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a  b  s  t  r  a  c  t

It  was  previously  reported  that the apparent  Km 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
Km 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-
eywords:
assive diffusion
ransporter
symmetric
fflux
echanistic model

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  Km was  also  reproduced.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

The passive diffusion and carrier mediated transport coexist in
iological membrane permeation of a drug (Sugano et al., 2010).
or appropriate drug design, clinical PK prediction, and a clini-
al use of a drug, it is important to understand the contribution
nd interplay of these factors. A fully mechanistic molecular-level
hysiologically based pharmacokinetic model is required to quanti-
atively evaluate the contributions of these factors. There have been

any extensive investigations following this approach (Garmire
t al., 2007; Garmire and Hunt, 2008; Kwon et al., 2004; Rostami-
odjegan and Tucker, 2007; Yang et al., 2007). One of the critical

actors for this approach is to obtain intrinsic kinetic parameters
or carrier mediated transport such as intrinsic Km and Jmax. (In
his article, Km refers to intrinsic Km based on free cytosol concen-
ration unless otherwise noted.) However, apparent Km and Jmax

hich are based on the donor chamber concentration have usu-
lly been obtained from experimental apparent permeability data.

t was previously reported that the apparent Km values of P-gp in
pical to basal (A–B) and basal to apical (B–A) directions are differ-
nt (Troutman and Thakker, 2003a).  In addition, apparent Km was

∗ Corresponding author. Tel.: +44 1304 644338.
E-mail address: Kiyohiko.Sugano@pfizer.com (K. Sugano).

1 Present address: Faculty of Pharmacy, Institute of Medical, Pharmaceutical and
ealth Sciences, Kanazawa University, Kakuma, Kanazawa 920-1192, Japan.

378-5173/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2011.03.059
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 Km 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 Km

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 Km and the intrinsic Km 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-

dx.doi.org/10.1016/j.ijpharm.2011.03.059
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:Kiyohiko.Sugano@pfizer.com
dx.doi.org/10.1016/j.ijpharm.2011.03.059
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Fig. 1. Schematic presentation of epithelial cell.

ive permeability (Heikkinen et al., 2010; Tachibana et al., 2010).
n this report, a model equation to calculate the apparent mem-
rane permeability of a drug across a cell monolayer with an efflux
ransporter in the apical membrane is first derived, considering the
ifference of the permeability–surface area products in the api-
al and basolateral membranes. This theoretical model revealed
ome characteristics of membrane permeability which could be
riginated from the difference of passive apical and basolateral per-
eation. This equation was then applied to analyze experimental

ata of concentration dependent A–B and B–A permeation of P-gp
ubstrates.

. Equations

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

.1. Equations using ideal parameters

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

dM1

dt
= C0fn0fu0a0p01 − C1fn1fu1a0p10 − C1fn1fu1a2p12
+ C2fn2fu2a2p21 − VmaxC1fu1

Km + C1fu1
(1)

here fn is the fraction of the neutral charge form of drug molecules
dependant on pH and pKa of a drug) (in the following, the number
harmaceutics 418 (2011) 161– 167

in the subscript indicates the compartment), fu 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., p01 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 Km 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., fn0 = fn1 = fn2) (e.g., pH 7.4) and no additive
is used in the apical and basolateral side (fu0 = fu2 = 1), Eq. (1) can be
simplified to:

dM1

dt
= C0a0pPD − C1fu1a0pPD − C1fu1a2˛pPD

+ C2a2˛pPD − VmaxC1fu1

Km + C1fu1
(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 (fn0p01 = fn1p10 = pPD,
fn1p12 = fn2p21 = ˛pPD) (see Appendix).   ̨ 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
(Awell). 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, pPD can be expressed
as,

pPD = Awell
a0 + a2˛

˛a0|a2
Papp,PD,trans

cf. AwellPapp,PD,trans =
(

1
a0

+ 1
˛a2

)−1
pPD

)
(3)

This equation is the key for converting observable perme-
ability values to ideal ones. Papp,PD,trans can be calculated by
subtracting the contribution of paracellular pathway permeabil-
ity (Ppara) from in vitro apparent permeability. Ppara can be
calculated from the molecular weight and pKa 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:

