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Purpose. To classify the dissolution and diffusion rate-limited drugs
and establish quantitative relationships between absorption and mo-
lecular descriptors.

Methods. Absorption consists of kinetic transit processes in which
dissolution, diffusion, or perfusion processes can become the rate-
limited step. The absorption data of 238 drugs have been classified
into either dissolution or diffusion rate-limited based on an equilib-
rium method developed from solubility, dose, and percentage of ab-
sorption. A nonlinear absorption model derived from first-order ki-
netics has been developed to identify the relationship between per-
centage of drug absorption and molecular descriptors.

Results. Regression analysis was performed between percentage of
absorption and molecular descriptors. The descriptors used were
ClogP, molecular polar surface area, the number of hydrogen-
bonding acceptors and donors, and Abraham descriptors. Good re-
lationships were found between absorption and Abraham descriptors
or ClogP.

Conclusions. The absorption models can predict the following three
BCS (Biopharmaceutics Classification Scheme) classes of com-
pounds: class I, high solubility and high permeability; class III, high
solubility and low permeability; class IV, low solubility and low per-
meability. The absorption models overpredict the absorption of class
11, low solubility and high permeability compounds because dissolu-
tion is the rate-limited step of absorption.

KEY WORDS: human intestinal absorption; rate-limited step; hy-
drogen bonding; solubility.

INTRODUCTION

Absorption may be determined by the rate of dissolution
in gastrointestinal fluid, passive diffusion across intestinal
membrane, or perfusion in portal vein (1-4). Many physico-
chemical properties of drugs and physiologic factors that in-
fluence the rate-limited process can affect the extent of ab-
sorption. The methods of determining these kinetic rate con-
stants and identification of the rate-limited step within the
environmental conditions of the gastrointestinal tract are the
key factors in modeling absorption.

Dissolution rate is obviously important because the drug
must be in solution for uptake to occur (5). Based on the
Noyes-Whitney model (6,7), dissolution rate is governed by

! Department of Chemistry, University College London, 20 Gordon
Street, London WC1H 0AJ, United Kingdom.

2 DMPK, Mechanism and Extrapolation Technologies, GlaxoSmith-
Kline, Park Road, Ware SG12 0DP, United Kingdom.

3 Roche Products Ltd, Welwyn Garden city, Herts AL7 3AY, United
Kingdom.

*To whom correspondence should be addressed. (e-mail:
m.h.abraham@ucl.ac.uk)

0724-8741/02/1000-1446/0 © 2002 Plenum Publishing Corporation

Research Paper

solubility, as well as by the volume of the lumen, motility
(hydrodynamics), diffusivity, particle size, density, wettabil-
ity, etc. (5). Formulation scientists use dissolution tests to
choose between candidate formulations (8). For those drugs
that are diffusion rate limited (i.e., diffusion into and across
the membrane is the slowest step), blood flow and dissolution
will have little effect on gastrointestinal absorption. One of
the methods used to measure the diffusion rate of a com-
pound is intestinal permeability in rats, developed by
Schanker et al. (9) and Dolusio et al. (10). A non-animal
procedure, diffusion through Caco-2 cell monolayers, has
been used to screen permeability and is especially valuable
for examining a large number of compounds (11).

It is generally assumed that physicochemical descriptors
of drug molecules can be useful for predicting absorption for
passive diffusion of drugs. Several recent studies have shown
their importance to the prediction of human intestinal absorp-
tion (12-17). A solute requires a certain affinity to lipid struc-
tures to enter the cell membrane (18). Many attempts have
been made to correlate in vivo absorption with drug lipo-
philicity (7,19,20). However, most recent studies showed that
both H-bonding acceptors and donors play very important
roles in gastrointestinal absorption for passive diffusion drugs
(13,15-17). Clark and Palm (15,16) recently developed theo-
retical methods, based on the determination of dynamic sur-
face properties—polar molecular surface area (PSA), to pre-
dict human intestinal absorption. However, when the model
was applied to a larger data set, the fit was not very good (15).
One of the reasons is that absorption of these drugs may not
be controlled by the same kinetic process. For instance, dis-
solution is the rate-determining step of absorption for some
poorly soluble drugs, whereas intestinal wall permeability be-
comes rate-controlling if the drug is polar (5). The Lipinski
“rule of 5” has proved very popular as a rapid screen for
compounds likely to be poorly absorbed (13,15,18). Lipinski
et al. thought that these descriptors were globally associated
with solubility and permeability. Because solubility is the key
parameter determining dissolution rate (5), it is reasonable to
believe that drugs alerted by the “rule of 5” can be either
dissolution or diffusion rate-limited drugs.

