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Purpose. The objective was to establish in vitro passive permeability (Pe) vs in vivo fraction absorbed

(fa)-relationships for each passage through the human intestine, liver, renal tubuli and brain, and develop

a Pe-based ADME/PK classification system (PCS).

Materials and Methods. Pe- and intestinal fa-data were taken from an available data set. Hepatic fa was

calculated based on extraction ratios of the unbound fraction of drugs (with support from animal in vivo

uptake data). Renal fa (reabsorption) was estimated using renal pharmacokinetic data, and brain fa was

predicted using animal in vitro and in vivo brain Pe-data. Hepatic and intestinal fa-data were used to

predict bile excretion potential.

Results. Relationships were established, including predicted curves for bile excretion potential and

minimum oral bioavailability, and a 4-Class PCS was developed: I (very high Pe; elimination mainly by

metabolism); II (high Pe) and III (intermediate Pe and incomplete fa); IV (low Pe and fa). The system

enables assessment of potential drug–drug transport interactions, and drug and metabolite organ

trapping.

Conclusions. The PCS and high quality Pe-data (with and without active transport) are believed to be

useful for predictions and understanding of ADME/PK, elimination routes, and potential interactions

and organ trapping/toxicity in humans.

KEY WORDS: absorption; classification system; drug–drug transport interactions; permeability;
prediction.

INTRODUCTION

Permeability (Pe) is one of the main determinants for
drug absorption, distribution, metabolism, excretion/pharma-
cokinetics (ADME/PK), and drug and metabolite tissue
exposures. An understanding of the role of Pe in various
organs is therefore crucial for predictions of ADME/PK,
drug–drug-interactions, and drug and metabolite toxicity.
The relationship between Pe and extent of drug uptake from
the gastrointestinal (GI) tract in man has been well studied
and established, but for many other important organs in drug
ADME/PK, including the liver, kidneys and the brain, such
relationships are not available or poorly investigated. An
apparent reason is the lack of organ uptake data in humans.
Thus, there is a requirement for a better knowledge and
understanding of Pe and uptake capacities in these organs.

The organ uptake of substances with a Pe at and near the
steepest part of the Pe vs fraction absorbed (fa) relationships
is potentially more sensitive to involvement of and changes in
Pe (such as results of saturated, inhibited and induced active
transport, or changes in pH) than of compounds with high
passive Pe. An establishment of Pe vs fa for different organs
involved in drug absorption and disposition could therefore
be of great value for predicting and understanding potential
drug–drug interactions, saturation, and cellular trapping of
drugs and metabolites.
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Pe is the rate (commonly expressed as 10j6 cm/s) at which
a molecule passes through endothelial and epithelial cells. It is
measured either as a disappearance from the donor side (such
as in liver and intestinal perfusion studies) or an appearance
on the receiver side (such as in in vitro Pe-studies and in vivo
brain microdialysis studies). The interplay between the Pe,
surface area (S), pH and residence time in the absorptive
region, blood component binding capacity, and the molecular
characteristics, determine the extent and fraction of absorption
during each passage through tissues and organs. Compounds
with Pe-values greater than zero across cells will be absorbed
to some extent, and if time permits, the uptake will eventually
be complete or equilibrium will be reached.

The transepithelial and -endothelial passage of drugs and
metabolites occurs by passive diffusion, and in quite many cases,
active transport (uptake and/or efflux) is also involved. Mem-
branes on opposite sides of cells are often characterised by
different composition and transport proteins (see below). Perme-
ation across the cells (transcellular route) is generally believed to
be the main route. It has been debated whether or not drug
transport via the paracellular (between cells) route is of
importance. According to studies in the human intestine in vivo

it appears that paracellular uptake of molecules with a
molecular weight (MW)>200 g/mole is negligible (1). This is
consistent with the relative small area of the paracellular space
(õ1/10,000 in the small intestine), and probably even smaller in
the blood–brain barrier (BBB) (1), and a paracellular diameter
(õ16 and õ6 Å in the human small and large intestines,
respectively) that is of similar size as spaces between the cell
membrane phospholipids and cholesterol chains (õ4 to õ10 Å)
(2). Diffusion across a comparably unstirred layer of fluid
adjacent to endothelia and epithelia, such as the mucus layer in
the intestines and space of Disse in the liver, do not seem to have
a significant influence on tissue uptake in vivo in humans (3,4). It
could, however, influence in vitro Pe-measurements. Nearly
complete liver extraction (>0.98) for many compounds indicates
that the diffusion in the liver is no major limit in vivo (4).

Wu and Benet (5) developed a modified version of the
Biopharmaceutics Classification System (BCS), the Biopharma-
ceutics Drug Disposition Classification System (BDDCS),
suggested to be useful in predicting the overall drug disposition,
including elimination routes and impact of active transport in
drug absorption. In the BDDCS, the major route of elimination
serves as the Pe-criteria. According to this system, the
predominant elimination route for Class I (extensive metabo-
lism—high solubility) and II (extensive metabolism—low solu-
bility)-drug products is hepatic metabolism, while renal and/or
biliary elimination of unchanged drug is the major route for III
(poor metabolism—high solubility) and IV (poor metabolism—
low solubility)-drug products. It is proposed that transporter
effects for oral absorption are or could be important for Class II,
III and IV-drug products.

Limitations with the BCS include a very strict solubility/
dissolution limit (and thereby incorrect classification of many
in vivo Class I products into Class II), a generous Pe-limit
(Q14-times higher rate constant limit for dissolution than for
permeation), strictness for drugs with long half-life (t

1=2
), poor

performance of human in vivo, in vitro, and in silico Pe-
methods to classify the Pe for moderately to highly perme-
able substances, and underprediction potential of in vivo
dissolution (6). In contrast to the number of substances in

