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a b s t r a c t

The purpose of the present study was to investigate the effect of the physiological and morphologi-
cal differences between in vivo and in vitro systems on the estimation of in vivo effective intestinal
membrane permeability (Peff) from in vitro permeability data (Pivt,app). Five hundred virtual drug-like
compounds were generated using Monte Carlo method based on the distribution of octanol water parti-
tion coefficient, molecular weight, and pKa. In vivo and in vitro membrane permeability was theoretically
calculated from these parameters considering the transcellular, paracellular and unstirred water layer
(UWL) permeation. More than 50% of drug-like compounds showed high Peff values. When the same
pH value was used for in vivo and in vitro, the scattering of the Pivt,app–Peff plot was small, whereas it
was large when different pH values were used. However, the extent of discrepancy depended on the
rug like

ral absorption
aracellular
ranscellular
nstirred water layer

physicochemical properties and permeation characteristics of a drug. When the pH effect was directly
corrected on the Peff value, paracellular and UWL permeability was inappropriately corrected since the
pH partition theory is only applicable for transcellular permeation. In vivo species differences of Peff and
the fraction of a dose absorbed (Fa%) was also investigated for humans, rats and dogs. In conclusion,
Peff estimation from in vitro data should be based on the theoretical method rather than simple linear
regression.
. Introduction

Oral absorption simulation is one of the key techniques used
o improve the efficacy of drug discovery and development (van
e Waterbeemd and Gifford, 2003). For accurate simulation, accu-
ate estimation of in vivo effective small intestinal membrane
ermeability (Peff) is required. An apparent in vitro membrane per-
eability value (Pivt,app), such as Caco-2 permeability, was often

sed to estimate Peff by simple empirical linear regression (Parrott
nd Lave, 2008). However, the effect of physiological and morpho-
ogical differences between the in vivo and in vitro membranes

ould be non-linear.
The passive membrane permeability consists of transcellular

nd paracellular pathways. The unstirred water layer (UWL) which
s adjacent to the membrane also affects the permeability. The fol-
owing differences between in vivo intestinal membrane and in

itro cellular membrane would have large effects on Peff estimation:
1) thickness of the unstirred water layer, (2) pH at the membrane
urface, (3) pore radius and electric charge of paracellular pathway,
nd (4) morphological differences, i.e., villi and folds structure.
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© 2009 Elsevier B.V. All rights reserved.

The thickness of the UWL largely differs between in vivo and
in vitro. In vivo, the mucus layer maintains the UWL from effec-
tive agitation in the GI lumenal fluid. The mucus layer thickness
was reported to be 100–300 �m (Atuma et al., 2001; Fagerholm
and Lennernaes, 1995). However, in vitro UWL thickness can be
1500–4000 �m due to the ineffective agitation in well plates
(Youdim et al., 2003).

The microclimate pH differs depending on GI position, i.e., pH
5.5–6.7 in the small intestine (Said et al., 1986; Yamashita et al.,
2000). Therefore, it would be appropriate to use several pH con-
ditions for in vitro experiments to estimate Peff at different GI
positions. However, considering the resource requirement for an
in vitro cellular assay, one or two pH conditions are usually used in
drug discovery. In addition, for the efflux ratio estimation, pH 7.4 is
usually used for both apical and basolateral sides (Shirasaka et al.,
2008).

The pore radius of the paracellular pathway also differs among
in vivo and in vitro systems. Dogs have a larger pore radius than
humans and rats (He et al., 1998). The pore radius of an in vitro

membrane differs depending on the cellular system and culture
conditions. The pore radius of the Caco-2 membrane tends to be
smaller than that of the human small intestine (Knipp et al., 1997),
whereas the pore radius of a rat intestinal cell line 2/4/A1 is similar
to that of the human small intestine (Tavelin et al., 2003).

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
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The morphology of the in vivo small intestinal membrane is dif-
erent from that of the in vitro membrane. The intestinal membrane
as a folds and villi structure which expands the surface area for
rug absorption, whereas the in vitro cellular membrane is planar.
he morphological difference is the main reason for one or two
rder differences in the permeability value. The effect of the mor-
hological differences on permeability is non-linear and depends
n the permeation characteristics (Oliver et al., 1998; Winne, 1978).

The purpose of the present study was to investigate the effect
f physiological and morphological differences on the estimation
f Peff from Pivt,app. Previously, a theoretical scheme to calculate Peff
rom intrinsic transcellular permeability, pKa and molecular weight
as reported (Obata et al., 2005; Sugano et al., 2003, 2006, 2002). In

hese reports, the parallel artificial membrane permeability assay
PAMPA) and the octanol water partition coefficient (log Poct) were
sed as surrogates of intrinsic transcellular permeability. In the
resent study, the Monte Carlo method was used to generate virtual
ompounds with drug-like physicochemical properties, and Peff and
ivt,app were calculated from these physicochemical properties to
nvestigate the relationship between Peff and Pivt,app.