Several workers have not only tried to establish absorp-
tion models for passive diffusion drugs but also for dissolution
rate-limited drugs. To correct for low solubility, Dressman et
al. (5) introduced the absorption potential (AP). With this
approach, log P is corrected for the molar fraction of nonion-
ized species at pH 6.5 (F,,,,), the solubility of the nonionized
species in water (S,,), the volume of the luminal contents
(VL), and the dose administered (X,).
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In their study, they found a sigmoidal relationship be-
tween the fraction absorbed in humans and the AP for seven
chemically different drug compounds. It is important to note
that Eq. (1) may only be suitable for drugs for which the
dissolution is the rate-limited step (21). Balon et al. (22) sug-
gested that a high solubility to dose ratio may outweigh a low
lipophilicity, resulting in a high percentage of absorption.
Even highly lipophilic compounds can be poorly absorbed
when the solubility to dose ratio is small, such as miconazole
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and rifabutine. It is believed that S, x V| /X is a function of
the dissolution rate (5); after the solubility to dose ratio
reaches a certain limit, the dissolution rate is relatively rapid.
Hence, it is the permeability characteristics of the drug that
determine the rate of absorption (8).

Scales of hydrogen-bonding acceptors and donors form a
major part of the Linear Free Energy Relation (LFER)
method of Abraham and coworkers (20,23).

SP=c+eE+sS+aA+bB+vV 2)

where SP is a property of a series of compounds in a given
system, E is an excess molar refraction in units of (cm?
mol 1)/10, S is the dipolarity/polarizability, A and B are the
hydrogen-bonding acceptors and donors, respectively, and V
is the McGowan characteristic volume in units of (cm>® mol™')/
100. Equation (2) has been applied to numerous physico-
chemical and biochemical processes. We applied the LFER
equation by use of calculated descriptors to human intestinal
absorption of 241 drug and druglike compounds with a wide
range of physicochemical properties (12). Based on the analy-
sis of the solubility and dose, 19 drugs considered to be dis-
solution rate-limited drugs were removed from the data set.
The regression analysis of the remaining compounds showed
that the dominant descriptors are hydrogen-bonding accep-
tors and donors, which is quite similar to previously reported
results (13,15,16,17,22).

Following on from this work (12), the aims of the present
study are as follows: (i) to give a theoretical background
based on the rate-limited step; (ii) to classify the dissolution
and diffusion rate-limited drugs based on the solubility, dose,
and percentage of absorption; and (iii) to establish quantita-
tive relationships between absorption and molecular descrip-
tors, such as ClogP, PSA, and Abraham descriptors and then
apply the absorption models to a large data set to test the
models established.

MATERIALS AND METHODS

Human Intestinal Absorption Data

The human intestinal absorption dosed orally was col-
lected and evaluated from 244 sources of literature; details
were published previously (12).

Physicochemical Descriptors

Abraham molecular descriptors were calculated by the
method of Platts et al. (23). The program was written to read
molecular structures as SMILES strings. After calculation of
the solvation descriptors, an error code was given by the pro-
gram for each drug as an indication of the quality of the
parameter calculations.

The logarithm of the octanol-water partition coefficient
(ClogP) was calculated with use of the ClogP for Windows
software (Biobyte version 2.0.0b, Claremont, CA, USA). The
experimental octanol-water partition coefficient was also ob-
tained from the program database.

Polar molecular surface area was calculated by using the
SAVOL program (Tripos Inc., St. Louis, MO, USA). The
three-dimensional structure of a drug was transferred from
SMILES by using CONCORD. After energy minimization,
the polar surface area for each drug was calculated.
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Hydrogen-bonding donors (N, a donor being any O-H
or N-H group) and hydrogen-bonding acceptors (N4, an ac-
ceptor being any O or N including those in donor groups)
were simply counted from the drug structure.

