually negligible in non-transfectants (Caco-2 cells), and transporter/metabolic
activity shows up only in transfectants. Thus, Py, may be evaluated from transfectants, and Pep,
from mock-transfected Caco-2 cells (Bhardwg et al., 2005; Cummins et al., 2001). Thus P, may be

obtained from difference.

Analogously, the net flux due to carrier-mediated transport (Jo) is viewed as the difference
between thetotal flux (J) and flux dueto passive diffusion (J,,), and was estimated as P.SCpo. These
relate to the estimated parameters, Jmax (for Vimax) and K'n, (for Kry). In most of the investigations, it
has been assumed that apical efflux is the saturable process and that substrate concentration at the

vicinity of the transport processis the initial loading concentration, Cp .

3.=]3 -Jm|:m"+ag:mcm ©

The strategies taken involved plotting J. vs. Cp in the Eadie Hofstee plot for the appraisal of Jmax
and K'r, (Troutman and Thakker, 2003b). More often than not, curvature was observed in the plot of
Je VS. Cpo, Since Cp o is not the substrate concentration and the Caco-2 system is not asingle barrier.

Toimprovethefit, aHill number or coefficient, B, suggestive as an estimate of the number of binding

sites on the transporter, was added into the Eq. 10 (Stephens et al., 2001).

‘]max B
J. = W Coo (10)

The eguation was re-arranged as shown below.

J "
Iog{%— }:—,BlogCDvo+,BIog K, (12)

Cc

In this “improvised method”, Jmax Was first estimated from the Y -intercept of the Eadie-Hofstee plot,

and B and K", were estimated from refitting of datato Eq. 11.

10
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METHODS
The Catenary Caco-2 Cell Model

A catenary model, similar to those used by others (Ito et al., 1999; Tam et ., 2003; Irieet al.,
2004; Gonzdlez-Alvarez et al., 2005), was employed to appraise various aspects of the effective
permeability, efflux ratio, and datainterpretation on transporters and enzymesin Caco-2 monolayers.
The model comprised the absorptive and ABC-transporters of the apical membrane and influx and
efflux barriers at the basolateral membrane as two sets of potential barriers. The complexity of
housing the ABC-transporters in a lipid bilayer was not considered (Tran et al. 2005), since the
equilibrium of drug molecul es between the agueous compartment and inner/outer plasma membrane
would be achieved rapidly. Also, paracellular transport was neglected, as this could be embedded in

the parameter for passive diffusion permeability.

The cell monolayer is viewed as a system that includes transporters and enzymes and allows
for drug diffusion and cellular binding. The net flux associated with drug permeation in the catenary
model involves two different barriers, one at the apical membrane separating the apical compartment
and cell, and the other at the basolateral membrane, separating the basolateral compartment and cell
(Fig. 1). Theterms CL4,sand CLy4 denote the absorptive clearance ascribed to transporter-mediation
and passive diffusion on the apical membrane, respectively; CLin s and CLy3 denote the secretory
and passive transport clearances of drug from the cell back to the apical compartment, respectively;
CLg1 and CLimiux represent the passive and transporter-mediated influx clearances of drug between
the basolateral compartment and cell monolayer, respectively; CLy and Cleiux represent the passive
and transporter-mediated efflux clearances of drug between cell monolayer and the basolateral
compartment, respectively. Unless specified, it was assumed that the clearances driven by passive
diffusion are equal (CLq1 = CLg = CLgz = CLy = CLg). These CL4 terms relate to drug permeability
by passive diffusion. A drug with high CLg is highly permeable whereas a drug with low CL4 is

poorly permeable and requires transporters to facilitate transport.

11
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In this study, simulations were conducted to produce profiles on transport and metabolism of
solutes in the Caco-2 monolayer that was grown on a transwell of insert diameter 24 mm (6-well
plate). Va4 (1.5 ml) and Vo (2.5 ml) were the volumes of buffer solution in the apical and
basolateral compartments, respectively. One popular approach to estimate the cellular volume (V cai)
isby geometrical calculation, inwhich V y equalstheinsert areax cell height. Blaiset al. (1987) had
measured the cell height by apulse height analyzer and estimated V ) to be 3.66 ul/mg protein. Since
the protein content of a confluent Caco-2 monolayer was 3 mg (Irie et a., 2004), the Ve was
calculated to be 10.98 ul (3.66 wl/mg x 3 mg). In the second method, Y amaguchi et al. (2000) studied
sulfanilamide, a poorly protein-bound compound whose transport was mediated only by passive
diffusion, and estimated V. to be 12.15 ul from the amount of sulfanilamide cumulated in the cell
monolayer/external sulfanilamide concentration, at equilibrium. Hence, in the present study, we took

the average value of these V o values, 11.56 pl, for all simulations.

Under nonlinear conditions, the rate of solute appearance in the receiver side changed with the
initial concentration in the donor side, Cp . These changes with concentration were observed with
saturation of the apical efflux (Gonzaelz-Alverez et al., 2005), apical influx (Tamai et al., 1997),
basolateral influx (Irie et al., 2004) or metabolism (Sun et al., unpublished data). The linear model
described in Fig. 1 was modified to include non-linearity by substitution of the clearance term of the
apical or basolatera membrane with Vima/ (K + Cy), where C, was the unbound drug concentration,

and Vs and K, were the maximum velocity and Michaelis-Menten constant, respectively.

For simplicity, metabolism within the system was viewed as the aggregate amount of
metabolite formed (Met) that was associated with the metabolic intrinsic clearance, CLin;me. Drug
bindingto proteins in the apical and basolateral compartments would occur due to the presence of
sloughed-off mucosal cells (unbound fractions, fy, and fuaso, respectively), and within the cell
(unboundfraction, f.g)). Binding would affect the mass transfer and metabolic rates that are based on

unbound drug concentrations. The assumption that formed metabolites did not compete with the

12
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parent drug for the transporters, enzymes, and drug-protein binding was made. The substrate was
further assumed to undergo simple Michaelis-Menten kinetics for both transport and metabolism

under nonlinear conditions.

Solutionsand Smulations

Mass balance equations (see appendix) based on the catenary model shown in Fig. 1 were
developed. Under linear condition, the equations were solved for P4y, and EfR with the program,
Maple 9.0 (Waterloo Maple Inc., Waterloo, Canada). Computer simulations were performed under
linear and nonlinear conditions with Scientist (Micromath®, Salt Lake City, Utah). Different CLy,

CLintmets CLabs, CLintsec, @d Vimax and Ky, were assigned.

13
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RESULTS

Linear Conditions

Both sink and non-sink conditions were examined. The P4y, under non-sink conditions was best
to describe drug transport, and the incremental Py, estimated at different time intervals was less
stable than the cumulative Py, (based on amount transported/time zero to time of sampling) in the
description of EfR (data not shown). Hence, further analyses only pertained to the cumulative Pgy,.
Although an explicit solution was found for Py, by matrix inversion for non-sink conditions, the
solution was not readily presentable because the expression was very lengthy. Instead, computer

simulation was used to show patterns of P4y, and the factors that modulated Payp.

Papp and EfR, in Absence of Metabolic Enzyme and Transporter Activity. When transporter
and enzyme activities were absent, Py, was found to be time- and permeability-dependent (Fig. 2).
With theassumption that CLg = CLq = CLaz = CLas = CLg, Papp, a—& and Py, 54 profiles were found
to beidentical (Fig. 2), resulting in EfR values that were constant (unity) and time-invariant. Binding
within the cell further affected the Py, patterns (Fig. 2, insets), rendering decreased Py, with
decreasing unbound fraction, feqi. However, binding would not alter EfR, as predicted by Eq. 12

below.