. Theory

The main frame of the theoretical estimation of Peff, Pivt,app and
he fraction of a dose absorbed (Fa%) from the physicochemical
roperties of a drug is firstly described, followed by the sub frames.

.1. Main frame of theoretical estimation of Peff, Pivt,app and Fa%
rom physicochemical properties

1) Calculate passive transcellular membrane permeability
(Pivx,trans, the subscript ivx indicates in vivo or in vitro)
from intrinsic passive transcellular membrane permeability
(Pivx,trans,0, permeability of undissociated species) by multiply-
ing the fraction of undissociated species (f0) at the pH of in
vitro assay or in vivo microclimate pH.

Pivx,trans = f0 × Pivx,trans,0 (1)

2) Add paracellular pathway permeability (Pivx,para) to Pivx,trans to
give total passive membrane permeability (Pivx,m,tot).

Pivx,m,tot = Pivx,trans + Pivx,para (2)

3) (only for in vivo) Multiply Pivv,m,tot by the villi surface accessi-
bility (Acc) and maximum villi expansion (VE) to give P ′

ivv,m,tot.

P ′
ivv,m,tot = Acc × VE × Pivv,m,tot (3)

For humans and dogs, VE = ca. 10 (Oliver et al., 1998), whereas
3.5–7.8 for rats (5 was used in this study) (DeSesso and Williams,
2008; Masaoka et al., 2006).

4) Calculate the membrane permeability across villi surface (Pvilli)
or apparent in vitro membrane permeability value (Pivt,app) by
adding unstirred water layer permeability (PivxUWL).

P−1
ivt,app = P−1

ivt,app + P−1
ivtUWL (4)

P−1
villi = P ′−1

ivx,m,tot + P−1
ivvUWL (5)

5) (only for in vivo) Calculate Peff by multiplying Pvilli by the fold
expansion (FE). FE differs depending on the in vivo species and

GI position. For humans, FE = ca. 3, whereas FE = ca. 1 for rats
and dogs (DeSesso and Jacobson, 2001; DeSesso and Williams,
2008).

Peff = Pvilli × FE (6)
armaceutics 373 (2009) 55–61

(6) Calculate absorption rate constant (ka) and Fa% from Peff as

ka = 2
rGI

× DF × Peff (7)

where rGI is the radius of GI tract (1.5 cm for humans, 0.5 cm for
dogs and 0.2 cm for rats) (DeSesso and Jacobson, 2001; DeSesso
and Williams, 2008; Kararli, 1995; Sutton, 2004) and DF is the
degree of flatness of the intestinal tube (Chiou, 1994). DF was
previously estimated to be 1.7 from the Fa%–Peff relationship
(Sugano, 2008) and the same value was used for rats, dogs and
humans. Fa% was calculated as,

Fa% = (1 − exp(−ka × Tsi)) × 100 (8)

where Tsi is the small intestinal transit time (3.5 h for humans,
2 h for dogs and rats) (DeSesso and Jacobson, 2001; DeSesso
and Williams, 2008; Kararli, 1995; Masaoka et al., 2006; Sutton,
2004).

2.2. Sub frames

2.2.1. Calculation of intrinsic transcellular permeability
Pivx,trans was calculated based on the octanol water partition

coefficient.

Pivv,trans,0 = A × PB
ivt,trans,0 = 2.36 × 10−6P1.1

oct (9)

In this study, the intrinsic transcellular permeability was
assumed to be same for in vitro and in vivo. Therefore, A = B = 1. The
coefficient of 2.36 × 10−6 and the power of 1.1 were obtained from
the relationship between Poct and Pivt,trans,0 (Avdeef et al., 2005b).

2.2.2. Fraction of unionized species
The Henderson-Hasselbalch equation was used for f0 calcula-

tion.

f0 = 1
1 + ([H+]/[Ka])

for basic compound (10)

f0 = 1
1 + ([Ka]/[H+])

for acidic compound (11)

2.2.3. Calculation of paracellular pathway permeability
Paracellular pathway permeation can be modelled as the per-

meation through an aqueous cylinder.