Statistical Analysis

The linear regression analysis was performed by using
Excel 97, and nonlinear regression was performed by using
JMP program (version 3.2.5, 1989-1999 SAS Institute Inc.,
Cary, NC, USA). Stepwise regression analysis was used to
determine the most significant descriptors. The regression co-
efficients were obtained by least-squares regression analysis.
For each regression, the following descriptive information is
provided: number of observations used in the analysis (n),
square of the correlation coefficient (#), and standard error
of the estimate (S).

RESULTS AND DISCUSSION

Theoretical Background—Rate-Limited Step

Oral absorption refers to the movement of a drug from
its site of administration into the blood. Sietsema (24) defined
absorption as “the drug passing from the lumen of the gas-
trointestinal (GI) tract into the tissue of the gastrointestinal
tract. Once in the tissue, the drug is considered absorbed.”

A number of factors affect the movement of a drug from
a site of administration into the blood. Drug solubility is im-
portant. Drugs in solution are generally absorbed faster than
undissolved suspensions (25). The rate of passive diffusion of
active substance passing through biologic membranes into the
bloodstream is directly proportional to the concentration of
dissolved substance. Thus, insufficient solubility of drugs can
lead to poor absorption. The steps involved in the absorption
of an orally administered drug can be simply depicted below.

Dissolution Diffusion

Solid drug——— Drug in solution ——
through GI
Perfusion

Absorbed drug —

in portal vein
Dissolution Rate-Limited Step

Very often the dosage form does not contain the drug as
a solution, but rather as solid particles as in tablets, in cap-
sules, or in suspensions. Because solid particles cannot pass
through membranes, a drug has to dissolve to be absorbed.
Many drugs administered orally in solid dosage forms, such as
tablets or capsules, must dissolve in the aqueous digestive
fluids and diffuse across the intestinal wall into the hepatic
portal vein for transport through the liver before they reach
the systemic circulation (2). Dissolution may limit the rate of
absorption of drugs, which disintegrate slowly and readily
diffuse across the gut wall (4). Dissolution is considered the
rate-limited step in the absorption of some drugs from solid
dosage forms (3). This step is bypassed by the administration
of a solution, but the rate of absorption of a drug from solu-
tion may also be limited by perfusion at the site of absorption.

A particularly important factor is the absolute solubility
of the drug at the pH of the gut. Discoumarol has a high
oil-water partition ratio and is rapidly absorbed from solu-
tion, but the absorption of the drug is slow and erratic because
it precipitates in the gut, making the dissolution rate of the
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drug crystals the limiting factor in the absorption rate (26).
Solubility is important in limiting the rate of drug absorption
of a number of phenylbutazone analogues. Several of these
compounds given parentally to rats are highly active in pro-
tecting against formaldehyde-induced edema but are virtually
devoid of action when given orally to man (26).

The Noyes-Whitney equation (6,7) gives the relationship
between the rate of dissolution, solubility (C,) and surface
area (A) of the solid.

X, ADC XV 3
d[_B(x_ d/) ()

where A is the effective surface area of the solid drug, D is the
diffusion coefficient of the drug, § is the effective diffusion
boundary layer thickness adjacent to the dissolving surface,
C, is the saturation solubility of the drug under lumenal con-
ditions, X is the amount of drug already in solution, and V is
the volume of the dissolution medium.

Diffusion Rate-Limited Step

If dissolution is relatively rapid, it is the permeability
characteristics of the drug that determine the rate of absorp-
tion. Passive diffusion can be generally described by Fick’s
law (1): the rate of diffusion is a function of the concentration
difference, the surface area and the distance involved, and
characteristic factors of the nature of the biologic barrier and
the diffusing substance. Drug concentration on the receiving
site (portal vein) is often negligible in relation to that on the
driving site (intestinal tract). There must be a sufficient quan-
tity of the substance dissolved in the small intestinal fluid.
Then, the rate-determining step for absorption is the passive
diffusion to and through the membrane and the percentage
absorption is related to the diffusion rate (1). If the rate of
diffusion follows first-order kinetics (2,14,21,27), the follow-
ing relationships exist between percentage absorption
(%Abs) and the diffusion rate constant (kg;)-

ac,
7 = _kdifCl (4)
(C”-C))
In—————=—Ky;- t 5
Cr di ©)]
In(1 — FA) = kg - ¢ (6)
o _ _ —kdirty _ _ 71010gkdn+logt
% Abs =100 x (1 —e )=100 x (1 —¢ ) (D
or
1
log ln1 A =log kg + log, ®)

where dC/dt is the diffusion rate through the gastrointestinal
membrane, kg, is the diffusion rate constant, C; is the drug
concentration in intestinal fluid, C;° is the starting concentra-
tion in intestinal fluid, C,’ is the concentration in the portal
vein at time ¢, FA is the fraction absorbed; log ¢ is a constant
if it is assumed that the transit time is the same through gas-
trointestinal tract for all drugs.

