International Journal of Pharmaceutics 418 (2011) 161-167

journal homepage: www.elsevier.com/locate/ijpharm

Contents lists available at ScienceDirect

International Journal of Pharmaceutics

H PHARMACEUTICS
iy

P
(T

Estimation of Michaelis—-Menten constant of efflux transporter considering

asymmetric permeability

Kiyohiko Sugano®*, Yoshiyuki Shirasaka®!, Shinji YamashitaP

2 Global Research & Development, Sandwich Laboratories, Research Formulation, Pfizer Inc., CT13 9NJ, Sandwich, Kent, UK
b Faculty of Pharmaceutical Sciences, Setsunan University, Nagaotoge-cho 45-1, Hirakata, Osaka 573-0101, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 26 November 2010

Received in revised form 15 March 2011
Accepted 24 March 2011

Available online 8 April 2011

Keywords:

Passive diffusion
Transporter
Asymmetric

Efflux

Mechanistic model

It was previously reported that the apparent Ky, values of P-gp in apical to basal (A to B) and basal to apical
(B to A) directions were different. The purpose of the present study was to derive a theoretical framework
by which this asymmetric concentration-permeability profile can be explained using a single intrinsic
K value. A three compartment model was used to represent the apical, cytosol and basal compartments.
The difference of passive permeability and the surface areas between the apical and basolateral mem-
brane were explicitly taken into account. Applying the steady state approximation and considering the
mass balance in the cytosol compartment, an open analytical solution was obtained. By using this equa-
tion, the asymmetric concentration-permeability profile was appropriately reproduced. In addition, the
expression level dependency of apparent K;;, was also reproduced.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The passive diffusion and carrier mediated transport coexist in
biological membrane permeation of a drug (Sugano et al., 2010).
For appropriate drug design, clinical PK prediction, and a clini-
cal use of a drug, it is important to understand the contribution
and interplay of these factors. A fully mechanistic molecular-level
physiologically based pharmacokinetic model is required to quanti-
tatively evaluate the contributions of these factors. There have been
many extensive investigations following this approach (Garmire
et al., 2007; Garmire and Hunt, 2008; Kwon et al., 2004; Rostami-
Hodjegan and Tucker, 2007; Yang et al., 2007). One of the critical
factors for this approach is to obtain intrinsic kinetic parameters
for carrier mediated transport such as intrinsic Ky, and Jmax. (In
this article, K, refers to intrinsic K, based on free cytosol concen-
tration unless otherwise noted.) However, apparent Ky; and Jmax
which are based on the donor chamber concentration have usu-
ally been obtained from experimental apparent permeability data.
It was previously reported that the apparent Ky, values of P-gp in
apical to basal (A-B) and basal to apical (B-A) directions are differ-
ent (Troutman and Thakker, 2003a). In addition, apparent Ky, was
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found to be dependent on the expression level of P-gp (the intrinsic
Km should be consistent) (Horie et al., 2003; Shirasaka et al., 2008).
One of the reasons for these two observations was suggested to
be that the unbound drug concentration in the cytosol is not equal
to that in the donor compartment (Korjamo et al., 2007). In addi-
tion, the reason for the apparent K;; being asymmetric values was
suggested to be the difference in passive permeability between api-
cal and basal membranes. This point was previously demonstrated
by computational simulation studies using virtual drugs (Korjamo
et al., 2007). However, in these simulation studies, the intrinsic K,
and Jmax values of a real drug have not been obtained from the
experimental data.

Recently, Tachibana et al. reported a simple equation to cal-
culate the steady state permeability considering the effect of an
efflux transporter in the apical membrane (Tachibana et al., 2010).
They successfully explained the expression level dependency of
apparent Ky, and the intrinsic K, values of 3 P-gp substrates were
obtained (Tachibana et al., 2010). The purpose of the present study
was to extend their approach to handle the difference of apical and
basolateral permeation.