C0a0
∗ − C1fu1a0

∗ − C1fu1a2
∗ + C2a2

∗

−
(

1
a2

∗ + 1
a0

∗

)−1
Papp,PD,trans

−1 Jmax,appC1fu1

Km + C1fu1
= 0 (4)
a0
∗ = a0

a0 + ˛a2
, a2

∗ = ˛a2

a0 + ˛a2
, Vmax = AwellJmax,app (5)
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By solving Eq. (4) for C1fu1 (this is a quaternary equation of C1fu1.
ee Appendix Eq. (A-2)), the free drug concentration in the cell
ompartment (C1fu1) can be calculated as,

1fu1 = −b +
√

b2 − 4c

2
(6)

= Km − (C0a0
∗ + C2a2

∗)

+
(

1
a0

∗ + 1
a2

∗

)−1
Papp,PD,trans

−1Jmax,app (7)

 = −Km(C0a0
∗ + C2a2

∗) (8)

y definition, apparent epithelial membrane permeability (Papp,ep,
aracellular pathway neglected) can be expressed as,

app,ep,A–B = ˛a2

Awell

C1fu1

C0
pPD = 1

a0
∗

C1fu1

C0
Papp,PD,trans (9)

app,ep,B–A = ˛a2

Awell

(
1 − C1fu1

C2

)
pPD

= 1
a0

∗

(
1 − C1fu1

C2

)
Papp,PD,trans (10)

By inserting C1fu1 (Eq. (6))  into Eqs. (9) and (10), Papp,ep at a donor
ompartment concentration (C0 or C2) can be calculated from Km

nd Japp,max via calculation of C1fu1. It should be emphasized that
1fu1 is the unbound drug concentration and information about
he free fraction in the cytosol (fu1) is not a necessarily prerequisite
atum for this calculation.

.3. Estimation of a∗
0

When the donor side concentration is lower than Km, C1fu1
ecomes smaller than Km and the efflux transport follows the first
rder kinetics. In the case of sequential first order permeation,
app,B–A at a steady-state can be expressed as the sum of the resis-
ance (reciprocal of permeability) from the basolateral and apical

embranes (assuming the UWL  and paracellular pathway are neg-
igible),

1
AwellPep,B–A

= 1
a0(pPD + pefflux)

+ 1
˛a2pPD

(11)

efflux = Jmax

Km
(12)

n the other hand, the efflux ratio (ER) can be calculated as (see
ppendix),

R = Pep,B–A

Pep,A–B
= 1 + pefflux

pPD
(13)

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

pPD

Pep,B–A
= Awell

a0

1
ER

+ Awell

˛a2
(14)

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

Papp,PD,trans

Pep,B–A
= a2

∗ 1
ER

+ a0
∗ (cf. a0

∗ + a2
∗ = 1) (15)

herefore,
0
∗ = Papp,PD,trans − Papp,ep,A–B

Papp,ep,B–A − Papp,ep,A–B

= (Papp,PD,trans + Ppara) − (Papp,ep,A–B + Ppara)
(Papp,ep,B−A + Ppara) − (Papp,ep,A–B + Ppara)

(16)
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∗
0 reflects the asymmetric permeability of A to B and B to A direc-

tions (Fig. 2). Previously, the surface area ratio (a0 to a2) in Caco-2
was directly measured to be 1: 3 (Trotter and Storch, 1991). There-
fore, theoretically, a∗

0 should be 0.25 when no other transporter is
involved or no difference in the ideal passive permeability (  ̨ = 1).
The contribution of paracellular pathway permeability (Ppara) is
cancelled out as in Eq. (16).

2.4. Calculation of Km and Jmax,app

All calculations were performed with MS-Excel. Km 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 Papp,A–B and Papp,B–A and Papp,PD,trans corresponds
to a∗

0 (Eq. (16)). If the permeability–surface area product for pas-
sive permeation is higher in the basolateral membrane, a∗

0 becomes
less than 0.5 and the apparent Km 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 an idealistic 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∗
0

and Km for a specific compound simultaneously, a stepwise calcu-
lation was used in this article to explicitly describe the calculation
process. As a∗

0 would be a common value for various compounds if
not affected by other transporters, a∗

0 is first estimated by Eq. (16)
for several P-gp substrates.