Although Eqgs. (4)-(8) may be reasonable approxima-
tions of the absorption kinetics at one site, they may not
always apply to gastrointestinal absorption. The physiologic
environment in the gastrointestinal tract is quite variable (27).
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A pH value of 1-3 prevails in the stomach owing to the se-
cretion of hydrochloric acid. Luminal pH values increase
along the intestine from 5 or 6 up to pH 8 in the lower small
intestine and the ascending colon. Transit time from the
empty stomach to the colon is variable, from 3 to 8 h on
average. With exposure of drug to widely different environ-
ments along the gastrointestinal tract, gastrointestinal absorp-
tion kinetics is sometimes complex and not easily defined by
a simple equation.

Perfusion Rate-Limited Step

Blood flow or perfusion in the portal vein is important in
determining absorption of drugs that readily diffuse through
the mucosal membrane. Blood flow removes diffused drug
from the absorption site and carries it to the site of activity.
This removal establishes a concentration gradient across the
gastrointestinal mucosa, which is the driving force behind pas-
sive diffusion (2).

Classification of Drugs Based on Rate-Limited Step

Any model for predicting oral drug absorption, which
attempts to account for all the factors involved, will be very
complex (5). However, the absorption model can be signifi-
cantly simplified if a method is developed to identify the rate-
limited step within the overall process for all the drugs stud-
ied. For example, if the absorption process of some drugs is
determined by the dissolution rate and the rate is governed by
the solubility (5), a quantitative structure-activity relationship
(QSAR) model could be developed by use of solubility or
other related descriptors for predicting drug dissolution (21).
If the absorption process of some drugs is determined by the
diffusion rate and the rate was governed by hydrogen bond-
ing, QSAR models could be developed by using hydrogen-
bonding acceptors and donors or polar surface area descrip-
tors for predicting passive diffusion drugs (12,15-17).

It may be assumed that a QSAR model developed for
diffusion rate-limited drugs (permeability drugs) can only be
used to predict absorption for diffusion rate-limited drugs and
cannot be used to predict the absorption for dissolution or
perfusion rate-limited drugs. However, this is not the case. To
make the explanation clear, let us create a set of absorption
data from 1 to 99% for diffusion rate-limited drugs. Suppose
that diffusion follows a first-order process and a drug takes 4
h to pass through the gastrointestinal tract. We can then cal-
culate the diffusion rate constants using Eq. (6). Figure 1
shows the plot of % absorption against logkg;; It can be seen
that if the diffusion rate constant of a drug is higher than a
certain value (i.e., kg = 1 h™), these drugs should have
similar absorption values, near 100%. This means that if the
rate constant of rate-limited step of a drug is higher than a
certain value (i.e., >1 h™"), the absorption value (i.e., near
100%) can be predicted from the QSAR model developed for
diffusion rate-limited drugs, irrespective of whether dissolu-
tion or perfusion is the rate-limited step. However, if the
dissolution or perfusion rate of a drug is the rate-limited step
and is lower than a certain limit (i.e., <1 h™"), absorption will
be overpredicted by the QSAR model developed for diffusion
rate-limited drugs.

Suppose that the perfusion rate is very high (i.e., the rate
>1 h™!, the absorption value should be near 100%) for those
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Fig. 1. Plots of absorption percent against log kg using Eq. (8).
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drugs that are perfusion rate limited (1). Then, the QSAR
model developed only from diffusion drugs should be very
similar to that developed from both diffusion and perfusion
drugs. This is because all the perfusion rate-limited drugs
have near 100% absorption, which is in agreement with the
absorption predicted by the model for diffusion drugs. Fur-
thermore, perfusion rate-limited drugs are usually small.
Many synthesized drugs are usually large and absorbed via
passive diffusion (2). The remaining question is how to iden-
tify dissolution and diffusion rate-limited drugs.