Even though a 3 compartment model (Fig. 1), i.e., apical, cytosol
and basolateral compartments, has been employed to represent the
epithelial cell membrane in many reports, little is known about the
difference of passive trans-membrane diffusion in the apical and
basolateral membrane and its effect on experimentally observable
apparent permeability. Previously, it was assumed that the apical
and basolateral membranes have the same surface area and pas-
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Tight junction

Fig. 1. Schematic presentation of epithelial cell.

sive permeability (Heikkinen et al., 2010; Tachibana et al., 2010).
In this report, a model equation to calculate the apparent mem-
brane permeability of a drug across a cell monolayer with an efflux
transporter in the apical membrane is first derived, considering the
difference of the permeability-surface area products in the api-
cal and basolateral membranes. This theoretical model revealed
some characteristics of membrane permeability which could be
originated from the difference of passive apical and basolateral per-
meation. This equation was then applied to analyze experimental
data of concentration dependent A-B and B-A permeation of P-gp
substrates.

2. Equations

Theoretical equations forideal/absolute intrinsic parameters are
first derived. However, the ideal/absolute intrinsic permeability
data cannot be directly obtained from the experimental data since
an exact surface area of monolayer cells is difficult to obtain. There-
fore, the ideal parameters are replaced with practical ones which
are experimentally obtainable using a key equation of Eq. (3). By
employing this step-wise sequence, the meaning of each parameter
is explicitly understood.

2.1. Equations using ideal parameters

The three compartment model was used to express the api-
cal, cytosol and basolateral compartments (compartment 0-2,
respectively)(Fig. 1) in similar to the previous theoretical studies
(Korjamo et al., 2007). The mass balance of a drug in the cytosol is
the sum of carrier-mediated and passive trans-bilayer transports of
the drug for both influx and efflux directions from/into apical and
basolateral compartments. When the efflux transporter is located
on the apical membrane, the mass balance in the cytosol is written
as:

dM
Ttl = CofnofuooPo1 — Cifuifur@opio — Cifnifurazpiz
Vmaxclful
+C a - 1
2fn2fu2 2P21 Km+clful ( )

where f; is the fraction of the neutral charge form of drug molecules
(dependant on pH and pKj of a drug) (in the following, the number

in the subscript indicates the compartment), f is the free unbound
fraction, p (lower-case letter) is ideal passive permeability of undis-
sociated molecules (the sequence number in the subscript indicates
the direction, i.e., pg; corresponds to permeation from 0 to 1 com-
partment (Fig. 1)), C is total dissolved drug concentration in each
compartment, a is the absolute surface area of the cell membrane,
M is the amount of a drug in each compartment and Ky, is the intrin-
sic Michaelis—-Menten constant. In Eq. (1), the pH partition and free
fraction theories were assumed. When the pH values in all compart-
ments are the same (i.e., fuo =fn1 =fn2) (e.., pH 7.4) and no additive
is used in the apical and basolateral side (f,0 =f,2 =1), Eq. (1) can be
simplified to:

dM
Ttl = Coaoppp — C1fu1aoppp — Cifurazappp
Vmaxclful
+ G oo - 2
2020Ppp K + Cifut (2)

In this equation, it was assumed that passive diffusion of a neutral
molecular species across a lipid bilayer membrane is symmetric
in the influx and efflux directions, whereas apical and basolateral
membrane could show different permeability (f,oPo1 =fa1P10 =DPep,
fa1b12 =fa2p21 =oppp) (see Appendix). o was introduced to reflect
the ratio of passive permeability between the apical and basolateral
membranes.

2.2. Converting the equation with the ideal parameters to that
with the practically available parameters

Since we cannot observe an ideal intrinsic passive permeability
and absolute membrane surface area, we have to convert the ideal
parameters to observable (apparent) parameters. Apparent passive
transcellular diffusion under a perfect inhibition of the transporters
(Papp,pD,trans) usually collapses to the same value in both A-B and
B-A directions. Usually apparent permeability values are practi-
cally defined based on the flat surface area of a cell culture well
(Awenr)- On the other hand, when considering the real cell structure,
the A to B permeation is a sequential permeation through the api-
cal and basolateral membranes. Therefore, ppp can be expressed
as,

ap + axx
= Ape —————P,
PrD well dglds app,PD, trans
o AwerP —(1+1)71 (3)
- AwellTapp,PD,trans = @ = aq PpD