Step 1: Estimation of a∗
0 from Papp,PD,trans, Papp,A–B and Papp,B–A data

at a low concentration using Eq. (16)
Step 2: Obtain Km from concentration dependency data (curve
fitting).
To neglect the effect of the unstirred water layer, permeability
values of >30 × 10−6 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,inh
a,b Papp,A–B

a Papp,B–A
a a∗

0  ̨ Papp,inh
a,b Papp,A–B

a Papp,B–A
a a∗

0 ˛

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)b

Colchicine 399 2.8 1.0 17 0.11 2.7 1.6 0.64 12 0.09 3.4 Troutman and Thakker (2003a,b)b

Cyclosporin 1203 6.9 3.0 17 0.27 0.9 4.3 0.65 10 0.41 0.5 Troutman and Thakker (2003a,b)b

Etoposide 589 3.0 1.1 14 0.15 1.9 0.66 0.30 10 0.04 9.0 Troutman and Thakker (2003a,b)b

Fexofenadine 502 1.1 0.17 14 0.06 4.9 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)b

Rhodamine 123 381 1.7 1.4 16 0.02 16 1.2 0.98 15 0.01 26 Troutman and Thakker (2003a,b)b

Talinolol 363 15 6.7 29 0.38 0.6 2.7 0.72 23 0.09 3.4 Troutman and Thakker (2003a,b)b

Vinblastine 811 6.0 3.8 13 0.24 1.0 Lentz et al. (2000)b
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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.
a ×10−6 cm/s.
b GW918 (0.5–2 �M)  was used as P-gp inhibitor.

.1. Estimation of a∗
0

To obtain a∗
0, several experimental values of Papp,PD,trans,

app,ep,A–B and P app,ep,B–A are collected from the literature (Table 1)
Lentz et al., 2000; Petri et al., 2004; Troutman and Thakker,
003a,b). As a potent and selective inhibitor for P-gp, GW918
0.5–2 �M)  was used in these reports (Petri et al., 2004). As shown
n Table 1, similar results were obtained for both Caco-2 and MDCK-

DRI cells. Experimental a∗
0 values are close to or less than 0.25 for

any cases. Therefore, the product of ideal permeability and sur-
ace area for passive diffusion in the apical membrane is smaller
han that in the basolateral membrane. This result is in good
greement with the apical/basolateral surface area ratio of Caco-

 cells previously reported (Trotter and Storch, 1991), though it
ight be counter-intuitive considering the microvilli in the apical
embrane. a∗

0 of rhodamine 123, ranitidine and fexofenadine are
ignificantly smaller than 0.25. When a transporter other than an
pical efflux transporter is involved or when the passive perme-
bility of a drug is sensitive to the difference in the fluidity of the
embrane, a∗

0 could deviate from 0.25 and  ̨ becomes larger than
. However, since it was reported that the Papp,ep,A–B and P app,ep,B–A
f the present model drugs were not significantly different under
he presence of an P-gp inhibitor for these drugs (Lentz et al., 2000;
etri et al., 2004; Troutman and Thakker, 2003a,b), the influence of
ther transporters on a∗

0 would be minor for this particular data set.

.2. Estimation of Km

The concentration–Papp profiles of fexofenadine and rhodamine
23 in Caco-2 are shown in Fig. 3. By using a single intrinsic Km

ogether with a∗
0 values, the asymmetric concentration–Papp pro-

les (A–B vs B–A) can be appropriately calculated (though Papp,ep,A–B
howed little concentration dependency). The concentration–Papp

rofiles of vinblastine in Caco-2 cells with different P-gp expres-
ion level are shown in Fig. 4. The expression level dependency of
pparent Km was  also appropriately calculated using the intrinsic
m. The intrinsic Km showed little or no expression level depen-
ency compared to that observed for apparent Km (Table 2). The
resent Km value of vinblastine is ca. 2 times smaller than the pre-
iously reported value by Tachibana et al. (2010) as the asymmetric
assive permeation is additionally taken into account in the present
tudy. Fexofenadine and vinblastine are also the substrate of other
ransporters expressed in Caco-2 cells, such as OATP (Bailey et al.,
007). The P-gp inhibitor (GW918) has not been reported to inhibit
ATP (Petri et al., 2004). However, in the particular data set used

n this study, since Papp,ep,A–B and P app,ep,B–A are reported to be not

ignificantly different under the existence of P-gp inhibitor (Petri
t al., 2004; Troutman and Thakker, 2003b), it was assumed that the
ffect of these transporter might be minor compared to the effect
f 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 Papp,ep,A–B 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 Papp,ep,A–B 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
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 Papp

in A to B direction, the dotted line: simulated Papp in B to A direction.
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Table 2
Km and Jmax,app for vinblastine.