Pappand EfR in Presence of Efflux or Metabolism. Py, was found to be modulated by CLintsec
(Fig. 3) at both high and low passive diffusion clearance, CLg. Pgyps—a Wasincreased while P a—.
was decreased with increasing CLin sec; thus EfRs were increased, and the values were higher for
drugs with low CL4 (Fig. 3). By contrast, P4y values wereidentical in both absorptive and secretory
directions, and Py, decreased with increasing CLinme: (Fig. 4); the Pay, values were lower for drugs
of lower CL4. Values of the resultant EfR converged at unity, regardless of values of CLin;me, and

were not affected by metabolism.

14
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Solution for EfR. The solution of EfR existed in a concise form under linear conditions, and

was similar to that reported by Adachi et a. (2001), with the exception of the unbound fractions.

influx

E.I:R — fbaso (CLdl + CL ) (CLint,sec + CLd3)
fap (CLdZ + CLefqux )(CLabs + CI‘d4)

(12)

CLintmet @nd feep Were absent in Eq. 12 for EfR. The equation implied that, under linear condition,
intracellular metabolism and the binding of drugs to intracellular protein would not influence EfR.
When protein was absent (fa = fraso = 1) or when binding was similar (fa = fhaso), the binding terms
would disappear, and the fpas, and f4, terms were canceled, and Eq. 12 was further simplified:

— (CLdl + CLianux ) (CLint,sec + CLdB)
(CLdZ + CLefqux )(CLabs + CLdA)

EfR

(13)

Based on EqQ. 13, the effect of the various clearances on EfR was investigated. The results are
summarized in three-dimensional graphical presentations. As shown in Fig. 5A, values of EfR fell
between 1 and 2 when the test compounds were of high CLg (~ 1 ml/min), even when the efflux
transporter activity (CLinsec) Was substantial (0.8 ml/min). The same was observed for compounds
that were actively taken up by the apical transporters (CLas>> CLgs), rendering values of EfR below
unity (Fig. 5B). However, extremely high EfR values would result with increasing CLin s but
decreasing CLq4 (Fig. 5A) or CLas(Fig. 5B) that disallowed rapid equilibration of drug between the
cellular and the apical compartment. By contrast, decreasing values of CL s/ CLefiux Would furnish
modest values of EfR (between 0.5 and 2) even for substrates that were readily effluxed out at the

apical membrane (CLin; sec = 0.9 ml/min) (Fig. 5C).

With the assumption that CLy equals CLg, ClLgs equals CLy and only apical efflux is
carrier-mediated (i.e., CLaps = CLinfiux = CLesiux = 0), EQ. 13 was further smplified,

CLintsec
EfR=1+ ——— (14)

d4

EQ. 14 inferred that, EfR was dependent on the relative magnitude of CLi; sec and CLg in absence of

transporter-mediated apical influx, basolateral influx and efflux. For a Pgp substrate such as verapmil
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that has ahigh CLg, CLinsec ~ CLg and the efflux ratio was closeto 2. For other drugs of low CL4 that

are Pgp substrates (CLin: sec > CLg), EfR was disproportionately higher (Lentz et al., 2000; Polli et al.,
2001). Fortunately, the ambiguity may be removed with use of potent Pgp inhibitors that would
drastically reduce the EfR, revealing AQ and SQ values that denote Pgp transport. Therefore, EfR
values needed to be appraised and compared, together with other permesbility data with Pgp

inhibitors, such as AQ and SQ.

Asymmetry of Metabolism. The amount of metabolite formed (Metios) Was normalized to the
dose, and expressed as fme (EQ. 7). A faster metabolite formation rate was observed with apical over
basolateral dosing, even with identica initial concentration administered. The observed asymmetry
in metabolism resulting from administration into the apical or basolateral side was expected because
of differences in volumes (V4 and V). When identical permeability clearances existed across the
apical and basolateral membranes (CLy = CLg = ClLgs = CLgs) and carrier-mediated transport was
absent (CLass = CLint,sec = CLinflux = Cletfiux = 0), fmet 8- /fme a~g Was lessthan 1 (Fig. 6). When V4,
and Vpaso Were set up to be equal, the metabolic asymmetry disappeared (simulation not shown).
With increasing incubation time, fre a—s, fme 8-a, @Nd e 8- e a—p INCreased and finally
approached 1 (when time approached infinity in this system, all drug ultimately became metabolized
and fme iN both directions equaled unity). Again, the passive diffusion clearance (CLy) wasimportant,
and a greater permeability of the solute facilitated a faster entry of drug for cellular metabolism (cf.
Figs. 6A and 6B). Carrier-mediated efflux on the apical side (CLinsec) decreased values of fres—.a
and frea—s by removing cellular substrate for metabolism, and also affected the value of

fmet,8—a/Tmet a—B, @CCENtUELiNg the asymmetry observed for metabolite formation.
Nonlinear Conditions

Saturable terms, Ve and Ky, were used as replacement of the intrinsic clearances in the
catenary model (Fig. 1); CLg, CLg, ClLgs, and CLgs, were set equal to CLg, with the unbound

fractions were set to unity. For each simulation, only one saturable process (apical influx or efflux,
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basolateral influx or efflux, or intracellular metabolism) was considered in the Caco-2 system.
Simul ations were then performed to provide data for appraisal of the appropriateness of the estimates
(K'm or K", and Jmax) VS. the assigned Ky and Vinax for the saturable process. The strategy generated
sets of data with assigned constants (Km and Vimax, CLg and Cp o) and these were further manipul ated

into forms used in datainterpretation. The true values and the derived estimates were then compared.

First, the manner in which saturation of apical efflux transporters affected Py, and EfR at
increasing Cpo was examined. Solutes with high CL4 entered the cell compartment rapidly and
readily saturated apical efflux with increasing Cp . Values of Py a—s increased with Cp o (Fig. 7,
top panel), whereas Pqyp, 58— decreased with Cp o (Fig. 7, middle panel). These resulted in attenuated
EfR’s (Fig. 7, bottom panel). By contrast, less changes for Payp, a—s and Pay, 5—a Were found for
drugs of low CLq4 since these failed to enter the cell readily to saturate apical efflux transporters.
Second, the effect of saturable apical efflux on metabolism was considered. The presence of apical
efflux reduced the fraction of dose metabolized, e, Since efflux was competing with metabolism.
Anincreasein Vmax for apical efflux aso reduced frg, regardless of whether the drug was given into
A or B, and this existed when the drug equilibrated rapidly (Fig. 8A) or slowly (Fig. 8B).