BCS Class II [about 1/3; (5)] it has only been possible to
clearly find/define a few highly permeable drug products with
solubility/dissolution-limited GI uptake in humans (out of
more than 70 drug products) (6). These are danazol, and
griseofulvin and atovaquone in the fasted state. Ways to
improve the BCS have recently been suggested (6). The BCS
and BDDCS share the strictness on solubility/dissolution.
Further limitations with the BDDCS are the apparent lack of
human in vivo bile excretion data (to verify bile excretion of
Class III and IV-compounds), the potential for extensive gut-
wall and hepatic extraction of compounds with limited Pe,
and the possibility that eliminating organs show very
different Pe and uptake capacities (e.g. low passive Pe in
the renal tubuli and low passive+high active Pe in the liver).
Figure 1 demonstrates the relationship between Pe-class
[high; BCS Class I, low; BCS Class III, compounds were
classified as being highly permeable if the intestinal faQ0.9 or
when the Pe corresponds to a faQ0.9, absorption data were
taken from Willmann et al. (7)] and three measurements of
the importance of metabolism: 1-fe, EH and E1st-pass (=1jF/
fa). The fe, EH, E1st-pass and F are the fraction excreted in
urine following intravenous dosing, hepatic extraction ratio,
first-pass extraction ratio and oral bioavailability [data
collected from Goodman Gilman (8)], respectively. The
median and average estimates for highly permeable com-
pounds are greater than those with low Pe, which is consistent
with the basis for the BDDCS. There are, however, many low
Pe-compounds with comparably high extent and degree of
metabolism, and high Pe-drugs with minor metabolism. Thus,
the BDDCS does not appear to be sufficiently robust for a
good/poor solubility and extensive/poor metabolism classifi-
cation. As shown and discussed below, the BDDCS (just like
the BCS) appears to have a too low Pe-limit.

One objective was to try to establish relationships for
passive in vitro Pe vs in vivo fa for each passage through the
human liver (including bile excretion), renal tubuli (reabsorp-
tion) and brain, and use these for development of a Pe-based
ADME/PK classification system (PCS). A passive Pe-model
was chosen in order to avoid potential influences of active
transport. Except for intestinal fa, human in vivo fa-data for
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Fig. 1. The degree and extent of metabolism (1jfe, EH and E1st-pass)

for compounds with low and high Pe (according to the BCS and

BDDCS) in vivo in humans. The number of observations (filled

circles) per group is 9 to 27. The lines represent median values.
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the liver, renal tubuli and brain are lacking. An aim was
therefore to find possible ways to estimate and predict such
data. Other aims were to evaluate the role of Pe in renal
tubular secretion and accumulation, oral F, drug–drug inter-
actions and hepatocyte trapping of metabolites.

MATERIALS AND METHODS

Equation 1 was used for establishing relationships
between in vitro passive Pe and in vivo fa for each passage
through the human intestines (fa,I), liver (fa,H), renal tubuli
(fra,R) and brain (fa,B).

fa ¼ P�e50

.
P�e50 þ P�e

� �
ð1Þ

Pe50 is the Pe corresponding to a fa (or fra) of 0.50 and � is a
shape factor. Pe-data used in this evaluation were taken from
an extensive artificial membrane in vitro Pe-data set (n=126;
including a large amount of registered drugs; obtained at pH
7.4) produced by Willmann et al. (7). The in vitro Pe was
estimated from membrane affinities (defined as equilibrium
partition coefficients between immobilized lipid bilayers and
water). The fa,I-data (n=126) were also taken from Willmann
et al. (7).

No human hepatic Pe-, PeS- or fa-data are available (at
least not to my knowledge). In order to find a possible
relationship between Pe and fa,H in humans, the unbound
hepatic extraction ratio (Eu,H; maximum Eu,H is a surrogate
for the maximum fa,H) for several drugs (n=43) were
estimated using Eq. 2:

Eu;H ¼ CLint

�
CLint þQHð Þ ð2Þ

Data were calculated based on unbound fraction (fu) in blood
(fu,bl), intrinsic CL (CLint) and hepatic CL (CLH)-data
obtained from Obach (9) and Riley et al. (10). QH is the
hepatic blood flow. This approach works under the assump-
tion that the data set contains at least some compounds with
apparent Pe-limited hepatic extraction of the unbound
fraction. For such substances the fa,H equals the Eu,H. The
rat hepatic fa,H-data for unbound enalaprilat (Pe-limited
hepatic metabolism; see below) were included in the analysis.
The inclusion of this rat value was based on lack of human
Eu,H-data for low Pe-compounds, and species similarities in
membrane composition and passive Pe (11,12), species
similarities in hepatic uptake of unbound acetylsalicylic acid
(see Hepatic Uptake below), and allometric relationship for
liver weight and QH (13,14).

The relationships between passive Pe vs fa,I and passive
Pe vs fa,H can be used to predict the relationship between Pe

and maximum bile excretion potential (Emax,bile) (Eq. 3).

Emax;bile ¼ fa;H �
��

1� fa;H

�
þ
�
fa;H � fa;I �

�
1� fa;I

��

þ
�
f 2
a;H � f 2

a;I �
�
1� fa;I

��
þ
�
f1a;H � f1a;I �

�
1� fa;I

��� ð3Þ

The intestinal reabsorption (following bile excretion) and
enterohepatic circulation (EHC) are considered. The newly
developed Eq. 3 is based on the fractional bile excretion
(with consequent feces excretion) for each circulation (until
infinity), and the total Emax,bile is the cumulative fraction of

absorbed intact drug that is excreted in bile/feces. A too low
Pe (low fa,H and fa,I) implies that a minor fraction will be
absorbed into the liver, and then secreted with bile, and a too
high Pe (high fa,H and fa,I) implies that the fraction excreted
into the small intestine will be completely reabsorbed (and
bile excretion will become a part of distribution and not
elimination). A high passive Pe also increases the potential for
a compound to be redistributed back to blood, and thereby,
to escape transport (active secretion) into bile. An interme-
diate Pe is therefore expected to give the highest fraction of
unchanged drug excreted with feces via the bile. Another
prerequisite for extensive bile excretion to occur is that the
hepatic metabolism is not too high (metabolism will then be
the main route of elimination). The Emax,bile-approach
assumes negligible transport from hepatocytes back to blood,
continuous bile excretion, and negligible metabolism within
hepatocytes. Hepatic metabolic CLint-data could however be
added when predicting the bile extraction ratio. The likeli-
hood for passive transport into hepatocytes and then further
into bile and small intestine appears small, and the bile
secretion pattern in humans is irregular (see Bile Excretion
Potential below). In order to visualize the role of Pe for bile
excretion potential simulations were performed. Liver and
intestinal Pe-data were set at various levels: passive transport in
the absorptive directions (no active transport or passive efflux);
complete uptake into bile and passive intestinal reabsorption;
complete uptake into bile and passive intestinal reabsorption
with 5-fold efflux ratio. The maximum intestinal fraction
reabsorbed following bile excretion (fra,bile) was estimated
based on passive uptake with a 5-fold efflux ratio.