Ppara = 3.9 × 10−4 · 1

MW1/3
· RK

(
MW1/3

Rpara,MW

)

×
(

f0 +
z(z /= 0)∑

fz · E(z)

)
(12)

RK(Rratio) = (1 − Rratio)2(1 − 2.104 · Rratio

+ 2.09(Rratio)3 − 0.95(Rratio)5) (13)

E(z) = C · z

1 − exp(−C · z)
(14)

where MW is the molecular weight, Rpara,MW is the paracellular
radius based on the cube root of molecular weight (8.6 for humans
and rats, 12.9 for dogs, and 5 for the in vitro cellular membrane
(assumes Caco-2)), Rratio = MW1/3/Rpara,MW, C is the electric charge

factor of paracellular pathway (2.4 for humans, rats and dogs, and
1.7 for in vitro (assumes Caco-2)), z is the charge of molecular
species, and fz is the fraction of the charge species. The coeffi-
cient of 3.9 × 10−4 in Eq. (12) was obtained from the previously
reported value for Peff calculation (0.0241) (Sugano et al., 2002)
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Table 1
Observed and theoretically predicted Peff and Fa%.

Compounda MW pKa
b,c log Poct

b Observed data Predicted data

Peff Fa% Peff Fa%

Humand Doge Ratf Humana Dogg Rath Human Dog Rat Human Dog Rat

Amiloride 230 8.65 (B) −1.03a −3.8 – – 50 – – −4.5 −4.2 −5.3 60 95 49
Antipyrine 188 – 0.56 −3.3 – −4.2 97 – 100 −3.7 −4.1 −4.4 100 98 99
Atenolol 266 9.54 (B) 0.22 −4.7 – −4.8 50 100 49 −4.6 −4.3 −5.4 48 91 38
Carbamazepine 236 – 2.45 −3.4 – −4.2 – – – −3.1 −3.6 −3.6 100 100 100
Cimetidine 241 6.93 (B) 0.48 −4.6 – −4.3 64 98 100 −4.1 −4.2 −4.9 89 95 80
Creatinine 113 – −1.82a −4.5 – – 80 – – −4.2 −4.2 −5.0 81 97 71
Desipramine 266 10.16 (B) 3.79 −3.3 – – 100 – – −3.8 −4.1 −4.5 99 98 98
Fluvastatine 411 4.31 (A)a 4.17 −3.6 – – 100 100 100g −3.2 −3.7 −3.7 100 100 100
Furosemide 331 3.52 (A) 2.56 −4.8i – −4.5 61 54 60 −4.4 −4.7 −5.1 72 59 61
Hydrochlorothiazide 298 – −0.03 −5.4 – −4.7 67 – 65 −4.2 −4.5 −5.0 83 81 73
Ketoprofen 254 3.98 (A) 3.16 −3.1 – −4.0 100 – 100 −3.5 −4.0 −4.2 100 99 100
Metoprolol 267 9.56 (B) 1.95 −3.9 – −4.5 95 – – −4.5 −4.3 −5.3 58 92 47
Naproxen 230 4.18 (A) 3.24 −3.1 – −3.7j 99 – 92 −3.4 −3.9 −4.1 100 100 100
Piroxicam 331 5.07 (A) 1.98 −3.2 – −4.1 100 – – −3.7 −4.2 −4.4 100 97 99
Propranolol 259 9.53 (B) 3.48 −3.5 −4.2 −4.3 90 100 99 −3.6 −4.0 −4.3 100 99 100
Ranitidine 314 8.31 (B) 1.28 −4.6 – −4.7 50 100 63 −4.4 −4.4 −5.2 67 88 56
Terbutaline 225 8.67 (B) −0.08 −4.5 – −5.3j 62 78 60 −4.5 −4.2 −5.2 62 95 51

a Compound set from Obata et al. (2005).
b Data from Avdeef (2003) unless otherwise noted.
c A: acid (pKa < 6.5), B: base (pKa > 6.5).
d Data from Lennernas 2007.
e Data from Lipka et al. (1998).
f Data from Zakeri-Milani et al. (2007).
g

d
d
v
t
v

2

c
c
m

D

Data from Chiou et al. (2000).
h Data from Chiou and Barve (1998) unless otherwise noted.
i Data from Knutson et al. (2008).
j Data from Fagerholm et al. (1996).

ivided by the fold and villi expansion (30) and adjusted for the
ifference of the Peff–Fa scaling factor (=2/rGI × DF × Tsi) (previous
alue = 1.39 × 104, present value = 2.86 × 104). The density of the
ight junction was assumed to be similar for both in vivo and in
itro.