Eadie-Hofstee Plot. Characteristic profiles were obtained upon plotting P; (Eqg. 8) and J. (Eq. 9)
against Cpp (Figs. 9A and 9B) when saturable efflux existed. A lack of conformity to linearity was
commonly observed with the Eadie-Hofstee plot for the estimation of K'n, and Jpmax (flux vs. flux/Cp o)
(Fig.9C). Usualy, the intercept and slope of the plot associated with the straight line component
would be used for estimation of the Jmax and K'n, respectively (see straight line in inset, Fig. 9C, for
drug of high CLg). Poor estimates would result when curvature existed in the Eadie-Hofstee plot for
solutes of low CL4 (< 1 mi/min). When Eq. 10 was used to improve the fit with the Hill coefficient, 3,
K", estimated from refitting of datato Eq. 11, was not much improved compared to K'y, (see below).
The estimate of Jmax remained unchanged since the parameter was estimated from the Y -intercept of

the Eadie-Hofstee plot.
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Estimation of Parameters: Non-linear Apical Efflux. With varying CLy4 (0.01, 0.1, or 1

ml/min), further simulations were performed with varying Vinax (0.05 to 50 nmol/min) at a fixed Ky,
(0.5 uM) for apical efflux. The ssmulations were repeated by changing the K, (0.5 to 50 uM) a a
fixed Vinax (0.5 nmol/min) to arrive at different sets of J; at varying sampling times (0 to 120 min).
The plots P, the carrier-mediated flux (Jc), and the Eadie-Hofstee plot vs.Cpo (Figs. 9A to 9C)
revealed that CLy strongly influenced the curvature of the Eadie-Hofstee plot with time. Higher
values of P. and J. were obtained for the B—A than the A—B direction, yielding asymmetric Jmax and
lower K'y, estimates (Tables 1 and 2). The early data points of the Eadie-Hofstee plots were used to
estimate the Jmax, and K'y, from the intercept and slope, respectively (Fig. 9C). A linear relationship
was observed for the Eadie-Hofstee plot only with higher CL4 (Fig. 9C, seeinset). Upon presenting
the entire set of estimates, it was apparent that Jy.x differed from the assigned Vmax and varied
according to the value of CLq4 (Fig. 10, Table 1). The correlation was poor at low CLg4 (0.01 ml/min),
whereas an improved and linear correlation was identified at increasing CLg (> 1 ml/min) (Figs. 10A
to 10C). The estimated K'y, and K", were less affected by CLy. Linear relationships were found
between K'y, and K", and the assigned K, (Figs. 10D to 10F); the values became closest when CLq4
was highest (Table 2). However, no further improvement was provided with use of Eqg. 10 or 11 to
arrive at K"y, (Table 2, Figs. 10D to 10F).

Estimation of Parameters. Non-Linear Apical Absorption. With varying CL4 (0.01, 0.1, or 1
ml/min), simulations were performed with varying Vi (0.05 to 50 nmol/min) but at afixed K, (0.5
uM), and a varying Ky, (from 0.5 to 50 uM) but at a fixed Vima (0.5 nmol/min) for the apical
absorption transporter to arrive at sets of P and J. data (Fig. 11). With saturable apical absorption,
higher P; and J. values were obtained in the B—A and not A—B direction, except for drugs of avery
low CLq4 (Figs. 11A and 11B). Again, curvatures were observed for the Eadie-Hofstee plot, except for
drugs of high CLq4 (see inset) (Fig. 11C). The estimated Jynax Was poorly correlated to the Vi

especially when CLy was lower (Figs. 12A to 12C; Table 3); but alinear correlation between Jq and
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Vmax Was attained when CL4 values were high (Fig. 12C). The correlation between K', and K", to Ki,

was acceptable among the various CLy (Figs. 12D to 12F; Table 4), and improved correlations
existed when the CLy valueswere high (Fig. 12F). Again, no further improvement was demonstrated
with use of Eq. 10 or 11 to arrive at K", (Table 4, Figs. 12D to 12F).

Estimation of Parameters: Non-Linear Metabolism. With varying CL4 (0.01, 0.1, or 1 mi/min),

simulations were performed, with varying Vmax (0.05 to 50 nmol/min) at afixed Ky, (0.5 uM) for the

metabolism, and at varying Km, (0.05 to 50 uM) at afixed Vimax (0.5 nmol/min), to arrive at sets of P

and J. data (Fig. 13). With saturable metabolism, values of P, were higher with higher CL4 (Fig. 13A).

Higher J. values were observed in the A—B and not B—A direction (Fig. 13B), yielding
correspondingly higher Vi (Y -intercept) (Fig. 13C). The correlation between Jya and Vimax Was
poor regardless of values of CLqy (Fig. 14A to 14C; Table 5). By contrast, a linear correlation was
found between K'y,, and K", to Ky, among the various CLq (Fig. 14D to 14F; Table 6); the correlation
improved when CLq4 values were high. Again, no further improvement was provided with use of Eq.

10or 11 to arriveat K"y (Table 6, Fig. 14D to 14F).

Sampling Time. Sampling in the Caco-2 system was often performed at 1 or 2 h intervals.
However, the manner in which sampling time affected the J. estimates was seldom studied. We
examined how sampling time affected estimation of P. and J. within the sets of simulations
performed on saturation of apical efflux, apical absorption, and metabolism. Indeed, the sampling
time affected values of J., although saturation profiles wereretained vs. Cp oin both A—B and B—A
(Fig. 15). Hence, the general shapeswere retained for all of the Eadie-Hofstee plots, but estimates for

K'm and Jmax Would change when the sampling time, whether Y2, 1 h or 2 h was used (data not shown).

Effect of Nonlinear Metabolite Formation. Simulation was performed to examine how the
various saturable processes affected metabolite formation. For drugs of high CLgq (1 ml/min),
saturable apical efflux (Fig. 16A), apical absorption (Fig. 16B), basolateral efflux, (Fig. 16C) and

basolateral influx (Fig. 16D) resulted in asymmetric metabolite formation, namely, higher for the
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secretory direction over the absorptive direction. The trend was partially due to the higher volume of
the basolateral compartment; the dose (VbasoCp,0) Was larger than (V 4Cp o). Patterns for metabolite
formation under saturable apical efflux (Fig. 16A) and basolateral efflux (Fig. 16C) were similar;
lesser metabolism was observed with higher Vimae's to bring drug molecules out of the cell. The
cumulative amount of metabolite formed was time-dependent (Fig. 16). Also, similar patterns existed
between the profiles of metabolite formation for saturable absorption or basolateral influx: greater
extents of metabolism were found associated with higher Viuax since this tended to bring more drug
molecules into the cell (Figs. 16B and 16D). For drugs of poor diffusion clearance (CL4 = 0.01
ml/min), greater amounts of metabolite formed were seen in the B—A direction, except when the
apical transporter was present (Fig. 16F). At low CLg, drug transport into and out of the cell would be
nominal, unless there was enhanced apical absorption by transporters, rendering a greater extent of
metabolism in the A—B direction; the trend intensified with increased Vma for the absorptive

transporter (Fig. 16F).