The relationships between passive Pe vs fa,I and passive
Pe vs fa,H can also be used to predict the impact of Pe on
minimum oral bioavailability (Fmin). If assuming passive
transport, no solubility limitations [this is seldom a limitation
for the extent of GI absorption (6)] and negligible gut-wall
extraction, the Fmin can be estimated using Eq. 4:

Fmin ¼ fa;I � 1� fa;H

� �
ð4Þ

Relationships between Pe and observed F and fa,I and
predicted Fmin and fa,I were compared. F-data (n=33) were
collected from Goodman Gilman (8).

In order to evaluate the tubular reabsorption capacity,
renal CL (CLR), fe and fu-data for renally excreted com-
pounds were collected [from Goodman Gilman (8)] and
analysed. Compounds were divided into two classes: those
with apparent tubular reabsorption and apparent negligible
active secretion, and those with apparent active secretion.
Fra,R-data for 9 compounds of the former class, and 1jEu,R

data for 13 substances of the latter class were estimated using
Equations 5 and 6 (based on standard renal excretion
equations), respectively. Eu,R is the renal extraction ratio
for unbound drug. The upper limit for 1jEu,R is used as a
surrogate measurement of the upper fra,R-limit (where
passive tubular reabsorption capacity is sufficiently effective
to reabsorb efficiently secreted compounds).

fra;R ¼ GFR� fu;pl � CLR

� ��
GFR� fu;pl

� �
ð5Þ

1� Eu;R ¼ 1� CLint;secr þGFR
� ��

CLint;secr þQR þGFR
� �� �

ð6Þ

GFR, QR, fu,pl and CLint,secr are the glomerular filtration rate
(125 ml/min), renal blood flow rate (QR=1,200 ml/min), fu in
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plasma and intrinsic tubular secretion, respectively (15,16).
The CLint,secr was estimated using in vivo CLR, fu and QR-
data. The relationships between passive Pe and CLR (n=20)
and passive Pe and fe (n=23) were also investigated.

In order to make an approximation of human in vivo fa,B

for unbound drug molecules (assuming no redistribution back
to blood), relationships between log in vitro BBB Pe [taken
from Lundquist et al. (17)] and log in vivo rat BBB Pe [taken
from Lundquist et al. (17)], and artifical membrane in vitro Pe

and in vitro BBB Pe, were used together with human brain S
(SB)- and Q (QB)-data and the well-stirred model (Eq. 7).

fa;B ¼ Pe � SBð Þ
�

QB þ Pe � SBð Þ ð7Þ

It was assumed that humans and rats have similar in vivo
BBB Pe. The SB and QB were set to õ20 m2 (18) and 610 ml/
min (14), respectively.

In addition, the relationship between Pe and fu,bl was
investigated. The fu,pl- and blood/plasma concentration ratio
(Cbl/Cpl)-data used for the estimation of fu,bl (fu,bl=((1j
hematocrit)�fu,pl)/(Cbl/Cpl)) were collected from Shibata et
al. (4), Obach (9), Sawada et al. (19,20), Poulin and Theil (21)
and Fagerholm and Björnsson (22).

The Pe vs fa-relationships in the different organs/tissues
were the basis for the development of a Pe-based ADME/PK
classification system (PCS) with four classes (I–IV), and for
evaluating potential drug–drug interactions and organ accu-
mulation, trapping and toxicity of drugs and metabolites.

RESULTS

Based on PK data, including CLR, fe, Eu,H and Eu,R, and
animal in vitro and in vivo brain Pe data (see equations) it
was possible to estimate/predict the fa,H, fra,R and fa,B in vivo

in humans quite well. In vitro passive Pe vs in vivo fa- and fra-
relationships were established for the studied organs, includ-
ing predicted curves for Emax,bile and Fmin. Pe50- and �-
estimates for each of the studied organs are presented in
Table I. The liver, followed by the intestines, has the highest
absorptive capacity (low Pe50) for each passage, whereas the
brain appears to have the lowest capacity (highest Pe50). The
liver, followed by the brain, also has the highest % fa per
second (no renal data available due to lack of TT and S data).
The brain has the highest % fa per minute per S. Active

transport seems to be common, and this adds some uncer-
tainty to the established Pe vs fa relationships. The impact of
active transport seems to be pronounced in the kidneys. PCS
with 4 Classes was developed: I (very high Pe; expected to be
eliminated mainly by metabolism); II (high Pe) and III
(intermediate Pe and incomplete fa); IV (low Pe and fa;
lowest metabolism and highest renal excretion potentials).
The Classes and characteristics of the PCS, and reference
compounds are presented in Table II. Figures 1, 2, 3, 5, 6, 7
and 10 demonstrate the relationships between in vitro passive
Pe and the uptake from various organs. Figures 4 and 5 show
the relationships between in vitro passive Pe and Emax,bile and
F (including Fmin), respectively. The impact of passive Pe on
renal elimination is shown in Figs. 8, 9 and 11. Figure 12
shows the relationship between in vitro passive Pe and fu,bl.

DISCUSSION

Intestinal Absorption and First-Pass Extraction

The Pe50 and � for this data set are approximated to
0.66�10j6 cm/s and 1.6, respectively (Table I). The most
pronounced deviations from the apparent sigmoidal
logarithmic Pe-linear fa,I relationship are compounds with
active uptake and efflux.

In vitro Pe-data were obtained at a slightly higher pH
(7.4) than in the upper small intestine. The average fasted
state pH in the human duodenum, jejunum and ileum has
been reported to be 6.5, 6.6 and 7.4, respectively (23,24).
Other reported pH-values for the proximal small intestine in
the fasted state are 5.1T0.6, 6.6T0.5 and 7.1T0.6 (25). The pH
in the fluid adjacent to the enterocytes in vivo is one unit
lower than in the lumen. The pH drops below 6 at the entry
into the colon, and is then raised to õ7 in the distal parts
(26). Some of deviations from the Pe vs fa,I-relationship could
therefore have been due to differences in degree of
ionization (for weak acids and bases).