This equation is the key for converting observable perme-
ability values to ideal ones. Pgyypptrans Can be calculated by
subtracting the contribution of paracellular pathway permeabil-
ity (Pparq) from in vitro apparent permeability. Ppaq can be
calculated from the molecular weight and pK, of a drug as
previously reported (Saitoh et al., 2004; Sugano, 2009; Sugano
et al,, 2002). By inserting the key equation of Eq. (3) into Eq.
(2) and considering the mass balance at a steady state, we
obtain:

Coao* — Cifurao* — Cifinax* + Gax*

1 131 1Jmax,appCfur
- +—) P -1madpprlul _ o 4
(az* ao* ) app,PD, trans K + leul ( )
dp oday
ap* = —_—, a = — V =A 5
0 do + ady 2 ao + aay max welL/max,app ( )



K. Sugano et al. / International Journal of Pharmaceutics 418 (2011) 161-167 163

By solving Eq. (4) for C1fy (this is a quaternary equation of Cyfy;.
See Appendix Eq. (A-2)), the free drug concentration in the cell
compartment (Cyfy1) can be calculated as,

b4 /P2 —
leu]zu (6)

2

b = Km — (Coao™ + Caa2")

1 1\! _
+ (aO* + E) Papp,pD, trans 1]max,app (7)
¢ = —Kin(Coao" + C2a2") (8)

By definition, apparent epithelial membrane permeability (Pgpp,ep,
paracellular pathway neglected) can be expressed as,

1 C]ful
ap* Co

ady Cify
Awen Co

aa C
Popp.ep,B—A = 2 (1 - ]szul ) PrD

Pgpp.ep.A-B = PrD = Papp,PD, trans 9)

Awell
1 C
= ao* (1 - 1Cf2u1 ) Papp,PD, trans (10)

By inserting C1f,1 (Eq.(6))into Egs.(9)and (10), Papp.ep atadonor
compartment concentration (Cy or C;) can be calculated from K,
and Japp,max Via calculation of Cyfy;. It should be emphasized that
C1fy1 is the unbound drug concentration and information about
the free fraction in the cytosol (f,1) is not a necessarily prerequisite
datum for this calculation.

2.3. Estimation of aj)

When the donor side concentration is lower than Ky, Cify
becomes smaller than K;; and the efflux transport follows the first
order kinetics. In the case of sequential first order permeation,
Pgpp,p-a at a steady-state can be expressed as the sum of the resis-
tance (reciprocal of permeability) from the basolateral and apical
membranes (assuming the UWL and paracellular pathway are neg-
ligible),

1 1 1

- + (11)
ao(Pep + Pefux) ~ 902DPD

Awell P ep,B—A

Jma
Pefflux = me (12)

On the other hand, the efflux ratio (ER) can be calculated as (see
Appendix),

ER = Pep,B—A

pefﬂux
=1+ 13
Pep,A—B Prp (13)

By inserting Eq. (13) in to Eq. (11) and rearranging, we obtain,

brp Awen 1 Awell
—_— = — 14
Pep,B—A ap ER ody ( )

By replacing ppp by the key equation of Eq. (3) to convert the ideal
permeability into observable permeability, we obtain:

Papp,pD, trans 1

3 9 — * B * ) * * — 1 15
Poppn 42" gg T a0 (¢f. a*+az ) (15)
Therefore,

ao* _ Papp,PD,trans - Papp,ep,A—B

Papp,ep,8-a — Papp,ep,a-B

(Papp,PD,trans + Ppara) - (Papp,ep,A—B + Ppara)
= (16)
(Papp,ep,B—A + Ppara) - (Papp.ep,A—B + Ppara)

Km,ml Km.app,BA Km,am‘AS
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Fig. 2. Concentrations-permeability relationship of a model drug. The solid line: A
to B direction. The dotted line: B to A direction. It is often difficult to concentration
dependency for low solubility compounds.

a; reflects the asymmetric permeability of A to B and B to A direc-
tions (Fig. 2). Previously, the surface area ratio (ag to a,) in Caco-2
was directly measured to be 1: 3 (Trotter and Storch, 1991). There-
fore, theoretically, ajj should be 0.25 when no other transporter is
involved or no difference in the ideal passive permeability (ox=1).
The contribution of paracellular pathway permeability (Pparq) is
cancelled out as in Eq. (16).