When metabolite formation (at 1 h) was further examined at increasing Cp o, trends indicating
higher metabolite formation for the B—A direction over the A—B direction was unilaterally
observed (Figs 17A to 17D), regardless of the saturable process: apical efflux, apical absorption,
basolateral influx, or basolateral efflux. The cumulative amount of metabolite formed was less with
higher Vinax associated with saturable apical efflux (Fig. 17A) and saturable basolateral efflux (Fig.
17C), and opposite trends existed with saturation of apical absorption and basolateral influx (Figs.
17B and 17D). For drugs of poor diffusion clearance (CLyg = 0.01 ml/min), higher metabolite
formation was again seen in the B—A direction, except when apical absorptive transport was present
(Fig. 17F). At low CLg, transport into and out of the cell would be nominal unless there was enhanced
absorption by transporters, rendering more metabolism in the A—B direction. The trend intensified

when the Vi for the absorptive transporter was increased (Fig. 17F).
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Effect of Nonlinear Processes on EfR. Patterns of EfR under nonlinear conditions were
examined. In these simulations, the saturable component was assigned a Vmax 0f 0.5 nmol/min and Ky,
of 0.5 uM, and CLg; = CLg = CLgz = CLys = CL4. EfRs values differed with saturable apical efflux
and metabolism (>1), and apical absorption (EfRs <1), but approached unity with high CL4 and
increasing Cpo at higher degree of saturation of the process. Saturable apical efflux (Fig. 18A)
resulted in EfR values that exceeded unity, but approached unity at high Cp o when the apical efflux
transporter was becoming saturated. Similar to thelinear case, lower EfR valueswere found at higher
CLq. A reverse trend was observed for saturable apical influx, showing EfR values below unity (Fig.
18B). Increasingly higher EfRs resulted with higher CLy and Cpo. With saturable metabolism, an
upswing then downswing pattern was observed for EfR with Cpp, and the changes were more
pronounced at higher CL4 (Fig. 18C). For saturable apical efflux, influx and metabolism, rapid drug
entry by passive diffusion (high CLg) counteracted the effects of the saturable process on EfR.
Eventually, the EfR values return to unity when the apical efflux, absorptive or metabolic process
failed to contribute significantly to the system with increasing Cp, as if only passive diffusion

prevailed under linear conditions (Fig. 5 and Eq. 12).

Other Simulations. Other scenarios such as saturation of basolateral influx or basolateral efflux
were not examined. This was because the patterns generated would be similar to those simulated for
saturation of apical influx and apical secretion (mirror images for donor vs. receiver side) although

minor differences would exist due to differences in volumes (Vg and Viag).

21

20z ‘0T |udy UoSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on October 11, 2007 as DOI: 10.1124/dmd.107.015321
This article has not been copyedited and formatted. The final version may differ from this version.

DMD # 15321

DISCUSSION

The Caco-2 system has become the gold standard to relate drug permeability to oral drug
absorption (Hidalgo et al., 1989; Lentz et al., 2001; Palli et al., 2001; Thiel-Demby et al., 2004). Due
to the prevalent use, athorough examination in revisiting theterminologies used in literature and data
interpretation in the Caco-2 monolayer istherefore justified. Eq. 1 was established under Fick’s law
to define drug permeability, Py, With the assumptions that the driving force is the concentration
gradient difference and that a single barrier exists for the Caco-2 monolayer (Hilgers et al., 1990).
Although P4y is atime-dependent variable and higher P4y is associated with higher CLg, the ratio of
Papp (Papp.s—a/Papp.a—s) Yields a meaningful EfR that is time-independent and CLg-invariant (unity)

when transporter activity is absent.

The meaning of EfR under linear condition was further clarified by Eq. 12. Asshownin Eq. 12,
EfR is dependent not only on the apical, secretory intrinsic clearance (CLinsec) but the relative
magnitude of passive diffusion and transport clearances at the basolateral membrane (CLg+CLinfiux)
/(CLg+ClLefiux), Clgs and CLgs, and the apical absorptive clearance, CLas. Hence, the value of EfR
may not always identify whether or not atest compound is a Pgp substrate. For drugs of rapid uptake
clearances at the apical membranes, values of EfR are reduced by high CLy, (Eqg. 14) or CLgs Values
(Fig. 5); the asymmetrical influx and efflux on basolateral membrane (CLinfiuw/CLefiux) Can aso
modulate the EfR. The same comment was made by Adachi et a. (2001). Even with the
simplification that CLas = 0 and all diffusive clearances are identical (CLqg1 = CLg = CLgz = Cla),
values of EfR may still hover around unity for drugs whose diffusion clearance (CLas) is high in

relation to that of the secretory clearance (Eq. 14) (Lentz et al., 2000).

Also, EfR will be affected differentially by secretion and metabolism under linear conditions.
Pgp-, BCRP- or MRP2-mediated efflux tendsto provide higher EfR valueswhen CLi s >> CL4 and
when the passive diffusion clearance (CLg) is low, rendering asymmetry in permeability from the

B—A direction over the A—B direction (Fig. 3). For solutes of high CLg4, ambiguous EfR values
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(close to unity) may result unless CLin s iS extremely high (Fig. 3A). The possibility that the

compound is aPgp substrate needsto be clarified with use of inhibitors by the AQ and SQ (Egs. 3 and
4). For solutes with low CLg, higher EfR values will result as a consequence of secretion for Pgp
substrates (Fig. 3B). By contrast, EfR isnot affected by metabolism; the metabolic intrinsic clearance
affects Pyyp in the B—>A and A—B directions to the same extent, thereby EfR remains unchanged (Fig.
4). Extents of metabolite formation in A—B direction is higher than that in B—A direction; The
pettern is inherently asymmetric smply because of unequal V5, and Vyas,, and metabolite formation

is reduced by apical secretion in both directions (Fig. 6).

Saturation of transport and metabolic processes, however, will be encountered with increasing
drug loading concentration within the Caco-2 cell system. The biggest disappointment in other
existing data interpretation strategy lies in treating the Caco-2 cell system as a single barrier for
parameter estimates of saturable processes. Even when perfect data for P.and J. are attainable with
use of “specific” inhibitors that completely block the secretory process, or when transport/metabolic
activities are associated only with transfected but not mock-transfected cells to enable precise
measurements, the Jna and K'n estimatesare afar cry from the true values (Table 1 to 6). The method,
based on the assumption that the Caco-2 cell system is a single barrier will yield inappropriate

estimates.

In addition, the time of sampling (Fig. 15), the passive permeability of drug, tissue binding,
metabolism, and the parameter space of Ky, and Vi Strongly influence both the correlation and
accuracy of prediction. Saturation in apical absorption, efflux, or metabolism in the Caco-2 system
results in similar Eadie-Hofstee plots for the recelver side that show nonconformity to simple
Michaelis-Menten kinetics (Figs. 9C, 11C, and 13C). The net flux is a consequence of multiple
processes involving more than asingle barrier, and Cp o cannot estimate the substrate concentration
in the vicinity of the transporter or enzyme. The estimated Jmax iS poorly correlated to the true Vinax,

especialy for substrates of low diffusive clearance (CLq4 < 1 mI/min); the observation persists when
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apical influx, secretion or cellular metabolism is the saturable process (Figs. 10, 12 and 14, A-C,

Tables 1, 3 and 5). Jmn is correlated with the true Ve only for solutes of high CLq4 for apica
secretion and absorption but not for cellular metabolism (Figs. 10C, 12C, and 14C). An improved
correlation is also observed with reduction of assigned values of Vi (< 20 nmol/min) or increased
values of Cp for simulation (data not reported). By contrast, a linear correlation is found between
the estimated K',, or K", and K, when apical influx, secretion or cellular metabolism is the saturable
process (Figs. 10, 12, and 14, D-F; Tables 2, 4, and 6). Thefindingisin contrast to that of Bentz et al.
(2005) who commented that a better correlation existed between Jma and Vimacand not K'n, or K", and
Km. The correlation is again dependent on values of CLg, since drugs with higher CLq4 equilibrates
faster between the donor, cellular, and receiving sites, rendering improvement in the correlation
(Figs. 10, 12, and 14 and Table 1-6). K", the parameter obtained by fitting P. to the
Hill-equation-like formula, fails to furnish additional physical meaning or improvement over K'n, in
the correlation with Ky, The existence of correlation between effective and true parameters (Jmax VS.
Vmax and K’y or K" vs. Ky is useful (Figs. 10, 12,and 14), since changes in Jmax O K'n, (€.0.
induction or inhibition) would commensurate with those of Ve Or Km, rendering useful data

interpretation on inhibition or induction of transporter or enzyme in the Caco-2 cell system.