Type P-gp expression
level (�g/cm2)e

Apparent Km (�M)e,f Intrinsic Km (�M) Jmax,app (nM cm/sec)

KOa 8.7 30 0.86 0.10
WTb 27 81 1.43 0.26
Midc 104 149 1.49 0.45
Highd 191 323 0.98 0.68

aP-gp knock out Caco-2.
bWilde type Caco-2.
cModerately P-gp induced Caco-2.
d
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Highly P-gp induced Caco-2.
Data from Shirasaka et al. (2008).
A to B direction.

For more dynamic simulation of oral absorption of a drug such as
n vivo situation, the epithelial membrane model used in this study
an be numerically solved as differential equations. The steady state
pproximation is valid when the concentration change in the api-
al and basolateral side is slower compared to the time scale to
stablish a steady state in the cytosol. As the cytosol volume is sig-
ificantly smaller than that of the intestinal fluid volume and the
ody fluid volume, it is appropriate to approximate that the steady
tate is established within a time scale faster than the time scale
f the concentration change in the GI fluid. In addition, it would be
ppropriate to assume a sink condition in vivo, as the plasma con-
entration of a drug is much smaller than the concentration in the
I fluid. In the present study, the unstirred water layer in the apical
ide and the villi blood flow in the basolateral side were not taken
nto account. By using the numerical simulation, these factors can
e also taken into account. However, the effect of an efflux trans-
orter on the oral absorption of drug is suggested to be significant
nly for low to medium passive permeability compounds for which
he 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
ichaelis–Menten equation (with an intrinsic Km value) was able to

xplain the expression level dependency of apparent Km values, it is
ell known that the P-gp has more than one binding site (Aller et al.,

009). This might have caused an expression level dependency of
pparent permeability. This point should be further investigated in

he future.

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

ig. 4. Concentration–permeability relationship of vinblastine in Caco-2 cells with
ifferent expression levels of P-gp. The compound was  applied to the apical com-
artment. Keys: see Table 2.
diffusion in the apical and basolateral membranes. The parame-
ter which characterize the asymmetry of the passive diffusion, a∗

0,
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,

dM1

dt
= C0fn0fu0a0p01 − C1fn1fu1a0p10 − C1fn1fu1a2p12

+ C2fn2fu2a2p21 − VmaxC1fu1

Km + C1fu1
(A-1)

where fn is the fraction of neutral charge form; fu 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; Km 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 (dM1/dt) equals zero in this time range. By rearrang-
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ng Eq. (A-1),

C1fu1)2(fn1a0p10 + fn1a2p12) + (C1fu1)[Km(fn1a0p10 + fn1a2p12)

+ Vmax − (C0fn0fu0a0p01 + C2fn2fu2a2p21)] − Km(C0fn0fu0a0p01

+ C2fn2fu2a2p21) = 0 (A-2)

This is a quadratic equation for C1fu1. By solving Eq. (A-2),
1fu1can be obtained as:

1fu1 = −b′ +
√

b′2 − 4a′c′

2a′ (A-3)

′ = fn1a0p10 + fn1a2p12 (A-4)

′ = Km(fn1a0p10 + fn1a2p12) + Vmax − (C0fn0fu0a0p01

+ C2fn2fu2a2p21) (A-5)

′ = −Km(C0fn0fu0a0p01 + C2fn2fu2a2p21) (A-6)

On the other hand, from the definition of Papp,A–B (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
efined based on the flat surface area of a cell culture well (Awell)):

0Papp,A−BAwell = C1fn1fu1a2p12 − C2fn2fu2a2p21 (A-7)

imilarly,

2Papp,B−AAwell = C2fn2fu2a2p21 − C1fn1fu1a2p12 (A-8)

For apical to basal permeation, assuming a sink condition in the
asal side (C2 = 0), we obtain:

app,ep,A–B = 1
C0Awell

fn1a2p12(C1fu1) (A-9)

rom Eq. (A-8) (C0 = 0), we obtain:

app,ep,B–A = 1
C2Awell

(C2fn2fu2a2p21 − (C1fu1)fu1A2p12) (A-10)

n these equations, C0 and C2 are the donor concentrations for
app,A–B and Papp,B–A, respectively. By inserting Eq. (A-3) (C1fu1) in
o Eqs. (A-9) and (A-10),  Papp,A–B and Papp,A–B can be calculated. In
qs. (A-1)–(A-10), all factors which affect the mass transfer are fully
aken into account. By applying this approach, the free unbound
rug concentration in the cytosol (C1fu1) which is important for
rug–drug interaction prediction can be also calculated. As the
oncentration gradient is the driving force for passive diffusion of

 drug, C1fn1fu1 is always lower than the donor concentration of
ndissociated unbound drug (i.e., C0fn0fu0 for A to B direction). For
xample, in the case of cimetidine (pKa = 6.9), considering the dif-
erence in pH (pH 6.5 in the apical side and pH 7.0–7.4 in the cytosol)
nd a∗