2.4. Calculation of Kin and Jmax,app

All calculations were performed with MS-Excel. Kin and Jmax,app
can be obtained by curve-fitting Eqs. (9) and (10) to experimental
concentration-permeability curve (the least square method was
used with Newton optimization (by Excel solver function)).

3. Results and discussion

Fig. 2 shows the theoretical concentration—permeability curve
when the asymmetry of passive permeation in the apical and
basolateral permeation was taken into account. The ratio of the dif-
ference between Pyypa-p and Pyppp_a and Popp pp trans corresponds
to af (Eq. (16)). If the permeability-surface area product for pas-
sive permeation is higher in the basolateral membrane, a§ becomes
less than 0.5 and the apparent K;; value becomes higher in A to B
direction than in B to A direction. It should be noted that this is a
theoretical curve in anidealistic case. There are several other factors
which may cause a deviation from the theoretical curve (discussed
in the following).

Even though simultaneous curve fitting can be used to obtain a;)
and Ky, for a specific compound simultaneously, a stepwise calcu-
lation was used in this article to explicitly describe the calculation
process. As aj; would be a common value for various compounds if
not affected by other transporters, a; is first estimated by Eq. (16)
for several P-gp substrates.

Step 1: Estimation of afy from Pqpp,pp trans, Papp,a-B and Papp p-4 data
at a low concentration using Eq. (16)

Step 2: Obtain Kj; from concentration dependency data (curve
fitting).

To neglect the effect of the unstirred water layer, permeability
values of >30 x 106 cm/s were not used (Korjamo et al., 2009;
Naruhashi et al., 2003).
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Table 1

Permeability and membrane surface area indices in Caco-2 and MDCK-MDR1 cells.

MW  Caco-2 MDCK-MDR1 Ref.
Papp,inha'b Pappa-* Pappp-a® aa (o4 Papp,inha'b Pappa-g* Pappp-a® aa o

Acebutolol 336 6.4 1.5 18 0.29 0.8 3.7 0.56 17 0.19 1.4  Troutman and Thakker (2003a,b)®
Colchicine 399 2.8 1.0 17 0.11 2.7 1.6 0.64 12 0.09 34 Troutman and Thakker (2003a,b)®
Cyclosporin 1203 6.9 3.0 17 0.27 09 43 0.65 10 0.41 0.5 Troutman and Thakker (2003a,b)P
Etoposide 589 3.0 1.1 14 0.15 19 0.66 0.30 10 0.04 9.0  Troutman and Thakker (2003a,b)P
Fexofenadine 502 1.1 0.17 14 0.06 49 Petri et al., 2004
Ranitidine 314 2.8 2.7 4.4 0.07 4.8 1.3 1.2 3.3 0.03 9.7 Troutman and Thakker (2003a,b)P
Rhodamine 123 381 1.7 14 16 0.02 16 1.2 0.98 15 0.01 26 Troutman and Thakker (2003a,b)P
Talinolol 363 15 6.7 29 0.38 0.6 2.7 0.72 23 0.09 3.4  Troutman and Thakker (2003a,b)®
Vinblastine 811 6.0 3.8 13 0.24 1.0 Lentz et al. (2000)°

2 %105 cm/s.
b GW918 (0.5-2 wM) was used as P-gp inhibitor.

3.1. Estimation of af)

To obtain aj, several experimental values of Pgpppp trans,
Papp.epa-B and P qpp e g4 are collected from the literature (Table 1)
(Lentz et al., 2000; Petri et al., 2004; Troutman and Thakker,
2003a,b). As a potent and selective inhibitor for P-gp, GW918
(0.5-2 wM) was used in these reports (Petri et al., 2004). As shown
inTable 1, similar results were obtained for both Caco-2 and MDCK-
MDRI cells. Experimental ajy values are close to or less than 0.25 for
many cases. Therefore, the product of ideal permeability and sur-
face area for passive diffusion in the apical membrane is smaller
than that in the basolateral membrane. This result is in good
agreement with the apical/basolateral surface area ratio of Caco-
2 cells previously reported (Trotter and Storch, 1991), though it
might be counter-intuitive considering the microvilli in the apical
membrane. ajy of rhodamine 123, ranitidine and fexofenadine are
significantly smaller than 0.25. When a transporter other than an
apical efflux transporter is involved or when the passive perme-
ability of a drug is sensitive to the difference in the fluidity of the
membrane, aj could deviate from 0.25 and o becomes larger than
1. However, since it was reported that the Py, epa-p and P gpp ep p-a
of the present model drugs were not significantly different under
the presence of an P-gp inhibitor for these drugs (Lentz et al., 2000;
Petri et al., 2004; Troutman and Thakker, 2003a,b), the influence of
other transporters on aj; would be minor for this particular data set.