For the description of added complexities such as carrier-mediated transport, intracellular
metabolism, and saturation of the above processes, we propose use of the catenary model (Fig. 1) for
proper data interpretation in the Caco-2 system. The presentation of mass transfer (appendix) in this
kinetic model had allowed us to smulate data over time to conduct a thorough theoretical
examination on transport and metabolism. Through this exercise, we obtained analytical solutionsfor
EfR under linear conditions, and examined the effects of transport and metabolic intrinsic clearances
(CLag1, CLg, Clgs, CLga, CLint.sec; CLavs, @and CLirtmet). Moreover, the model yielded data on P, Ppp,
and J. under nonlinear conditionsfor illustration with the Eadie-Hofstee plots. Although saturation of

the basolateral influx or efflux process was not simulated, these patterns could be inferred since the
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data would be mirror images of saturable apical influx and efflux. For thefirst time, trends in EfR

according to CL4 and Cp o with varying saturabl e processes were shown (Fig. 18); EfR values greater
than unity would not conclusively reflect involvement of apical efflux transporters since the same
trends were observed with saturation in metabolism (Fig. 18C). Although we had not explored a
wide parameter space, the analyses showed that the single barrier model for the Caco-2 cell

monolayer was inadequate to provide sound estimates of Vi and Ky, of saturable systems.

The usefulness of the catenary model has been demonstrated fully by the present analysis. In
this model, the timed samples collected are utilized fully for data fitting. However, due to the large
number of parameters to be ascertained and saturation of one or more of the processes, the fit of the
timed-metabolite data may not always lead to fruitful outcomes. A usual strategy is to sum the total
amount of formed metabolite (amount in cell + donor + receiver compartments) to describe
metabolism in the fitting procedure. Additional data on metabolite transport or metabolic data is
absolutely necessary, and would greatly add to the accuracy of the fit (Sun et a., unpublished data).
The model was able to describe saturable efflux (Ito et al., 1999), saturable apical absorption and
basolateral influx (Irie et a., 2004), and recently, saturable metabolism and substrate inhibition (Sun,
et a., unpublished data). Proper datainterpretation with the catenary model would definitely remove
the bias in parameter estimates, avoid viewing the Caco-2 cell monolayer as a single barrier, and

provide accurate estimates.
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Figure 3.

Figure4.
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Schematic presentation of the Caco-2 cell-based system by a catenary model comprising
the basolateral (baso), cell, and apica (ap) compartments. V, f, and C denote volume,
unbound fraction and the concentration of drugs of each compartment, respectively; M
denotes formed metabolite(s). CLg and CLgp, CLy and CLy3 denotetheinflux and efflux,
passive diffusion clearance on the basolatera and apical membrane, respectively.
CLiniux and Clemux represent the transporter-mediated influx and efflux intrinsic
clearances on the basolateral membrane; CLysand CLiq sec denote transporter-mediated
intrinsic clearances of absorption and efflux on the apical membrane, respectively;
CLintmet is the metabolic intrinsic clearance. Under non-linear conditions, CLinfiux,
CLeffiux, CLaps@nd CLint.sec @aNd CLint, mee May be replaced by the Vinad (Kt Cy), where Cy is
the unbound drug concentration in cells.

The effective permeability P4, according to Eq. 1 for the A—B, and B—A directions,
when transporters and enzymes were absent: CLiniux = Clefiux = Clintsec = Claps =
CLintmet= 0, and CLg1 = CLpz= CLgzs= CLu= CLg. Note, in the insets, Py, decreased
with cellular binding (fea denotes the unbound fraction in the cell).

The effective permeability Py vs. time for the A—B and B—A directions when CLg =
CLgp=CLg=CLgy=CLg = 0.2 ml/min (A) or 0.05 ml/min (B), and the corresponding
EfRs, at varying apical efflux activities (CLinsc). All the unbound fractions were equal
to unity; CLinfiux = CLlefiux = CLintmet = CLans = O.

The effective permeability Payp vs. time for the A—B, and B—A directionswhen CLg; =
CLgp = CLgz= CLg = CLg = 0.2 ml/min (A) or 0.05 ml/min (B) at varying cellular
metabolic activities (CLjnme). All the unbound fractions were equal to unity; CLinsiux =

Clesfiux = CI—int,sec: CLas=0.
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Influence of CLiy sec, together with CLy (A) and CLas (B), CLinfiux/CLlesiux (C) on EfR

under linear conditions, based on Eq. 12. All passive clearances were assumed to be
equal (CLg; = CLg = ClLg3 = CLy = CLg) and unbound fractionsin basolateral and apical
compartment were equal (fap = foaso). For (A) and (B), CLinfiix = Clemux = O @t the
basolateral membrane; For (B) and (C), CL4 was assigned as 0.05 ml/min, respectively,
andin (A) and (C), CLas=0.

Influence of Pgp-mediated efflux (CLinsec, from O to 5 ml/min) on the asymmetry in
metabolite formation at 1 h sampling, expressed as fraction of dose of metabolite formed,
fmet, from the B—A direction vs. the A—B direction, under linear conditions for solutes
of (A) high (CLg = CLg = ClLgz = CLgs=CLg=0.2ml/min) or (B) low (CLgyy =CLg =
CLgs = CLg = CLg = 0.05 ml/min) passive permeability. In all simulations, CLjyme =
0.05 ml/min; CLas = O; CLinfiux = CLeriux = O at the basolateral membrane; and unbound
fractions were egual to unity.

Effects of saturable, apical efflux (Vmax = 50 nmol/min, K., = 10 uM) on the effect
permesbility, Pappa—s, Paps—a and efflux ratio (EfR) for a solute of high (A) and low
(B) passive, diffusive clearance (CLgy = CLg; = CLgz = CLgys = CLg=10or 0.05 ml/min,
respectively). In al simulations, CLas = CLinfiux = Cletfiux = O, fap = fhaso = feat = 1,
CLintme = 0.1 mI/min; Cp o was varied from 0.5 to 500 uM to reach greater degrees of

saturation of apical efflux.

Effects of saturable, apical efflux on rates of metabolism, expressed as fraction of dose
metabolized (freea—s) and (fmeg—a), ON the asymmetry of metabolism for a solute of
high or low passive, diffusive clearance (CLy = CLg = CLgz =CLy =CLq=1o0r 0.05
ml/min, respectively); CLas = CLinfiux = Clesfiux = 0, fp = fbaso = feat = 1, CLingymer = 0.1
ml/min. In this ssimulation, the K, (10 uM) for apical efflux was kept constant, whereas

the Vimax Was varied from 0 to 1,000 nmol/min at Cp o = 100 uM.
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Effect of saturable, apical efflux (Vmax = 0.5 nmol/min and Ky, = 0.5 uM) on (A)

carrier-mediated effective permeability, P, (B) the net flux associated with carrier (Jc)
a 1 h sampling, and (C) the resulting Eadie-Hofstee plots at different loading
concentrations (Cpg) in both A—B (open symbols) and B—A (solid symbols)
directions, when passive diffusion [CLg: O@ (0.01 mli/min), V'¥ (0.1 ml/min), and
1M (1 ml/min) (see inset)] was atered. The unbound fractions were all set to unity;
CLint,me: Was set t0 0.01 ml/min; CLinfiux = CLesfiux = CLans = 0. Note the nonconformity of
some of the datato Michaelis-Menten kinetics. Usually, the early data points were used
to estimate the Jnax (Y -intercept at JJ/Cp o = 0), then the K'y, from the slope (-K'm), or K",

with an equation associated with the Hill coefficient (Eq. 11).