0 = 0.25, the C1fu1 in the intestinal epithelial cells would be
a. 1/10 of the apical side (luminal) concentration. By using this
alue and the actual intestinal fluid volume (ca. 100–250 mL), the
rug–drug interaction by cimetidine via CYP3A4 in the intestinal
pithelial cells can be appropriately estimated (previously, an oper-
tional fluid volume of ca. 1900 mL  was used for this calculation)
Tachibana et al., 2009).

However, in some in vitro experiments, simple experimental

onditions are often used, such as the iso pH condition and no
dditives in the donor and acceptor chambers. In the following,
he equations for simple cases are discussed by simplifying Eqs.
A-1)–(A-10).
harmaceutics 418 (2011) 161– 167

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 (C2 = 0)):

C0fn0fu0a0p01 − C1fn1fu1(a0p10 + a2p12) = 0 (A-11)

By rearranging this equation, we obtain:

C1fu1 = fn0fu0

fn1

a0p01

(a0p10 + a2p12)
C0 (A-12)

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

Papp,ep,A−B = fn1a2p12

C0Awell

fn0fu0

fn1

a0p01

(a0p10 + a2p12)
C0

= fn0fu0Papp,PD,trans,int

Papp,PD,trans,int = 1
Awell

a0a2p01p12

(a0p10 + a2p12)

(A-13)

Since the ideal permeability and absolute surface area are con-
stant, this equation suggests that Papp,ep,A–B only depends on the
unbound fraction of undissociated species in the donor compart-
ment (fn0 fu0), but not those in the cytosol compartment as fn1fu1
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, Papp,ep,A–B 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 Papp,PD,trans,int is 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 Papp,B–A in the same way as Eq. (A-13) and taking
the ratio, under iso pH and no additive condition (fno = fn2 (=fn1),
fu0 = fn2), we  obtain:

Papp,B−A

Papp,A−B
= fn2fu2(1/Awell)(a0a2p10p21/(a0p10 + a2p12))

fn0fu0(1/Awell)(a0a2p12p01/(a0p10 + a2p12))

= p10p21

p01p12
(A-14)

Many drugs showed that Papp,ep,A–B and Papp,ep,B–A become the
same value under perfect inhibition of carrier mediated trans-
ports (i.e., Papp,B–A/Papp,A–B = 1) (Troutman and Thakker, 2003a,b).
The probability that p10/p12 and p21/p01 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 0 direction) in the same mem-
brane are the same. At the same time, Eq. (A-14) also indicated that
Papp,B–A/Papp,A–B = 1 does not mean a0 = a2.
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.2. Efflux ratio (ER)

When C1fu1 < Km, an efflux transport becomes first order.

JmaxC1fu1

Km + C1fu1
≈ Jmax

Km
C1fu1 = peffuxC1fu1 (A-15)

here pefflux is the ideal efflux permeability. By inserting Eq. (A-
5) into Eq. (A-1) and rearranging, we obtain (under iso pH and no
dditive condition (fn0 = fn2 (=fn1), fu0 = fn2)):

1fu1 = C0a0pPD + C2a2˛pPD

a0pPD + a2˛pPD + a0peffux
(A-16)

For apical to basal permeation, assuming a sink condition in the
asal side (C2 = 0) and no paracellular pathway, by inserting Eq.
A-16) into Eq. (A-9), we obtain:

app,ep,A−B = 1
Awell

˛a0a2pPD
2

a0pPD + a2˛pPD + a0peffux
(A-17)

imilarly we obtain,

app,ep,B–A = ˛a2pPD

Awell

(
1 − a2˛pPD

a0pPD + a2˛pPD + a0peffux

)
(A-18)

herefore

R = Papp,ep,B–A

Papp,ep,A–B
= 1 + peffux

pPD
(A-19)
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