3.2. Estimation of Kp

The concentration—Pgpp profiles of fexofenadine and rhodamine
123 in Caco-2 are shown in Fig. 3. By using a single intrinsic K,
together with aj values, the asymmetric concentration-Pgpp pro-
files (A-B vs B-A) can be appropriately calculated (though Pypp e a-p
showed little concentration dependency). The concentration—-Pgpp
profiles of vinblastine in Caco-2 cells with different P-gp expres-
sion level are shown in Fig. 4. The expression level dependency of
apparent Kp, was also appropriately calculated using the intrinsic
K. The intrinsic K, showed little or no expression level depen-
dency compared to that observed for apparent Ky, (Table 2). The
present K; value of vinblastine is ca. 2 times smaller than the pre-
viously reported value by Tachibana et al. (2010) as the asymmetric
passive permeation is additionally taken into account in the present
study. Fexofenadine and vinblastine are also the substrate of other
transporters expressed in Caco-2 cells, such as OATP (Bailey et al.,
2007). The P-gp inhibitor (GW918) has not been reported to inhibit
OATP (Petri et al., 2004). However, in the particular data set used
in this study, since Pypp epa-p and P gpp ep -4 are reported to be not
significantly different under the existence of P-gp inhibitor (Petri
etal., 2004; Troutman and Thakker, 2003b), it was assumed that the
effect of these transporter might be minor compared to the effect
of P-gp and passive transport in the Caco-2 cells used in the exper-

iments. There might be an inter-laboratory variation of expression
levels of each transporter. When other active transporter(s) than P-
gp contributes to the permeability of a drug, even after inhibiting
P-gp, the efflux ratio should deviate from unit.

In Fig. 3, only slight increase of Pypp ¢, 4-p Was observed at the
highest concentration. It is often difficult to increase the donor
concentration as high as 10 mM. Therefore, the absence of concen-
tration dependency in Pgyp pa-p May not be a sufficient evidence
to suggest the absence of efflux transport for a drug.

In this study, the model equation was first derived based on
the ideal/absolute parameters, and then converted to the practi-
cally attainable parameters. This axiomatic step-wise approach is
advantageous to explicitly explain the role of various factors, such
as the difference of apical and basal surface areas. In Appendix, the
effect of other factors such as pH and free fraction in the donor
compartment is also explicitly explained.

DE-05 - (A) Rhodamine 123

1.8E-05 - K= 2.1 mM
O ’ = -6
1 6E-05 - O o app.DPtrans = 1.3 X106 cm/sec
------- ﬁ-"""--u-..__J_j a*=0.02
_ 14E05- oo -0
(8] *~
§ 128:05- .
5 1.0E-05 -
§ 8.0E-06-
Q -
6.0E-06 - .
4.0E-06 -
2.0E-06 - 00meoQ 00O 0 tte
0.0E+00 - . . . : .
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1.6E-05 - (B) Fexofenadine
............ 0O K. ..=0.059 mM
1.4E-05 - T, mint =11 x40 o/
R Poapp,PD,trans — '+ 10~ cm/sec
1.2E-05 - a*=0.06
8 1.0E-05- s
£ o)
E 8.0E-06 - .
g
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4.0E-06 -
2.0E-06 -
0.0E+007 - o-—0-0 Q . .
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Fig. 3. Concentrations—permeability relationship of rhodamine 123 (A) and fexofe-
nadine (B). Keys: circle: A to B direction, square: B to A, the solid line: simulated Pgy)
in A to B direction, the dotted line: simulated Py, in B to A direction.
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Table 2
K and Jmax,app for vinblastine.