Correlation between estimated parameter, Jmax a 1 h sampling, vs. the assigned Vimax (A,
B, and C) and K'y, and K"y, vs. the assigned K, (D, E, and F) for the apical efflux
transporter in the Caco-2 cell monolayer (data of Table 1 and 2), when different CL4
(0.01, 0.1 and 1 ml/min) were used for simulation. In D, E, and F, K'r, (O@®) and K",
(A A) were represented against Ky, Transport in A—B and B—A directions was
denoted by open and solid symbols, respectively. For the simulations, all the unbound

fractions were set to unity; CLinux = CLesfiux = Claps = 0; CLintmet = 0.01 ml/min.

Effects of saturable, apical absorption (Vimax = 0.5 nmol/min and Ky, = 0.5 uM) on (A)
carrier-mediated permeability, P, (B) the net flux associated with carrier (J) a 1 h
sampling, and (C) the resulting Eadie-Hofstee plots at different loading concentrations
(Cpb,0) in both A—B (open symbols) and B —A (solid symbols) directions, when passive
diffusion [CLg: O@ (0.01 ml/min), V¥ (0.1 mi/min), and C1M (1 ml/min) (see inset)]
was dtered. The unbound fractionswere all set to unity; CLint met Was set to 0.01 ml/min;
CLinflux = Clefiux = CLintsee = 0. Note the nonconformity of some of the data to

Michaelis-Menten kinetics. Usually, the early data points were used to estimate the Jpax
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Figure13.

Figure 14.
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(Y-intercept at JJ/Cp o = 0), then the K'y,, from the slope (-K'), or K", with an equation

associated with the Hill coefficient (Eq. 11).

Correlation between estimated parameter, Jmax a 1 h sampling vs. the assigned Vinax (A,
B, and C) and K',,, and K", vs. the assigned K, (D, E, and F) for the absorptive, apical
transporter in the Caco-2 cell monolayer (data of Table 3 and 4), when different CLg4
(0.01, 0.1 and 1 ml/min) were used for simulation. In (D, E, and F), K'y, (O @) and K",
(A A) estimates are plotted against the true K. Transport in A—B and B —A
directions was denoted by open and solid symbols, respectively. For the simulations, all
the unbound fractions were set to unity; CLinflux = CLefflux = CLintsec = 0; CLintmet = 0.01

ml/min.

Effect of saturable cellular metabolism (Vinax = 0.5 nmol/min and Ky, = 0.5 uM) on (A)
carrier-mediated effective permeability, P, (B) the net flux associated with carrier (Jc)
a 1 h sampling, and (C) the resulting Eadie-Hofstee plots at different loading
concentrations (Cpp) in both A—B (open symbols) and B—A (solid symbols)
directions, when passive diffusion [CLg: O® (0.01 mli/min), V'¥ (0.1 ml/min), and
(1M (1 ml/min)] was altered. The unbound fractions were all set to unity; CLiyux =
Clefiux = Clas = CLintsec = 0. Note the nonconformity of some of the data to
Michaelis-Menten kinetics. Usually, the early data points were used to estimate the Jyax
(Y-intercept at JJ/Cp o = 0), then the K'y,, from the slope (-K'm), or K", with an equation

associated with the Hill coefficient (Eq. 11).

Correlation between estimated parameter, Jmax a 1 h sampling, vs. the assigned Vimax (A,
B,and C) and K'r, and K", vs. the assigned Ky, (D, E, and F) for saturable cellular
metabolic activity in the Caco-2 cell monolayer (data of Table 5 and 6), when different
CLq4 (0.01, 0.1 and 1 mi/min) were used for simulation. Transport in A—B and B—A

directions was denoted by open and solid symbols, respectively. In (B), K'm and K",
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Figure 16.

Figure17.

Figure 18.
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were represented by O® and A A, respectively. For the simulations, all the unbound

fractions were set to unity; CLiniux = Cleffiux = Claps = CLintsec = 0.

Time and concentration dependent profiles of J.in A—B (upper panel) and B —A (lower
panel) directions, when saturation of (A) apical efflux (Vimax = 0.5 nmol/min, K, = 0.5
uM;  CLiniux = Clefix = Clas = CLintme = 0), (B) apical absorption (Vimax = 0.5
nmol/min, Ky, = 0.5 uM; CLinfiux = CLesfiux = CLintsec = CLintmet = 0) and (C) metabolism
(Vimax = 0.5 nmol/min, Ky, = 0.5 uM, and CLiniux = CLlesfiux = CLintsec = Clans = 0) were
examined. The smulations were set as follows: CLg = CLgp = CLiz = CLys = CLg= 0.1
ml/min; the unbound fractions were set to unity.
Modulation of metabolite formation (CLin,me = 0.01 ml/min) by saturable efflux (A, E)
or influx (B, F) on the apical membrane, or efflux (C, G) or influx (D, H) on the
basolateral membrane, for drugs of high CLy (CLg=CLy; = CLgpz =CLiz=CLy =1
ml/min) (A toD) or low CLq4 (0.01 mi/min) (Eto H). Simulation was performed at Cp o
=100 uM when only one saturable pathway existed (Km =0.5 uM and Vi Was varied
from 0.5 to 50 nmol/min); al the unbound fractions were set to be unity.
Modulation of metabolite formation by saturable efflux (A,E) or influx (B,F) on the
apical membrane, or efflux (C,G) or influx (D,H) on the basolateral membrane for drugs
of high CLy (CLq=CLg = CLg = CLg3 =CLg =1 ml/min) (A to D) or low CL4 (0.01
mi/min) (EtoH). Simulation was performed for Cp o= 1to 500 uM, with sampling at 1
h, when only one saturable pathway of K, = 0.5 uM and Vimax Was varied from 0.5 to 50
nmol/min existed; CLiyme = 0.01 ml/min and all the unbound fractions were set to be
unity.

Modulation of the efflux ratio (EfR), estimated at 1 h for sampling, by saturable apical

efflux (A), apical influx (B) and intracellular metabolism (C). The value of EfR = 1 was

denoted by ------ .In (A) and (B), CLintme= 0.01ml/min. Only one saturable component
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(Vmax = 0.5 nmol/min and K, = 0.5 uM) was present at a time. For simulation, the
following assumptions were made: CLy = CLgy = CLgp = CLgs = CLgy = 0.01, 0.1 or 1

ml/min; all the unbound fractions equaled unity.
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= ClLas=0and CLg; = CLg = CLgz = CLgs = CLg; all the unbound fractions are set to be unity.