The ideal method of identifying dissolution and diffusion
rate-limited drugs is to compare the dissolution and diffusion
rates to see which one is the slowest. Unfortunately, the dis-
solution tests that best predict the in vivo performance have
not been developed for drug compounds with wide physico-
chemical properties (6). In addition, it is very expensive and
time consuming to obtain the diffusion rate from animal ex-
periments, even with the assumption that the absorption pro-
cess in animals (i.e., rat) is similar to that in humans (28).

The dissolution limitation may not only be kinetic but
also equilibrium. In equilibrium, there is not enough fluid
available in the gastrointestinal tract to dissolve the dose (6).
This can be checked by use of the dose and solubility ratio, or
percentage of insoluble drug (12,21). The small intestine vol-
ume is assumed to be 250 mL (12), and the percentage of
undissolved drugs for a single dose in 250 mL water was cal-
culated by Eq. (9) and listed in Table 2 of Reference 12.

0.25 x sw>

% Undissolved = 100 x (1 ~ Dose

®

The results showed that 78 drugs of the 238 data set were
not completely dissolved in the gastrointestinal tract. There
are 62 drugs for which the insoluble fraction was >50%. Equa-
tion (9) only gives the calculated value of % undissolved at
the start of administration. However, absorption is a kinetic
process, and some of these drugs can gradually dissolve in the
gastrointestinal tract after an amount has been absorbed by
the small intestine and removed from the site of absorption.
Dissolution will also depend on the pH of the small intestinal
environment.

Dissolution rate is not only governed by the solubility,
dose, and volume of dissolution medium but also by the dif-
fusion rate coefficient. (The amount of drug already in gas-
trointestinal solution is very low if the diffusion rate is very
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high.) If we consider the absorption factor, Eq. (9) can be
modified to Eq. (10).

Dose x (1 - FA)-0.25 x S,,
Dose

% Undissolved = 100 x (10)
where FA is the fraction absorbed. Table 2 of Reference 12
lists the ratio calculated by Eq. (10) between the amount of
insoluble drug and dose in 250 mL of water after correction of
absorption. The results show that there are 33 drugs that are
still not completely dissolved after the above correction ap-
plied. Dissolution would be the rate-limited step if a drug is
not fully dissolved during its transit through the gastrointes-
tinal tract.

However, the experimental error in obtaining the ab-
sorption value of a drug is sometimes quite high (12). Fur-
thermore, if the diffusion rate constant of a dissolution rate-
limited drug reaches a certain value, then the absorption
reaches 100% (Fig. 1), and the absorption values can be cor-
rectly predicted by the model developed from diffusion drugs.
If a 20% estimation error is assumed for % absorption or if it
is believed that the diffusion rate constant is quite high for
dissolution rate-limited drugs with 80% absorption values,
then the definition of dissolution rate-limited drugs can be
modified to Eq. (11).

) Dose x (1-FA)-0.25x S,,
% Undissolved = 100 x Dose >20

1n

In a previous article (12), 238 drugs were classified into
the following groups

Diffusion rate-limited drugs: 169 drugs.

Diffusion rate-limited and zwitterionic drugs: 20 drugs.
Diffusion rate-limited drugs with missing fragments
from Platts method: 9 drugs.

Dissolution rate-limited drugs (or called dose-limited
drugs) (DL): 19 drugs.

Dose-dependent drugs (DP): 7 drugs.

® Drugs with unreliable absorption: 13 drugs.

The names of these drugs are listed in Table 1. The details of
the classification were given in Reference 12.

SAR Studies—Rule of 5

If we classify the absorption of drugs 1-225 in Table I as
high = 100-67%, medium = 66-33%, and low = 32-0%,
and apply the Lipinski “rule of 5” to these drugs (13), 25
compounds are alerted (Table I). Of 33 poorly absorbed
drugs, only 14 drugs (42%) are alerted; 6 of 37 drugs (16%)
are alerted in the medium absorption group, whereas 5 of 156
drugs (3%) are alerted in the high absorption group. Obvi-
ously, most alerts are given to poorly absorbed drugs. How-
ever, 19 drugs (58%) are not alerted at all although they are
poorly absorbed. The same result was found by Clark (15) in
an analysis of 88 drug compounds. By examining the number
of hydrogen-bonding acceptors and donors, we find that for
most of these poorly absorbed drugs, either N, is near to 10
or Ny, is near to 5. Because the cutoff values have not been
surpassed, an alert is not triggered. The results from the “rule
of 5” are listed in Table II.