Apparent K, (pM)ef

Intrinsic Kp, (uM) Jmax.app (NM cm/sec)

Type P-gp expression

level (pg/cm?)°
KO? 8.7 30
WTP 27 81
Mid¢ 104 149
Highd 191 323

0.86 0.10
1.43 0.26
1.49 0.45
0.98 0.68

aP-gp knock out Caco-2.

bwilde type Caco-2.

“Moderately P-gp induced Caco-2.
dHighly P-gp induced Caco-2.
¢Data from Shirasaka et al. (2008).
fA to B direction.

For more dynamic simulation of oral absorption of adrug such as
in vivo situation, the epithelial membrane model used in this study
can be numerically solved as differential equations. The steady state
approximation is valid when the concentration change in the api-
cal and basolateral side is slower compared to the time scale to
establish a steady state in the cytosol. As the cytosol volume is sig-
nificantly smaller than that of the intestinal fluid volume and the
body fluid volume, it is appropriate to approximate that the steady
state is established within a time scale faster than the time scale
of the concentration change in the GI fluid. In addition, it would be
appropriate to assume a sink condition in vivo, as the plasma con-
centration of a drug is much smaller than the concentration in the
GI fluid. In the present study, the unstirred water layer in the apical
side and the villi blood flow in the basolateral side were not taken
into account. By using the numerical simulation, these factors can
be also taken into account. However, the effect of an efflux trans-
porter on the oral absorption of drug is suggested to be significant
only for low to medium passive permeability compounds for which
the UWL and the villi blood flow is not the rate determination step
(Sugano et al., 2010).

Even though the three compartment model with a simple
Michaelis—Menten equation (with an intrinsic K;;; value) was able to
explain the expression level dependency of apparent K;;, values, it is
well known that the P-gp has more than one binding site (Aller et al.,
2009). This might have caused an expression level dependency of
apparent permeability. This point should be further investigated in
the future.

In conclusion, a model equation based on the steady state
approximation was derived considering the asymmetric passive

7. 0E-06 ~
O KO
6. 0E-06 ~ o
A Pgp
X High Pgp
—~ 5.0E-06 ~ Fitted de KO
S — —Fittdlle WT
0 Fitted ile Mid
E 4.0E-06 = — - —Fitted fle High
(&)
N—
o 3. 0E-06 ~
Q,
©
[a®)

0. 0E+00 -
0.01 0.1 1 10 100 1000

Vinblastine concentration (uM)

Fig. 4. Concentration—permeability relationship of vinblastine in Caco-2 cells with
different expression levels of P-gp. The compound was applied to the apical com-
partment. Keys: see Table 2.

diffusion in the apical and basolateral membranes. The parame-
ter which characterize the asymmetry of the passive diffusion, a¥,
was found to be close to or less than 0.25, suggesting that the
product of ideal passive permeability and surface area for passive
diffusion in the apical membrane is smaller than that in the baso-
lateral membrane. Asymmetrical and expression level dependent
concentration-permeability profile can be appropriately repre-
sented by considering the difference of permeability-surface area
product between the apical and basolateral membrane.

Appendix A. The mass balance equation fully considering
the asymmetry of passive permeation and the
undissociated and unbound fractions in each compartment

In cell monolayer permeation with an efflux transporter on the
apical membrane, the mass balance in the cell compartment can be
written as,

dM
Ttl = CofnofuooPo1 — Cifurfur@opio — Cifnifurazpiz
Vmaxclful
+C a - A-1
2fn2fu2@op21 Ko+ Cifur (A-1)

where f;, is the fraction of neutral charge form,; f;, is the free unbound
fraction; p is the ideal permeability; C is the total dissolved drug
concentration in each compartment; a is the absolute surface area;
M is the compound amount in each compartment; K, is the intrinsic
Michaelis—Menten constant.

Eq. (A-1) is based on some assumptions:

(1) Only the unbound fraction can permeate the membrane (free
fraction theory).

(2) Only the undissociated molecule can passively permeate the
membrane (pH partition theory).

(3) The simple Michaelis-Menten mechanism with one binding
site can represent the efflux transport.