Enalaprilat (fa,I=0.10), amiloride, (fa,I=0.50), atenolol
(fa,I=0.54), etoposide (fa,I=0.50), betaxolol (fa,I=0.90), chlor-
amphenicol (fa,I=0.90), cimetidine (fa,I=0.85), clonidine
(fa,I=0.95), diltiazem (fa,I=0.92), flunitrazepam (fa,I=0.90),
hydrocortisone (fa,I=0.90), methylprednisolon (fa,I=0.82),
phenytoin (fa,I=0.90) and pindolol (fa,I=0.92) are suitable
reference compounds for low, intermediate and high intesti-

Table I. Physiological Parameters and Pe50-, �- and fa-estimates for the Human Intestines, Liver, Renal Tubuli and Brain

Intestines Liver Renal tubuli Brain

Transit time (s) 30,000a 31 n.i. 5

Surface area (m2) 70 180 n.i. 20

Pe50 (�10j6 cm/s) 0.66 0.33 1.4/12b 24

l 1 1.6 3.3/5b 2/0.7c

fa at Pe=1�10j6 cm/s (%) 66 75 25/0 3

-B- (average % per s) 0.002 2.4 –/– 0.6

-’’- (average % per min per m2) 0.002 0.8 –/– 1.8

See text for references
n.i. No information available
a Based on an effective intestinal transit time of 8.4 h (81,82)
b Compounds with no apparent active secretion/efficient active secretion
c At low Pe

628 Urban Fagerholm



nal Pe. Metoprolol (fa,I=0.98) can serve as a reference
compound of limit for complete intestinal absorption.

The gut-wall/hepatic CL ratio for the highly permeable
and moderately extracted CYP3A4-substrate midazolam is
only 1/35 (27), which indicates that the systemic gut-wall CL
generally can be neglected when predicting the total CL.
First-pass gut-wall extraction could, however, be of impor-
tance, especially for substrates of CYP3A4 (including mid-
azolam) and conjugating enzymes (28,29). Colonocytes have
a different expression and generally lower activities of drug
metabolizing enzymes than enterocytes (except for conjugat-
ing enzymes), and they are, therefore, expected to contribute

less to drug metabolism (30–32). In comparison, they are also
less permeable to compounds with low and intermediate Pe

(33). Thus, a fraction of oral doses of compounds (mainly
substrates of CYP3A4 and conjugating enzymes) not com-
pletely absorbed from the small intestine (those with low and
intermediate Pe) could escape some of the first-pass gut-wall
extraction.

The total effective (not similar to the anatomic) apical S
of the human small intestine is approximated to 70 m2 (7),
and the transit time (TT) in the small and large intestines are
reported to be 3T1 and 36 (range 1 to >60) h, respectively
(35). The incomplete uptake of many compounds despite the

Table II. The Classes and Characteristics of the PCS, and Reference Compounds

Class Characteristics Reference compounds

I Very high Pe; >20�10j6 cm/s Pe$20�10j6 cm/s for amlodipine,

haloperidol and nifedipine

Complete passive hepatic and

intestinal absorption

Complete passive tubular reabsorption

and low CLR regardless of

active secretion

Low bile excretion potential

In general, CLH>>CLR and CLbile

(especially when predicted in vivo

metabolic CLint>300 ml/min)

Very rapid and extensive passive

brain uptake

Brain uptake potentially sensitive

to active transport and related

interactions

II High Pe; 2.5<Pe<20�10j6 cm/s Pe$20�10j6 cm/s for amlodipine,

haloperidol and nifedipine

Complete or near complete passive hepatic

and intestinal absorption

Pe$2.5�10j6 cm/s for cimetidine,

caffeine, probenecid and warfarin

Complete or near complete passive tubular

reabsorption, and low CLR when no

active renal secretion

Bile excretion potential if efficient

active bile excretion and intestinal

efflux, and low metabolic CLint

Rapid and extensive passive brain uptake

III Intermediate Pe; 0.25<Pe<2.5�10j6 cm/s Pe$2.5�10j6 cm/s for cimetidine,

caffeine, probenecid and warfarin

Intermediate passive hepatic and

intestinal absorption

Pe$0.25�10j6 cm/s for nadolol and sulpiride

Poor to extensive CLR

Bile excretion potential if efficient active

bile excretion and intestinal efflux,

and low metabolic CLint

At least õ0.05–0.2 oral F if passive uptake,

negligible EGW and good GI solubility

Moderately rapid passive brain uptake

IV Low Pe; <0.25�10j6 cm/s Pe$0.25�10j6 cm/s for nadolol

and sulpiride

Incomplete passive hepatic and intestinal

absorption Oral F mainly determined

by intestinal fa

No passive tubular reabsorption

Low blood binding potential

Maximum fe-potential

Slow passive brain uptake
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comparably large S and long time for absorption shows the
comparably low Pe of intestinal cells.

Hepatic Uptake

Hepatocytes, which are mainly responsible for the
hepatic drug metabolism are highly permeable compared
with many other cells (35). Pe-estimates for water, urea,
erythritol and mannitol in isolated rat hepatocytes are higher
than those obtained in the perfused rat and human small
intestine (water, urea), red blood cells (water, urea, eryth-
ritol, mannitol), lung cells (water), BBB cells (mannitol,
urea) and Caco-2 (colonic carcinoma) cells (mannitol, urea)

(1,17,35). The liver also has a comparably large S. The total
sinusoidal S of hepatocytes in the human liver can be
approximated (to 180 m2) by multiplying the sinusoidal S

(õ0.1�1012 mm2/g liver) and liver weight (õ1,800 g) (15,36).
The hepatic TT for blood and an unbound non-absorbable
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compound are approximated to 20 and 31 s, respectively.
These TT-estimates were calculated based on liver blood
volume (0.5 l), QH (1.5 l/min), and 54% longer TT for
unbound compared to blood cell-bound compounds (rat
data) (14,15,37).