In effect, a discovery alert is a very coarse filter that
identifies compounds lying in a region of property space
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where the probability of useful oral activity is very low (13).
A compound that fails the computational alert will likely be
poorly bioavailable because of poor absorption. Most com-
pounds failing the alert will prove troublesome if they prog-
ress far enough to be studied experimentally (drugs 152-158
and 160-162 in Table I). In addition, compounds passing the
alert can still prove troublesome in experimental studies.
However, the simple alert has a primary value in identifying
problem compounds (13).

QSAR Studies

As mentioned above, 238 drug and druglike compounds
were classified as diffusion rate-limited drugs, dissolution
rate-limited drugs, zwitterionic drugs, dose-dependent drugs,
and drugs with unreliable absorption. To carry out QSAR
studies for diffusion rate-limited drugs, ClogP, PSA, the
Abraham descriptors, number of hydrogen-bonding accep-
tors and donors were calculated for these drugs and are listed
in Table I. Drugs (n = 189) for which diffusion is the rate-
limited step of absorption were used for regression analysis
(drugs 1-189). Among them, 20 drugs (drugs 170-189) are
zwitterions. It is possible that the equilibrium method Eq.
(11) identified some drugs that are not dissolution rate-
limited drugs because pH can greatly affect the solubility in
the gastrointestinal tract. However, it is important to note
that removing some drugs for which dissolution is not the
rate-limited step is much better than leaving some drugs for
which dissolution is the rate-limited step in the diffusion rate-
limited drug set.

The absorption data can be expressed in different ways.
Traditional methods use percentage to express the extent of
absorption. This has the advantage of being very simple, di-
rect, and easily understood. Models 1, 2, and 3 in Table III
show the results of linear regression analysis between absorp-
tion percent and the descriptors, such as ClogP, PSA, and the
Abraham descriptors. The relationship between the absorp-
tion percent and ClogP or PSA looks sigmoidal (Figs. 2 and
3). The best model is the one using the Abraham descriptors
(¥* = 0.68). By examining the difference between observed
and predicted absorption, it is found that most of the predic-
tion errors arise due to zwitterions. Removing these zwitteri-
ons increases regression coefficients and results in models 4-8
(Figs. 2 and 3). Stepwise regression results (model 5) show
that hydrogen bond acceptors and donors play the main roles
in the absorption process; this finding agrees with previous
work (13,15-17,22).

Linear regression analysis and stepwise analysis were
also performed by using the parameters from the “rule of 5”
in which hydrogen-bonding acceptors and donors were simply
counted as the number of O and N groups present (model 8).
The stepwise regression results show that the dominant de-
scriptors are the number of hydrogen bond acceptors, donors,
and molecular weight. These results are comparable to the
result of stepwise regression using the Abraham descriptors
(model 5). Absorption increases with decreasing hydrogen-
bonding acceptors and donors and increasing molecular vol-
ume or weight. However, the regression coefficient and stan-
dard error from N,, Ny, and MW are not as good as that
from the Abraham descriptors because the hydrogen bond
acceptors and donors are simply based on the number of O
and N groups. In reality, different O and N groups contribute
differently to hydrogen bonding (20).
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Although observed absorption is roughly linearly related
with the absorption predicted by the Abraham descriptors
(model 1), the model 1 predicts absorption > 100% for some
of the drug compounds and overpredicts some poorly ab-
sorbed drugs. There is also negative prediction in the model 1
(12). The same case was found for the linear regression analy-
sis between absorption percent and ClogP or PSA (Figs. 2 and
3). If diffusion is a first-order kinetic process, percent of ab-
sorption can be converted to the kinetic constant k;; or logk-
aie bY Eq. (6). The relationship between percent of absorption
and logkg;, is shown in Fig. 1. The relationship between per-
cent of absorption and logk,;, is sigmoidal. Because the same
sigmoidal relationship between percent of absorption and
ClogP or PSA (Figs. 2 and 3) is obtained, a linear relationship
between logkg;; and these descriptors is possible. Therefore,
linear regression analysis between logk,;, converted by Eq.
(8) and descriptors, and nonlinear relationship between per-
cent of absorption and descriptors, Eq. (7), were investigated.
The problem of prediction of negative absorption percent or
absorption percent > 100 can be overcome by this transfor-
mation.