The assumption (2)is not required for the discussion in the main
text since pH is the same in all three compartments; however, it is
included in this appendix to complete the theoretical steps. Fur-
thermore, p was assumed to be passive permeability. However, the
meaning of p can be expanded to any first order permeation by a
transporter. These are simple practical assumptions and can be fur-
ther expanded to include more complicated cases (such as passive
permeation of charged molecule) (Sugano et al., 2004).

In a trans-monolayer permeation assay, the apparent perme-
ability is calculated from the linear region of a concentration-time
profile in the acceptor compartment. In this linear range, it is
appropriate to assume that a steady state mass balance in the cell
compartment is achieved. Therefore, the mass balance in the cell
compartment (dM /dt) equals zero in this time range. By rearrang-
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ing Eq. (A-1),

(Cifur 2 (Ff1GoP10 + fir1 @2P12) + (Cifit )IKm(frr1 GoP10 + fa1@2P12)
+ Vmax — (Cofnofuo@oPo1 + Cofnafu2a2p21)] — Km(CofnofuoaoPor
+ Cofn2fuz@ap21) =0 (A-2)

This is a quadratic equation for Cif;. By solving Eq. (A-2),
Cify1can be obtained as:

—b' +/b? —dac

Cifin = >0 (A-3)
a’ = fa1aopio +fma2p12 (A-4)
b" = Km(fa1aop10 + fa1a2012) + Vmax — (CofnofuodoPo1

+ Cofn2funa2p21) (A-5)
¢ = —Km(CofnofuooPo1 + Cofnafuza2021) (A-6)

On the other hand, from the definition of Pyppa_p (LHS of Eq.
(A-7)) and the mass transfer into basal compartment (RHS of Eq.
(A-7)), we obtain (cf. Apparent permeability values are practically
defined based on the flat surface area of a cell culture well (Ayen)):

CoPapp,A—BAwell = Cifn1fu12p12 — Cofn2fuza2p21 (A-7)
Similarly,
CaPapp,B—aAwell = Cofnafu2a2021 — Cifnifurazpi2 (A-8)

For apical to basal permeation, assuming a sink condition in the
basal side (C; =0), we obtain:

1
Papp,ep,.a-B = COTwellfnla2p12(C1ful) (A-9)
From Eq. (A-8) (Co =0), we obtain:

1
Papp,ep,B-A = m(czfnzfuzazpzl — (Cifur YfurA2p12) (A-10)

In these equations, Cy and C, are the donor concentrations for
Poppa-g and Pgp, p_a, Tespectively. By inserting Eq. (A-3) (Cfy1) in
to Eqgs. (A-9) and (A-10), Pyppa-p and Pypp a_p can be calculated. In
Egs. (A-1)-(A-10), all factors which affect the mass transfer are fully
taken into account. By applying this approach, the free unbound
drug concentration in the cytosol (Cyfy1) which is important for
drug-drug interaction prediction can be also calculated. As the
concentration gradient is the driving force for passive diffusion of
a drug, Cify1fu1 is always lower than the donor concentration of
undissociated unbound drug (i.e., Cofyofyo for A to B direction). For
example, in the case of cimetidine (pK, =6.9), considering the dif-
ference in pH (pH 6.5 in the apical side and pH 7.0-7.4 in the cytosol)
and afy = 0.25, the Cyfy; in the intestinal epithelial cells would be
ca. 1/10 of the apical side (luminal) concentration. By using this
value and the actual intestinal fluid volume (ca. 100-250 mL), the
drug-drug interaction by cimetidine via CYP3A4 in the intestinal
epithelial cells can be appropriately estimated (previously, an oper-
ational fluid volume of ca. 1900 mL was used for this calculation)
(Tachibana et al., 2009).

However, in some in vitro experiments, simple experimental
conditions are often used, such as the iso pH condition and no
additives in the donor and acceptor chambers. In the following,
the equations for simple cases are discussed by simplifying Eqs.
(A-1)-(A-10).

A.1. Absence of permeability normalization by the cytosol pH

It is often discussed that, as the cytosol pH is maintained at a
constant value of pH 7.0-7.4, the donor pH should not have any
impact on permeability, even though this is inconsistent with the
experimental observations. This controversy is easily explained as
follows.