Rat in situ perfusion studies have shown that the hepatic
PeS is rate-limiting for the CLH of enalaprilat (in vitro
passive Pe=0.08�10j6 cm/s) (38). The influx PeS of unbound
enalaprilat in the rat liver was estimated to 0.35 ml/min/g
liver, which is 25% of the QH and corresponds to a fa,H of

0.20 (38). The fa,H of unbound acetylsalicylic acid (in vitro
passive Pe=1.94�10j6 cm/s) in rats, dogs and sheep has been
estimated to 0.6 to 0.8 (39), which indicates similarities in
hepatic uptake among species. The PeS of unbound
acetylsalicylic acid in the perfused rat liver is six to seven
times higher than for free enalaprilat, and 50% higher than
the QH (38,39).

Figure 3 shows that a relationship between Pe and
maximum Eu,H (õfa,H) could be established. The Pe50 and �
for this data set are approximated to 0.33�10j6 cm/s and 1.0,
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respectively (Table I). The figure indicates that permeation is
or probably is rate-limiting for the hepatic extraction of
compounds with both intermediate and comparably high Pe.
Enalaprilat (fa,H in the rat=0.20; in vitro passive
Pe=0.08�10j6 cm/s), zidovudine (Eu,H=0.79; in vitro passive

Pe=1.2�10j6 cm/s) and acetylsalicylic acid (Eu,H=0.85;
Pe=1.9�10j6 cm/s) are compounds with apparent Pe-limited
hepatic uptake and can serve as reference compounds. The
similarity between the fa,H in three animal species and human
Eu,H of acetylsalicylic acid (0.6–0.8 in animals vs 0.85 in man)
further indicates species similarities in hepatic uptake
capacity, and gives some validity to the predicted Pe vs fa,H-
curve and Pe50 and �-estimates. The slightly higher human
estimate might be due to the comparably low QH (the QH is
õ2/3 lower than predicted by allometry) and long hepatic TT
in humans (40).

Bile Excretion Potential

Compounds absorbed into hepatocytes might undergo
excretion into bile and the upper intestine, and then wholly
or partly, be reabsorbed by the intestines (and maybe also
from the bile duct). The rate-limiting step for excretion of
unbound drug into bile could be either transport across the
sinusoidal membrane (on the blood side of hepatocytes) or
the canalicular membrane (on the biliary side of hepato-
cytes). Low extent of biliary excretion is expected for
substances with low hepatocyte Pe, high metabolic CLint

and high Pe (complete intestinal reabsorption). Active
transport across the canalicular membrane and comparably
low transport capacity (low Pe) back to blood are probably
required for significant bile excretion to occur. Passive
transport from the inside of hepatocytes back to blood is
favoured by the higher S and Pe of the sinusoidal membrane,
and sink conditions (provided by a high QH and binding to
blood components), whereas passive transport in the bile
direction is limited by the smaller S and lower passive Pe of
the canalicular membrane, slow bile flow rate (less than a per
cent of the QH) and potentially high drug concentration in
bile (16,41,42).

The potential requirement for active transport, the role
of metabolism, and the similarity between biliary and
intestinal transporters [efflux proteins in the canalicular
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membrane, such as MRP2, P-gp (MDR1) and BCRP, also
exist as efflux proteins in the human intestine (43)] make bile
excretion difficult to predict.

The predicted/simulated Pe vs Emax,bile-relationships are
demonstrated in Fig. 4. These simulations show that the
highest bile excretion potential for a compound with no active
transport and no passive efflux is expected for substances with
a Pe between õ0.1 and õ2.5�10j6 cm/s (Pe>Pe of enalaprilat
and <Pe of acetaminophen, cimetidine, caffeine and
prednisolone; intermediate Pe). A maximum Emax,bile of 0.5
is shown for compounds with a Pe of approximately 0.8�10j6

cm/s, which corresponds to a Pe of that for amiloride, digoxin,
enoxacin, and tetracycline. Because of the anticipated
involvement of active bile excretion and intestinal efflux this
prediction is probably irrelevant. Different profiles for
compounds with complete uptake into bile and passive
intestinal reabsorption (with and without 5-fold efflux ratio) are
demonstrated (Fig. 4).

Compounds with moderate to high Pe and fa are
expected to show most pronounced EHC plasma concentra-
tion vs time-profiles (with additional peaks following gall-
bladder emptying and reabsorption). The typical EHC
plasma concentration vs time-profile has been demonstrated
for many low CLint-compounds with efflux (P-gp) and
moderate to high Pe and fa. Examples include amlodipine,
warfarin, digoxin, morphine and indomethacin (43–45).

Oral Bioavailability Potential

The relationships between Pe and Fmin are shown in
Figs. 5 and 10. Compounds with a passive Pe between
approximately 0.25 and 2.5�10j6 cm/s are anticipated to
have a Fmin of at least õ0.05–0.1. A maximum Fmin of õ0.2 is
obtained at a Pe of approximately 0.8�10j6 cm/s, which is
similar to that of amiloride, atenolol, digoxin, enoxacin and
tetracycline. The results with this simple Pe-based approach
can be used alone (without metabolism data) for
approximating the potential suitability of candidate drugs
for oral administration.

Figure 5 demonstrates the relationships between Pe and
observed F and fa,I and predicted Fmin and fa,I. It is
anticipated that F values lie between the predicted lines for
Fmin and fa,I, and this seems to hold quite well.

Lower Fmin-values are expected for compounds with
active intestinal efflux, active hepatic uptake, dissolution
limitations, and significant first-pass gut-wall extraction
(especially for high CLint-substrates for CYP3A4 and conju-
gating enzymes).

The main obstacle for oral F of soluble compounds with
a Pe corresponding to <0.4 fa,I (>60% unabsorbed drug and
<60% fa,H) appears to be intestinal absorption rather than
hepatic extraction (regardless of the metabolic capacity of the
liver).

Renal Tubular Reabsorption

Figures 6 and 7 show the relationship between passive in
vitro Pe and in vivo fra,R. Despite the variability and
uncertainty it was possible to establish reasonable fits to
these data. The Pe50 and � for the data set containing
compounds with apparently negligible active secretion

are approximated to 1.4�10j6 cm/s and 3.3, respectively
(Table I). A similar relationship (upper Pe-limit vs fra,R),
shifted a magnitude to the right, was found for actively
secreted compounds with high passive Pe (Fig. 7). The
estimated Pe50 and � for this relationship are 12�10j6 cm/s
and 5, respectively (Table I).