Models 9-11 and Figs. 2, 3, and 4 show the regression
results by using nonlinear regression analysis for 189 diffusion
rate-limited drugs. (The lines in Figs. 2 and 3 are the regres-
sion lines, and the line in Fig. 4 is from 0 to 100%). The
regression coefficients between the absorption percent and
the Abraham descriptors or ClogP were improved. The stan-
dard errors of nonlinear regression analysis are smaller than
that of linear regression analysis, especially for the absorption
values near 100% and 0%. There is no negative prediction
and absorption >100% in the nonlinear absorption models.
Removing zwitterionic compounds improved regression re-
sults (models 12-15). In comparing these models, PSA does
not seem as good as the Abraham descriptors or ClogP. This
is because, although polar terms play very important roles in
the absorption, nonpolar properties of a drug also contribute
to the absorption.

Table III also lists the linear regression results between
logk ;s and ClogP, PSA, and the Abraham descriptors (mod-
els 16-20). However, the 41 absorption values with 100 and
0% had to be removed from the data set because Eq. (8)
collapses when the absorption percent is 0 or 100. We find
regression coefficients of nonlinear (models 12-14) and linear
regression analysis (models 17-19) are quite similar. It is im-
portant to note that compounds cannot have exactly 100%
and 0% absorption if absorption is considered to be a first-
order kinetic process. All the 100% or 0% absorption values
observed should be theoretically near 100 or 0, but not equal
to 100 or 0.

Analysis between diffusion kinetic constant (k,;) and
ClogP or Abraham descriptors was performed. The result
clearly shows that there are no linear relationships between
kqir and ClogP or Abraham descriptors. The same trend was
observed if we draw a theoretical plot between logk;; and kg,
using Eq. (6).

In addition to using the percentage and kinetic constant
to express the extent of absorption, logit-transformed absorp-
tion data have been used previously in QSAR analysis (14).

FA
logl_FAzlog itFA=7 12)
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TABLE I. Percentage of Absorption, Molecular Weight, Octanol-Water Partition Coefficient, Sum of N and Hydrogen Bond Acceptors and
Donors, Polar Surface Area, and Abraham Descriptors

No Names %Abs* MW  MlogP® ClogP® N,° Np' Ruleof5¢ PSA" E S A B A%
1  aminopyrine 100 231 1.00 4 0 Pass 25 1.78 178 0 137  1.87
2 bornaprine 100 329 4.30 3 0 Pass 27 129 138 0 1.20 279
3 caffeine 100 194 -0.07 -0.06 6 0 Pass 47 194 181 0 147  1.36
4 camazepam 100 372 3.64 6 0 Pass 52 263 256 0 1.84 2.67
S cicaprost 100 374 2.01 5 3 Pass 99 126 155 119 144 3.03
6  cisapride 100 466 3.43 7 2 Pass 83 230 340 046 204 340
7  corticosterone 100 346 1.94 232 4 2 Pass 73 190 298 053 171 274
8  cyproterone acetate 100 417 3.39 4 0 Pass 49 207 317 0 1.57  3.09
9  desipramine 100 266 4.90 4.09 2 1 Pass 20 199 157 009 1.04 226