In the absence of efflux transporters, Eqs. (A-1) and (A-2) can be
simplified as (assuming a sink condition in the basal side (C; =0)):

CofnofuooPo1 — Cifurfur(aopio + a2p12) =0 (A-11)

By rearranging this equation, we obtain:

Cfr = frnofuo aopo1 5
! fa1 (@op1o + a2p12)

By inserting Eq. (A-12) into Eq. (A-9),

p= fmap12 faofuo apPo1 )
PP.epA= CoAwen fn1 (@opio + az2p12)

(A-12)

Py

=fn0fu0Papp,PD,tmns,int (A‘l?’)

1 GpazPo1P12
Aver (aop10 + d2p12)

Papp,PD,trans,int =

Since the ideal permeability and absolute surface area are con-
stant, this equation suggests that Py, 0pa-p Only depends on the
unbound fraction of undissociated species in the donor compart-
ment (fo fuo), but not those in the cytosol compartment as f,1fy1
does not appear in this equation. In other words, even though
pH is maintained at pH 7.4 and the unbound fraction of a drug
could be significantly smaller than 1 in the cytosol, Pyppepa-p at
the steady state solely depends the pH and unbound fraction of
a drug in the donor compartment (therefore, there is no contro-
versy between the pH partition theory and the constant cytosol
pH). This is in good agreement with the experimental observations
(Avdeef et al., 2005; Neuhoff et al., 2006; Yamashita et al., 2000).
Furthermore, Eq. (A-13) suggests that even if the product of per-
meability and surface area in the apical membrane is larger than
that in the basolateral membrane (i.e., the basolateral membrane is
the larger barrier), only the apical side pH affects apparent perme-
ability (i.e., we do not have to postulate the apical membrane being
the largest barrier to explain the pH dependency of the experimen-
tal data). It should be noted that Py, pp trans,ine i usually referred
to as “intrinsic” permeability (of undissociated species) in the lit-
erature. To avoid complication in this article, the word “ideal” was
used rather than “intrinsic” to refer the permeability based on an
absolute membrane surface area and a single leaf of a membrane.

By deriving Pgppp-4 in the same way as Eq. (A-13) and taking
the ratio, under iso pH and no additive condition (fuo =fu2 (=fa1),
fuo=fn2), we obtain:

Papp,p-a _ fuafur(1/Awen)(@0a2p10P21/(doP10 + 2P12))
Papp.a-B  Jnofuo(1/Awen)(aoazpi2po1/(@opio + azp12))
_ P1oP21
Po1P12

(A-14)

Many drugs showed that Pgp epa-p and Pgpp epp-4 become the
same value under perfect inhibition of carrier mediated trans-
ports (i.e., Pappp-a/Pappa-g=1) (Troutman and Thakker, 2003a,b).
The probability that po/p12 and p21/po1 coincidently cancels out
to give an unit value would be very low. Therefore, it would be
appropriate to assume that passive permeability in the influx and
efflux directions (i.e.,, 0 to 1 and 1 to O direction) in the same mem-
brane are the same. At the same time, Eq. (A-14) also indicated that
Pypp p-alPappa-g =1 does not mean ag = a;.
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A.2. Efflux ratio (ER)

When Cyf,1 <K, an efflux transport becomes first order.

Jmaxclful ~ ]max
Km + Cifur Km
where pegux is the ideal efflux permeability. By inserting Eq. (A-

15) into Eq. (A-1) and rearranging, we obtain (under iso pH and no
additive condition (fuo =fn2 (=fa1), fuo =fn2)):
_ Goaoppp + Grazapep
Cifin =
Qoppp + A20Ppp + AoPeffux
For apical to basal permeation, assuming a sink condition in the

basal side (C, =0) and no paracellular pathway, by inserting Eq.
(A-16) into Eq. (A-9), we obtain:

C1ful = peffuxc1ful (A-15)

(A-16)

1 oo ppp?
Awell QoPpD + A20Ppp + AoPeffux

Similarly we obtain,

Papp,ep.a-B = (A-17)

aappp a;Xppp
P, a=—11- A-18
PPPEAT A el ( Aoppp + A2aPpp + aopeffux> (A-18)
Therefore
ER = Papp,ep,B—A -1+ pejfux (A—19)
Papp.ep,a-B PpD
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