Figures 8 and 9 show the relationships between passive
Pe and CLR (n=20) and passive Pe and fe (n=23), respective-
ly. They further demonstrate the decreased fra,R with
increasing passive Pe and the importance of active secretion.
In addition, they demonstrate the difficulty to predict CLR

when active renal processes are involved. It appears virtually
impossible to predict the CLR for actively secreted substan-
ces with a passive Pe<15�10j6 cm/s without having in vitro
CLint,secr-data and an established relationship between in
vitro and in vivo CLint,secr.

Based on these data it is expected that compounds with a
Pe<1�10j6 cm/s (Pe<Pe of amiloride, bumetanide, and
tranexamic acid) have low tubular reabsorption potential
and a Pe>20�10j6 cm/s (Pe>Pe of alprenolol, carbamazepine,
diclofenac, nifedipine and phenytoin) have high tubular
reabsorption potential regardless of the efficiency of
secretion transporters.

The fra,R is determined by the brush-border Pe (pas-
sive and active) and S, and intralumenal radius, flow
characteristics and residence time (16,46). Regional differ-
ences of these determinants exist, but they are not well
characterized and understood. There is apparently no TT-
estimate available for passage through the human renal
tubuli. The net diffusion of weak acids and bases could be
influenced by the pH-gradient that exists between tubular
fluid (pH=6.3–7.4; average urine pH=6.3) and blood (average
pH=7.4) (16).

Renal tubular cells have comparably low passive Pe, and
the basolateral membrane (on the blood side) has lower
passive Pe than the brush-border membrane on the lumenal
side (47). Madin–Darby canine kidney (MDCK) cells have a
passive Pe similar to that of the intestinal Caco-2 cell line
(which has a comparably low passive tubular excretion
capacity) (1,17,48). The proximal tubuli is the primary site
of carrier-mediated transport from blood to tubular fluid and
urine (46,47). A remarkable heterogeneity in secretion
capacity exists along the proximal tubuli (47), and this is
one of the factors that make predictions of renal drug
elimination of actively secreted compounds difficult. The
basolateral and brush-border tubular cell membranes differ
with regards to both passive permeation ability sets of
transporter proteins (46,47).

Tubular cell uptake from the blood is limited by a short
residence time. The ratio of renal blood volume [100 ml (15)]
and QR gives a TT of õ5 s. According to Rowland and Tozer
(49), the TT at the proximal tubular secretory site is õ30 s.
The short TT and low passive basolateral Pe indicate low
renal excretion capacity by passive diffusion. Despite the
short time for uptake into tubular cells some compounds
could undergo efficient active renal secretion (16).

Brain Uptake

The BBB is generally looked upon as having low Pe, and
being impermeable to drug molecules above or below certain
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MW, lipohilicity (log D) and polar surface area (PSA) limits.
It has been suggested that in order to penetrate the BBB the
PSA, log D and MW should be kept <70–120 Å2 (depending
on source), at 1–4, and <õ450 g/mole (50–53). CNS uptake at
the comparably permeable choroid plexus is limited by the
small S (õ1/5,000 of the SB) (54,55). The weight, Q and TT of
the human brain (for a 70 kg_s person) are reported to be
õ1,500 g (average from 7 reports), 610 ml/min (average from
18 reports) and õ5 s, respectively (14,15). The human brain is
comparably large (2.2, 0.75 and 0.39% of body weight in
humans, rats and rabbits, respectively) (56), and has a longer
TT and greater S than smaller species.

Since the Pe is a rate, all compounds with a Pe will be
able to cross the BBB. Low BBB Pe and high extent of brain
binding imply that it takes longer time to reach equilibrium
between brain tissue and blood (57). There are, not
surprisingly, compounds with PSA and MW above the
suggested limits with CNS uptake and activity, and MW- or
PSA-thresholds for CNS uptake have not yet been estab-
lished. Lundquist et al. (17), van de Waterbeemd et al. (50),
Syvänen et al. (57), van Asperen et al. (58), Clark (59), Tamai
and Tsuji (60) and Berezowski et al. (61) show CNS-
penetrating compounds (in rats and mice in vivo and bovine
BBB in vitro) with PSA between 136 and 279 Å2. Octa- and
heptapeptides with MW>1,000 g/mol enter the CNS in rats
and mice (55,62). Inulin (MW õ5,000 g/mol) is also taken up
by the rat BBB (63), and it has a lower BBB Pe than other
studied low Pe molecules, including sucrose (often used as a
reference substance), vincristin and cyclosporin (61,64).

The BBB has a cholesterol/phospholipid ratio (0.7)
similar to that of other endothelial cells (65), and its thickness
is comparably thin (0.3–0.5 mm vs 17–30 mm or enterocytes)
(66, 67). Compared to the intestinal Caco-2 cells the in vitro
Pe of BBB cells (bovine brain endothelia cells co-cultured
with primary rat astrocytes) for 15 substances were on
average 11-fold more permeable (maximally 34-fold more
permeable) (17). This suggests that BBB permeation is no
limitation for the CNS uptake of intestinally absorbed
compounds without efficient BBB efflux. Rapid on-set of
CNS-effects (seconds) for many drugs (including anaesthetics
and nicotine) verifies the high uptake capacity of the brain.
Compounds with brain PeS>QB have been found in the rat
(68). Brain uptake index (BUI; fraction absorbed by the
brain during a short brain perfusion)-data obtained in the rat
also demonstrate rapid and extensive in vivo brain uptake of
high Pe compounds and some absorption of low Pe-substan-
ces. For example, antipyrine, caffeine, nicotine and propran-
olol were absorbed to õ70–100% within 5–15 s, and the
uptake of hydrocortisone and sucrose was 1.4% (17).

Active transport across the BBB can also occur. There
are transport proteins for efficient influx (transporters for
glucose, amino acids and small peptides) and efflux [such as
P-gp on the luminal (blood) side and OAT3 on the abluminal
(brain tissue) side] in the BBB (54,57,69).

Lennernäs (69) demonstrated a quite good correlation
between animal BBB log Pe-estimates and human small
intestinal in vivo log Pe (n=11; actively transported com-
pounds inclusively), and Lundquist et al. (17) showed that log
PeS- and BUI (5–15 s after injection)-data obtained in the rat
correlated well with log in vitro BBB Pe (r=0.93–0.95; n=13).
This validates the in vitro BBB Pe-method for predictions of

in vivo BBB Pe in the rat. Artifical membrane Pe appears,
however, a rather poor predictor of in vitro BBB Pe (r=0.43).
Among possible reasons are active transport in vivo and
differences in membrane/barrier characteristics between
these models.