Assigned A—B B—-A
Vmax \Jn’]ax Klm* KHm* B Jn']ax K’m* K!Im* B
(nmol/min) (nmol/min) (uM) (uM) (nmol/min) (uM) (uM)
Case 1 (CLg = 0.01 ml/min)
0.05 0.0134 1.75 3.75 1.20 0.0288 1.62 3.45 1.20
05 0.134 2.49 17.4 1.62 0.288 2.23 16.2 1.63
5 14.9 540x 10 | 534x10° | 1.01 17.4 262x 10° 2.58 x 10° 1.01
25 745%x10° | 278x10°| 278x10° | 1.00 | 156x10% | 252x 10° 252 x 10° 1.00
50 350x 10* | 1.30x10" | 1.30x 10" | 100 | 7.44x10* | 1.20x 10’ 1.20 x 10’ 1.00
Case 2 (CLg = 0.1 mi/min)
0.05 0.00641 1.66 1.71 1.01 0.00824 0.867 1.09 1.04
05 0.0640 1.60 3.57 1.21 0.0825 0.967 2.19 1.20
5 0.641 2.26 17.1 1.64 0.825 1.22 115 1.69
25 3.90 113 161 1.18 4.18 8.34 49.7 1.53
50 74.7 566x10° | 560x10° | 1.01 14.4 379 407 1.08
Case 3 (CLg= 1 ml/min)
0.05 0.000671 1.58 1.59 1.00 | 0.000848 0.922 0.938 1.00
05 0.00671 1.58 1.77 1.03 0.00848 0.930 1.03 1.02
5 0.0671 1.63 3.63 1.21 0.0848 0.946 2.05 1.19
25 0.336 1.89 10.6 1.53 0.424 1.03 6.43 1.53
50 0.672 2.32 17.2 1.63 0.849 1.16 10.8 1.68
* thetrue Ky, 1s 0.5 uM
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Table2. Correation between K, K'mand K"y, for apical efflux at various CL4, when CLint met = 0.01 ml/min and Viax = 0.5 nmol/min;

CLinfiux = CLlefiux = Claps = 0 and CLy; = CLgz = CLgz = CLas = CLg; all the unbound fractions are set to be unity.

Assigned A—B B—A
K T K'm Km B T K'm K'm B
(uM) (nmol/min) (UM) (UM) (nmol/min) (UM) (UM)
Case 1 (CLg = 0.01 mi/min)
0.05 0.134 0.252 12.0 2.10 0.288 0.226 11.2 212
0.5 0.134 2.49 174 1.62 0.288 2.23 16.2 1.63
5 0.135 23.9 39.0 1.20 0.290 21.5 36.0 121
25 0.138 109 116 1.04 0.296 99.3 107 1.05
50 0.139 205 209 1.02 0.298 188 192 1.02
Case 2 (CLg = 0.1 ml/min)
0.05 0.0640 0.173 1.49 1.49 0.0825 0.0874 0.857 1.46
0.5 0.0640 1.60 3.57 121 0.0825 0.967 2.19 1.20
5 0.0640 15.8 17.7 1.04 0.0825 9.78 11.2 1.05
25 0.0640 78.6 79.4 1.01 0.0826 48.8 49.6 1.01
50 0.0640 156 156 1.00 0.0826 97.4 97.9 1.00
Case 3 (CLg= 1 mi/min)
0.05 0.00671 0.160 0.233 1.06 0.00848 0.0908 0.123 1.04
0.5 0.00671 158 1.78 1.03 0.00848 0.930 1.03 1.02
5 0.00671 15.8 16.0 101 0.00848 9.22 9.40 101
25 0.00672 79.4 79.3 1.00 0.00849 46.4 46.5 1.00
50 0.00671 158 158 1.00 0.00849 92.8 92.8 1.00

* the true Vg = 0.5 nmol/min
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Table3. Correlation between Vs and Jmax, for apical influx at various CLy4, when CLint met = 0.01 ml/min and Ky = 0.5 uM;; CLinfiux = CLeftiux

DMD # 15321

= ClLintsec = 0and CLy; = CLgz = CLgz = CLg = CLg; all the unbound fractions are set to be unity.

Assigned A—B B—A
Vima I Km* | K'u* | B I Kim * K B
(nmol/min) (nmol/min) (UM) (uM) (nmol/min) (UM) (UM)
Case 1 (CLg = 0.01 mi/min)
0.05 0.0134 0.581 0.864 1.08 0.0285 14.8 14.6 1.01
0.5 0.134 0.612 5.28 1.62 0.289 25.3 51.1 1.29
5 1.34 1.38 34.1 1.82 331 1.24x 10° 1.24x 10° 1.00
25 -86.4 -1.02x 10 | NA NA 1.60x 10* | 5.99 x 10° 5.99 x 10° 1.00
50 -157 -1.87x 10" | NA NA 6.86x 10* | 2.56x 10’ 2.56 x 10’ 1.00
Case 2 (CLg = 0.1 ml/min)
0.05 0.00640 1.15 1.66 1.08 0.00825 1.40 1.28 0.99
0.5 0.0640 1.34 5.22 1.39 0.0825 1.35 351 1.26
5 0.642 2.66 28.7 1.73 0.826 2.01 19.4 1.70
25 -38.3 -6608 NA NA 6.91 343 374 1.08
50 -28.8 -5229 NA NA 1199 9.36 x 10* 9.35x 10* 1.00
Case 3 (CLg= 1 ml/min)
0.05 0.000671 1.60 1.61 1.00 0.000848 0.91 0.95 1.01
0.5 0.00671 1.59 2.02 1.06 0.00848 0.93 1.15 1.04
5 0.0671 1.70 5.95 1.36 0.0848 0.97 3.33 1.32
25 0.336 2.39 18.3 1.65 0.424 1.18 11.1 1.69
50 0.674 4.18 327 1.61 0.849 1.54 185 1.75

* thetrue Ky, is 0.5 uM
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DMD # 15321

Table4. Corelation between Kp, (0.5 uM), K'mand K", for apical influx at various CLg, when CLintmet = 0.01 ml/min and Vi = 0.5
nmol/min; CLinfiux = Clefiux = CLintsec = 0 @nd CLg = CLg = CLg3 = CLgs = CLg; al the unbound fractions are set to be unity.
Assigned A—B B—-A
K Jmax® K'm K'm B Jmax® K'm K'm B
(uM) (nmol/min) (M) (UM) (nmol/min) | (uM) (uM)
Case 1 (CLg = 0.01 ml/min)
0.05 0.134 0.0613 3.96 2.10 0.288 4.70 31.6 1.60
05 0.134 0.612 5.28 1.62 0.289 25.3 51.1 1.29
5 0.134 6.11 10.3 1.18 0.284 133 140 1.04
25 0.134 30.4 33.0 1.04 0.264 450 450 1.00
50 0.134 60.3 62.1 1.02 0.253 799 799 1.00
Case 2 (CLg = 0.1 mi/min)
0.05 0.0640 0.100 3.04 1.85 0.0825 0.180 1.78 155
05 0.0640 1.34 522 1.39 0.0825 1.35 3.50 1.26
5 0.0641 13.7 17.4 1.09 0.0824 12.0 138 1.05
25 0.0642 67.4 69.2 1.02 0.0822 56.6 57.2 1.01
50 0.0643 133 134 1.00 0.0820 110 111 1.00
Case 3 (CLg= 1 ml/min)
0.05 0.00671 0.161 0.378 1.15 0.00848 0.0919 0.172 1.10
05 0.00671 1.58 2.02 1.06 0.00848 0.934 1.14 1.04
5 0.00671 15.8 16.3 1.01 0.00848 9.32 9.57 1.01
25 0.00671 79.1 79.4 1.00 0.00849 46.5 46.6 1.00
50 0.00672 158 158 1.00 0.00848 92.8 92.9 1.00

* the true Vg = 0.5 nmol/min
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DMD # 15321

Table 5. Correlation between Vs and Jma, for cellular metabolism (K, = 0.5 uM) at various CL4when other satiable components
(aplcaI/basoIaIeral influx, EfﬂUX) are absent: CLinfiux = Clefiux = CLint’seC =CLgs=0 and CLy1 =CLgp =CLgi3=CLu =CLg; al the
unbound fractions are set to be unity.