.2.4. Calculation of effective diffusion coefficient
The diffusion coefficient of monomer drug (Dmono) at 37 ◦C was
alculated based on the method of Avdeef et al. (2004), and was
orrected for the difference of viscosity between 25 ◦C and 37 ◦C by
ultiplying 1.41.

mono = 10−4.113−0.4609×log10(MW) × 1.41 (15)

Fig. 1. Peff and Fa% predictability
2.2.5. Acc
Acc was calculated from Pivv,m,tot, Dmono and villi morphology

according to Oliver et al. (1998).

2.2.6. UWL permeability
PivxUWL can be calculated from the UWL thickness (hivxUWL) and

Dmono.
PivxUWL = Dmono

hivxUWL
(16)

The UWL thickness was set to 300 �m and 3000 �m for in vivo
and the in vitro system, respectively.

of the theoretical scheme.
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ig. 2. Distribution of simulated human Peff values at pH 6.5 for drug-like com-
ounds.

.3. Generation of virtual compounds by Monte Carlo method

Virtual compounds were generated by the Monte Carlo method,
onsidering typical molecular properties of drug-like compounds
Wenlock et al., 2003). The normal distribution was assumed

or log Poct (2.5 ± 3 (mean ± S.D.) for acidic and basic com-
ounds, 0.5 ± 3 for undissociable compounds), molecular weight
400 ± 100), and pKa (4 ± 1 for acid, 8.5 ± 1 for base). The ratio of
cidic: basic: undissociable compounds was set to be 20:60:20.
ive hundred virtual compounds were generated. Two pH condi-

ig. 3. Simulated human Peff vs simulated Pivt,app. In vitro pH /in vivo pH: (A) 6.5/6.0, (B)
nd neutral (©) compounds at physiological pH.
armaceutics 373 (2009) 55–61

tions for in vitro experiments were assumed, 6.5 and 7.4. For in
vivo conditions, pH 6.0, 6.5 and 7.0 were used based on the observed
variation of microclimate pH along the gastrointestinal tract (Said
et al., 1986).

3. Results and discussion

Peff estimation from in vitro data is one of the critical pro-
cesses for successful oral absorption simulation. Therefore, the in
vitro–in vivo extrapolation (IVIVE) should be investigated in detail.
However, the number of available experimental human Peff data is
limited in the literature (Lennernaes, 2007). In addition, Peff data
often have large variation. Therefore, it was difficult to investi-
gate IVIVE for structurally diverse compounds using experimental
Peff data. On the other hand, the theoretical calculation of the
intestinal membrane permeation has been improved in recent years
(Camenisch et al., 1996; Garmire and Hunt, 2008; Liu and Hunt,
2005; Obata et al., 2005; Sugano et al., 2006). In the present study,
the Monte Carlo method was used to generate virtual compounds
with drug-like physicochemical properties to calculate the virtual
Peff, Pivt,app and Fa% values.

The estimation scheme used in the present study was based
on the theoretical passive absorption model (TPAM) previously
reported (Obata et al., 2005; Sugano et al., 2006), replacing some
lamp parameters with the GI structure parameters such as VE, FE
and Acc. In addition, Pivv,trans,0 was calculated from the relationship
between the in vitro intrinsic permeability and log Poct, rather than

using the parameter optimization process with clinical Fa% data
as previously reported (Obata et al., 2005). Therefore, the estima-
tion scheme used in the present study was further mechanistically
reduced compared to the previous TPAM, enabling the theoretical
investigation for in vitro–in vivo and species differences. The in vivo

6.5/6.5, (C) 6.5/7.0, (D) 7.4/6.0, (E) 7.4/6.5, (F) 7.4/7.0. The keys: acidic (−), basic (+),
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ig. 4. The difference between the theoretical pH correction and overall pH correc-
ion on Peff. The keys: acidic (−) and basic (+) compounds at physiological pH.

redictability of the present scheme was found to be similar with
hat reported for the previous TPAM (Table 1, Fig. 1).

The distribution of calculated Peff values for drug-like com-

ounds is shown in Fig. 2. Over 50% of the drug-like compounds
ere estimated to have Peff > 1.0 × 10−4 cm/s which corresponds

o Fa% > 80% (Lennernaes, 2007). This is in good agreement
hat drug likeness is related to favourable oral absorption. If
eff > 5 × 10−4 cm/s, the UWL permeability dominates the Peff value.

Fig. 5. Simulated species differences of Peff and Fa%. The keys: acidic
armaceutics 373 (2009) 55–61 59

Pivt,app–Peff plot is shown in Fig. 3. When the same pH value was
used for in vivo and in vitro, the scattering was small, whereas it
was large when different pH values were used. Therefore, a simple
linear regression cannot be used to estimate Peff value from Pivt,app
data when the pH of in vitro system is different from that of the in
vivo intestine. The scatter of Pivt,app–Peff plot was more pronounced
for basic compounds than for neutral and acidic compounds. Even
when the same in vitro pH and in vivo pH values were used, the per-
meability of cationic compound may be underestimated by Caco-2
due to the difference of paracellular pathway (Fig. 3(B)).