Figure 10 shows the estimated relationship between
artifical membrane in vitro Pe and human in vivo fa,B. It
should be noted that this is a rough approximation. The
fa ¼ P�e50

.
P�e50 þ P�e

� �
-approach was used to model the

relationship, but the result was not satisfactory. The Pe vs fa-
relationship is different from those for other organs (with a
shallow � up to a certain Pe-level and steep l at Pe above that
limit). A better fit was obtained when using separate
estimates for compounds with low (<10�10j6 cm/s) and
high Pe (>10�10j6 cm/s; corresponding to a Pe of that of
betaxolol, dexamethazone, flunitrazepam and prednisolone).
Hansen et al. (70) also found a similar relationship between
log in vitro BBB Pe and in vivo brain uptake CL in the rat
(assessed by microdialysis sampling). The Pe50 and � for the
low and high Pe-compounds are estimated to 150 and
24�10j6 cm/s, and 0.7 and 2, respectively (Table I).
Predicted estimates for humans agree quite well with BUI-
data obtained in the rat (see above).

Due to the short brain TT it is not anticipated that
unbound drug molecules are completely absorbed during one
passage through the human brain. High Pe substances will be
located at the steepest part of the Pe vs fa,B-curve, which
makes their brain uptake potentially more sensitive to
involvement and changes of active transport than in the
other studied organs.

The Permeability-Based Classification System (PCS)

The Pe vs fa- and fra-relationships in the different organs/
tissues were the basis for the development of a Pe-based PK
classification system (PCS) with four classes (I–IV; Fig. 10,
Table II). Depending on the involvement and magnitude of
active transport a compound could belong to different in
vitro and in vivo PCS Classes. The intention is that the organ
uptake, elimination routes, and active transport, drug–drug
interaction and drug and metabolite organ accumulation/
toxicity potentials can be approximated with this system. The
overall Pe (passive or passive+active) of compounds in early
drug discovery can be modified in order to improve PK
characteristics, and change main elimination route(s) and
tissue accumulation potential. The PCS should be used
together with hepatic metabolic CLint (preferably obtained
with human hepatocytes), fu,bl and active transport data.
Steep slopes, similar Pe50 for some organs, and variability/
uncertainty show a potential for incorrect classification and
the requirement for high quality Pe-data. Shapes, shifts and
qualities of the predicted curves could possibly be different
with other Pe-models. Other Pe-models could include active
transport processes, and it is also possible to have separate
Pe-model for the organs (e.g. intestinal, BBB, hepatic and
renal cell lines). PCSs for animals could also be easily
established based upon available animal in vivo fa-data.

The role of Pe for the fe of compounds with different
hepatic metabolic in vivo CLint is demonstrated in Fig. 11.
The Pe in these simulations was set to 0.1 (Class IV), 1 (Class
III) and 10 (Class II)�10j6 cm/s, the fu was set to 1, and the
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CLR was set to GFR (125 ml/min; filtration only) or 600 ml/
min (filtration+efficient active secretion). Class I compounds
are expected to have zero or negligible fe. Compounds with
very low Pe (Class IV) are anticipated to be excreted renally
to some extent, especially if the metabolic CLint is low.

The liver and brain have highly permeable endothelia,
whereas the intestinal and renal tubular epithelia have low
uptake capacity. For an unbound compound with a Pe of
1�10j6 cm/s (similar to the passive in vitro Pe of digoxin,
enoxacin and tetracyclin) the hepatic, brain, intestinal and
renal tubular fa are approximately 75, 3, 66 and 25%,
respectively. The average % fa per second in the liver, brain
and intestines are approximately 2.4, 0.6 and 0.002%,
respectively. Corresponding average % fa per minute per
absorptive S (m2) are 0.8, 1.8 and 0.002, respectively. These
estimates were based on 31, 5 s and 8.4 h TT, and 180, 20 and
70 m2 S, respectively.

Figure 12 shows a rather poor relationship between Pe

and fu,bl (r2=0.22; n=30), but that high Pe-compounds are less
likely to demonstrate high fu,bl-values than low Pe-substances.
Maximum fu,bl-values for low (<8�10j6 cm/s), moderate and
high (>20�10j6 cm/s) Pe-substances in this data set are õ1.0,
õ0.4 and õ0.2, respectively. Many Class III and IV
compounds have comparably high fu,bl-values, which
indicates that they have potential for high CLR. The trend
that many low Pe-substances have lower binding capacity to
blood components could possibly be explained by a higher
degree of hydrophilicity of these compounds. The association
rate to blood components could be of importance for the
ADME/PK, especially for compounds that bind extensively.
Compounds that bind slowly to red blood cells have also
been shown to have low lipophilicity and Pe (71,72), which
indicates that their (a generalization) extent of equilibrium
binding probably is not very extensive.

According to the BDDCS, compounds with a
PeQ2.5�10j6 cm/s and fa,IQ0.9 are classified as highly
permeable and are expected to be eliminated mainly by
hepatic metabolism. Figure 10 shows that the Pe-limit of
BDDCS is too low (õ8-fold; 2.5 vs 20�10j6 cm/s).
Compounds with a Pe between 2.5 and 20�10j6 cm/s
(especially those with low metabolic CLint) could be
significantly and mainly eliminated via urine and/or bile.
This is clearly demonstrated in Fig. 1. Many low Pe-
compounds (based on the BDDCS Pe-limit) have
comparably high extent and degree of metabolism, and
there are several high Pe-drugs with minor metabolism.
Advantages of the PCS compared to the BDDCS include a
higher and more balanced Pe-limit for metabolism as major
elimination route, a continuous Pe-scale, consideration of Pe

vs fa-relationships (including useful equations) of various
important organs, four instead of two Pe-classes, and the
possibility to apply it for prediction and evaluation of
potential drug–drug transporter interactions and for organ/
cell trapping of drugs and their metabolites.