Assigned A—B B—-A
Vinex _ Jrrex K'm* K ¥ B Jrrex K'm * K ¥ B
(nmol/min) (nmol/min) (uM) (uM) (nmol/min) (uM) (uM)
Case 1 (CLy=0.01 mi/min)
0.05 0.0256 1.13 3.40 1.29 0.0238 1.05 3.13 1.28
05 0.256 1.75 18.4 1.72 0.238 1.57 17.1 1.73
5 124 292x10* | 291x10*| 1.00 92.4 2.17 x 10* 2.16 x 10* 1.00
25 281x10* | 6.82x10°| 6.82x10° | 1.00 | 2.65x10* | 6.27x10° 6.27 x 10° 1.00
50 132x10° |311x10° | 3.11x10° | 1.00 1.22x10° | 2.89x 10’ 2.89 x 10’ 1.00
Case 2 (CLg = 0.1 mi/min)
0.05 0.0293 1.23 1.87 1.10 0.0205 0.858 1.26 1.08
0.5 0.293 1.37 8.20 153 0.205 0.927 5.59 151
5 321 50.1 96.3 1.26 2.06 2.79 35.6 1.69
25 199 1.32x10* | 1.31x10* | 1.00 267 1.77 x 10* 1.76 x 10* 1.00
50 1.09x 10* | 7.27x10° | 7.27x10° | 100 | 220x10% | 1.48x10° 1.48 x 10° 1.00
Case 3 (CLg= 1 ml/min)
0.05 0.0310 1.34 1.80 1.07 0.0189 0.812 1.05 1.05
0.5 0.310 1.43 7.63 151 0.189 0.846 452 1.47
5 3.15 10.0 57.8 1.52 1.89 1.51 29.2 1.79
25 1.34x 10" | 860x10° | 860x10° | 1.00 | 1.08x10° | 6.93x10° 6.93 x 10° 1.00
50 3.41x10° 2.1911x 219x 10" | 1.00 | 411x10° | 264x 10" | 264x 10" 1.00
10
* thetrue Ky, 1s 0.5 uM
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DMD # 15321
Table 6. Correlation between K, K'mand K", for cellular metabolism at various CL4, when when other satiable components (apical/basolateral influx,
efflux) are absent: CLirflux = CLeffiux = CLintsec = Clans = 0 and CLgs = CLg = CLgs = CLas = CLg; all the unbound fractions are set to be unity.

Assigned A—B B—-A
K Jrax® K'm K'm B Jmax* K'm K"m B
(uM) (nmol/min) (uM) (uM) (nmol/min) (uM) (uM)
Case 1 (CLy = 0.01 ml/min)
0.05 0.256 0.179 134 2.19 0.238 0.160 12.6 2.20
0.5 0.256 1.75 184 1.72 0.238 157 17.1 1.73
5 0.258 16.7 35.2 1.29 0.240 15.0 32.6 1.29
25 0.263 75.9 87.7 1.08 0.244 69.2 80.8 1.08
50 0.266 142 149 1.04 0.247 130 137 1.04
Case 2 (CLg= 0.1 ml/min)
0.05 0.293 0.139 6.02 2.03 0.205 0.0951 3.93 1.98
05 0.293 1.37 8.20 153 0.205 0.927 5.59 151
5 0.293 13.6 20.0 114 0.206 9.21 139 115
25 0.295 66.7 70.0 1.03 0.206 45.6 48.6 1.03
50 0.295 131 133 1.01 0.207 90.3 92.1 101
Case 3 (CLg= 1 ml/min)
0.05 0.310 0.143 5.40 2.00 0.189 0.0847 3.34 1.94
0.5 0.310 143 7.63 151 0.189 0.846 4.52 147
5 0.310 14.3 19.1 111 0.189 8.45 11.6 111
25 0.311 704 727 1.02 0.189 42.0 43.9 1.02
50 0.312 139 140 101 0.190 83.6 84.8 101

* the true Vimex = 0.5 nmol/min
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Figure 1
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Figure 3
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Figure 6
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Figure 8
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Figure 11
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Figure 13
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Figure 14
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Figure 16
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Figure 17
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Figure 18
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APPENDI X
Mass Balance Equationsin Caco-2 cell monolayer for linear conditions

In apical compartment

dC
Vo dtap =—(Clgps +CLyy ), Cyp +(CLi e + Cliys ) Cogy (A1)
In cellular compartment
dC
Vcell dtoell = (CLebs + CLd4)fapCap +(CLd1 +CLinﬂux )fbaso Cbaso
(A2)
- (Cl‘int,sec + CLdS + Cl-int,met + CLd2 +CLeff|ux )fceH Ccell
In basolateral compartment
dC
Voo d:aso =(CLy + Clnp ) ca Coar = (Cligs+ CLiin ) oo Chao (A3)
Mass Balance Equationsin caco-2 cell monolayer for non-linear conditions:
For saturation of apical secretion,
In the apical compartment:
d Cap Vmax
Vap dt = (CLabS + CLd4)f6pCap + (m + CLdS)fcell Cce” (A4)
In the cellular compartment:
dC
Ve Tce”: (CL, + CLd4)fap Cs +(CLyy+ Clipiu ) heso Cheso
Vmax (A5)
- (m + CLdS + CLint,met + CLdZ + C:Lefflux )fcell CceH
m cell ~cell
In the basolateral compartment:
dC,.,
Vieso d: =(Cly+ Clignu )T oan Coan = (CLis+ CL1) T Chao (A6)

For saturation of apical absorption,

In the apical compartment:
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dC Y/

Vo~g =g O Cot (Chia +Clifan Coa (a7)
In the cellular compartment:
dC,, \Y
Vo =( - + CLd4)fapCap +(CLd1+ CLianux)fbaso Creso
dt Kint+f$Cy (A8)

- (Cl-int,sec + CLdS + CLint,met + CLdZ + CLefﬂux )fodl Coen

In the basolateral compartment

dC

v d:aso =(CLl+ Clanud)Tean Coan = (CLy+ Clinpi ) heso Coaso (A9)

baso

For saturation of cellular metabolism

dC, V..
\ " =—(Clys + CLd4)fapCap + (K— +CL)f e Cea (A10)

ap
d m+ cell ~cell

In the cellular compartment:

dC
Vel Tce”: (CL, + CLd4)fap Co +(CLy; + CLi 1) f o Croso

Y (A11)
- (Cl‘int,sec + CLd3 + % + CLdZ + CLefflux )fcell CceII

m+ cell el

In the basolateral compartment

dC
a— (Clyz + Clggin ) can Cean — (CLyy + CL 1) Foaso Chaso (A12)

baso dt

Vv
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