The difference of UWL thickness had little effect on Papp–Peff plot,
because the expansion of surface area in vivo cancels out the thicker
UWL in vitro. However, the effect of the UWL should be eliminated
when structure permeability relationship is investigated (Fujikawa
et al., 2007). In vitro UWL thickness depends on the agitation con-
dition of the in vitro system (Youdim et al., 2003). Therefore, hivtUWL
should be assessed for each in vitro system. The hivtUWL of a drug can
be calculated from the pH permeability profile (Ruell et al., 2003).
In addition, Rpara,MW and C for each in vitro system can be obtained
by using paracellular pathway permeants with different molecu-
lar size and charge (Adson et al., 1994). If a control compound for
paracellular permeation is added to each well, the difference of the
paracellular pathway can be corrected, resulting in more accurate
in vivo predictability for each test compound (Saitoh et al., 2004).

In a commercially available simulation programme, the Peff
value at pH 6.5 was directly corrected for the regional pH differ-

ence. When we apply pH partition theory directly for Peff to correct
the regional pH difference,

P ′
eff,pH = Peff,pH6.5 × f0,pH

f0,pH6.5
(17)

(−), basic (+), and neutral (©) compounds at physiological pH.
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here additional subscript indicates pH (this equation is not the
ame as that in the software). The relationship between Peff,pH6.0
nd Peff,pH6.0–P ′

eff,pH6.0 is shown in Fig. 4. In the case of basic com-
ounds, direct correction of Peff resulted in under estimation at

ow and high Peff region, whereas it resulted in over estimation
n the case of acidic compounds. At low and high Peff region, para-
ellular permeation and UWL permeation mainly determine Peff,
espectively. However, the pH partition theory is only applicable
or transcellular permeation. Therefore, direct pH correction of Peff
esulted in the discrepancy between Peff,pH6.0 and P ′

eff,pH6.0.
Species difference was also investigated (Fig. 5). The paracellu-

ar pathway radius of dogs was set to be 1.5 times larger than that
f humans, based on the molecular weight threshold value of PEG
bsorption (MW = ca. 400 for humans and rats, MW = ca. 600 for
ogs) (He et al., 1998). It is well known that Fa% of dogs overesti-
ates that of humans for paracellular pathway permeation (Chiou

t al., 2000), whereas Fa% of rats is similar to that of humans (Chiou
nd Barve, 1998). The species difference of Fa% simulated in this
tudy was in good agreement with the previous findings (Chiou and
arve, 1998; Chiou et al., 2000; He et al., 1998), suggesting that the
heoretical calculation used in the present study was appropriate.
he results of the present study suggested that Peff value of dogs
ould be larger than that of humans for paracellular permeation,
hereas smaller for transcellular and UWL limited permeation. The

eff values of rats were smaller than that of humans for all com-
ounds, reflecting the difference of small intestinal morphology.
he species difference of Peff simulated in this study was also in
ood agreement with the previous findings (Fagerholm et al., 1996;
ipka et al., 1998; Pappenheimer, 1998; Zakeri-Milani et al., 2007).

The scheme introduced in this study can be applied for theoreti-
al Peff estimation from in vitro data: (1) convert Pivt,app to Pivt,trans,0
Avdeef et al., 2005a), (2) convert Pivt,trans,0 to Pivv,trans by the pH
artition (A and B values in Eq. (9) should be obtained for each in
itro system), and (3) convert Pivv,trans to Peff by adding paracellular
athway (Sugano et al., 2003, 2002), multiplying for villi expan-
ion and villi surface accessibility (Oliver et al., 1998), adding UWL
ermeability, and multiplying for fold expansion.

In this study, the effect of bile micelles was not taken into
ccount. In the case when a drug binds to bile micelles, UWL per-
eability becomes smaller due to the smaller diffusion coefficient

f the bile micelle bound drug. In addition, epithelial membrane
ermeability also decreases due to the decrease of the free fraction.
calculation scheme to treat the effect of bile micelle binding was

ecently reported (Sugano, 2008).
In conclusion, for Peff calculation from Pivt,app, theoretical calcu-

ation was suggested to be more appropriate than simple empirical
xtrapolation by linear regression. In this study, a Monte Carlo
ethod was applied to generate virtual drug-like compounds. This

pproach would be further applicable for investigating the effect of
ompound characteristics on in vivo and clinical biopharmaceutical
rofiles.
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