Shortcomings with the PCS include the uncertainty of
derived in vivo fa- and fra-data, limited amount of in vivo
data for hepatic uptake, the requirement to include rat liver
and brain uptake data, potential Pe-differences between the
in vitro method (in vitro Pe was calculated from membrane
affinities) and in vivo, and potential risk for incorrect
classification of compounds (especially those with signifi-

cant active transport and those who have a Pe close to an
adjacent class).

The PCS is also applicable for animals. The shapes, shifts
and placings of Pe vs fa-relationships in rat intestines, liver
and brain appear to be similar to those in humans (Fagerholm,
unpublished data).

Drug–Drug Transport Interactions

Equation 1 and the established Pe50- and �-estimates can
be used to simulate the effects of changed Pe (such as
involvement and changes of active transport) on the uptake
of the studies organs.

The intestinal, liver and brain absorption of compounds
with a Pe at or near the steepest part of the Pe vs in vivo fa-
relationships is potentially more sensitive to changes of active
Pe, such as a result of saturation, inhibition or induction. The
establishment of these Pe vs fa-relationships could therefore
be of great value for predicting drug–drug interactions on a
transporter level in many important organs. The shift of the
curves may also indicate in which organ(s) the interaction
potential is anticipated to be greatest. For example, it is less
likely to find clinically significant drug–drug efflux interactions
for Class I compounds in the intestines, than it is in the brain.

The impact of changes in passive and/or active Pe on the
uptake in the studied organs could easily be demonstrated with
curves presented in Fig. 10. For example, for a compound with
a passive Pe of 20�10j6 cm/s (Class I) in this system a 4-fold
active efflux (reducing the overall Pe to 5�10j6 cm/s; Class II)
would lead to virtually unchanged intestinal and hepatic
uptake, but 4-fold decreased brain uptake.

The fa,I of the highly permeable compound and P-gp
substrate verapamil in humans in vivo is unaffected by dose
(the efflux is more pronounced and overall Pe is lower at
lower intestinal concentrations) (73), but its brain uptake in
vivo in rats during infusion is significantly enhanced in the
presence of the P-gp inhibiting cyclosporin (57). Animal in
vivo studies have demonstrated significantly enhanced
brain/plasma-ratios for highly permeable substances in
animals lacking P-pg (58,74). The P-gp inhibitor quinidine
was able to increase the brain uptake of the highly (passive)
permeable P-pg substrate loperamide in humans, and
thereby, causing respiratory depression (75). These changes
could not be explained by increased plasma exposure to
loperamide. Drug-drug transport interactions in the intes-
tines and liver/bile have been found for several low passive
Pe-compounds. These include those observed for digoxin
(intestinal), fexofenadine (intestinal) and pravastatin (liver/
bile) (76–79).

Drug and Metabolite Organ Accumulation, Trapping and
Toxicity

The Pe could potentially also play a role in organ
accumulation, trapping and toxicity of drugs and metabolites.
For example, compounds with good metabolic stability and
given at high doses could concentrate in the renal tubular fluid
and urine (if low passive Pe, with or without active secretion)
or be efficiently absorbed by the upper renal tubular mucosa
(if high passive Pe), and thereby, cause local mucosal damage.
The potential for upper GI mucosal damage is generally
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greatest for highly permeable and soluble drugs given at high
oral doses (acids in particular; such as non-steroidal anti-
inflammatory drugs). The PCS could therefore be useful when
predicting compounds expected to accumulate in metabolizing
cells and the renal tubuli.

Lipophilic basic compounds generally bind extensively
to cell components, especially to mitochondria and lysosomes
(the liver, lungs and kidneys belong to the lysosyme-rich
organs) (80). Compounds with low passive Pe, efficient influx
and low metabolic CLint also have a comparably high
intracellular accumulation capacity.

The Pe of a drug and the Pe-ratio between drug and meta-
bolite(s) are important for hepatocyte metabolite accumulation
potential. A significant intracellular accumulation may occur
for low Pe-metabolites of high Pe-compounds with high CLint.

Local and systemic exposures could be poorly correlated
for compounds with metabolite-related liver toxicity and drug-
induced renal tubular damage. On this basis, it is questionable
whether systemic exposures of such compounds and metabo-
lites could be used to set appropriate safety limits.

CONCLUSION

The role of Pe in drug ADME/PK, interactions and
toxicity was evaluated using a literature data set of in vitro
artificial membrane Pe, and estimates of in vivo fa in the
human intestines, liver, kidneys (reabsorption) and brain
(predicted). In comparison, the liver and brain have very high
passive uptake capacity and short passage time for absorp-
tion. Due to these differences there are shifts and different
shapes of Pe vs fa-curves. Based on these relationships,
including predicted curves for bile excretion potential and
Fmin, a Pe-based ADME/PK Classification System (PCS) was
developed. Class I compounds (very high Pe) are expected to
be eliminated mainly by metabolism. Compounds of Classes
II (high Pe) and III (intermediate Pe and incomplete fa) have
highest Fmin potential. Class III and IV compounds (low/
moderate passive Pe and fa) have lowest metabolism and
highest excretion potentials (especially when active renal
secretion and bile efflux are involved).

Potential safety risk related drug–drug transport inter-
actions (increased exposure) in the intestines (inhibited
efflux), liver (inhibited influx) and brain (inhibited efflux)
are most likely to occur for compounds at and close to the Pe

vs fa-slopes and with significant active transport. That implies
that such interactions are most likely to occur for high
passive Pe-compounds in the brain, and low passive Pe-
compounds in the intestines and liver/bile.

The potential for accumulation in tubular fluid is great-
est for substances with good metabolic stability, low passive
Pe and efficient active secretion. Low Pe-metabolites of high
Pe-compounds have higher potential to accumulate in
metabolizing cells.

The PCS and high quality Pe-data (with and without
active transport), as a complement to traditional metabolic
CLint- and fu,bl-measurements, are believed to be useful for
predictions of ADME/PK and elimination routes, and
potential interactions and organ accumulation, trapping and
toxicity in humans. It has several advantages compared to the
previously developed BDDCS.

ACKNOWLEDGMENTS

The author greatly acknowledges Professor Per Arturs-
son at Uppsala University, Sweden, Associate Professor
Anna-Lena Ungell at AstraZeneca R&D Mölndal, Sweden,
and Doctors Lovisa Afzelius and Janet Hoogstraate at
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