10 diazepam 100 285 2.99 3.29 3 0 Pass 28 238 211 O 115 2.07

11  diclofenac 100 296 4.40 3.03 3 2 Pass 40 197 188 078 0.87 2.03

12 ethinylestradiol 100 296 3.67 3.66 2 2 Pass 46 212 250 097 116 239

13 fenclofenac 100 297 4.80 4.96 3 1 Pass 48 1.80 176 059 0.62 1.98

14 fluvastatin 100 411 3.19 5 3 Pass 76 239 245 128 1.60 3.13

15  gallopamil 100 485 3.14 7 0 Pass 68 172 256 0 228  3.99

16  glyburide 100 358 4.08 8 3 Pass 110 260 389 130 1.88 3.56

17 granisetron 100 312 1.79 5 1 Pass 48 218 253 037 203 245

18  imipramine 100 280 4.80 441 2 0 Pass 8 197 156 0 1.15 240

19  indomethacin 100 358 4.27 4.18 5 1 Pass 68 239 272 059 119 253

20  isoxicam 100 335 2.83 2.40 8 2 Pass 116 247 353 058 192 221

21  levonorgestrel 100 312 3.31 2 1 Pass 40 1.79 246 043 118 258

22 lormetazepam 100 335 2.60 4 1 Pass 53 269 237 010 139 226

23 lornoxicam 100 372 3.15 7 2 Pass 100 295 360 058 204 230

24 mexiletine 100 179 2.15 2.57 2 2 Pass 34 097 081 0.03 084 1.8

25  nefazodone 100 470 5.00¢ 7 0 Pass 51 307 283 0 2.08 3.59

26  nicotine 100 162 1.17 1.32 2 0 Pass 15 1.05 1.09 0 111 137

27  ondansetron 100 293 2.64 4 0 Pass 31 213 215 0 146 227

28  oxatomide 100 426 541 5 1 Pass 44 343 283 033 225 340

29  phenglutarimide 100 288 1.54 4 1 Pass 49 161 189 032 159 239

30  piroxicam 100 331 1.98 2.70 7 2 Pass 99 284 361 058 206 225

31  praziquantel 100 312 3.43 4 0 Pass 36 194 242 0 1.60 2.45

32 progesterone 100 314 3.87 3.78 2 0 Pass 30 158 247 0 1.16  2.62

33 salicylicacid 100 138 2.26 2.19 3 2 Pass 55 1.05 089 072 038 0.99

34 stavudine 100 224 -0.81 -0.48 6 2 Pass 86 191 206 049 177 156

35  sudoxicam 100 337 1.64 2.60 7 2 Pass 101 287 360 058 191 217

36 tenoxicam 100 337 2.42 7 2 Pass 100 282 351 058 208 217

37  testosterone 100 288 332 322 2 1 Pass 40 1.61 232 035 113 238

38  theophylline 100 180 -0.02 -0.06 6 1 Pass 64 193 184 042 138 122

39  toremifene 100 406 6.35 2 0 Pass 15 243 203 0.02 111 330

40  valproicacid 100 144 2.75 2.76 2 1 Pass 40 024 047 059 044 131

41 verapamil 100 455 3.79 371 6 0 Pass 64 170 248 0 207 379

42 carfecillin 99 454 2.96 312 8 2 Pass 111 283 331 056 247 320

43 naproxen 99 230 3.34 2.82 3 1 Pass 51 162 140 059 075 1.78

44  nordiazepam 99 270 2.93 3.01 3 1 Pass 43 233 221 028 124 193

45  prenisolone 99 360 1.62 1.64 5 3 Pass 97 219 326 072 200 275

46  propranolol 99 259 2.98 2.75 3 2 Pass 43 1.85 136 010 129 215

47  atropine 98 289 1.83 1.32 4 1 Pass 50 144 171 035 148 228

48  lamotrigine 98 256 3.24 5 4 Pass 97 279 281 050 1.09 1.65

49  minoxidilne 98 209 1.24 1.09 6 4 Pass 94 246 287 050 171 159

50  tolmesoxide 98 214 0.89 3 0 Pass 37 119 221 0 128  1.62

51  viloxazine 98 237 1.34 4 1 Pass 45 1.15 142 032 147 187

52 warfarin 98 308 2.70 2.44 4 1 Pass 51 230 243 055 126 231

53  antipyrine 97 188 0.38 0.41 3 0 Pass 24 153 158 0 1.05 148

54 clofibrate 97 243 3.68 3 0 Pass 31 093 123 0 0.69 1.82

55  disulfiram 97 296 3.88 3.88 2 0 Pass 5 212 125 0 139 229

56  trimethoprim 97 290 0.91 0.95 7 4 Pass 107 252 281 050 176 218

57  venlafaxine 97 277 2.11 3 1 Pass 26 124 132 035 136 237

58  bumetanide 96 364 3.90 7 4 Pass 121 220 273 141 176 2.64

59  torasemide 96 348 3.34 7 3 Pass 95 214 295 112 190 258

60  trapidil 96 205 1.94 5 0 Pass 43 1.68 152 0 098 1.63

61  codeine 95 299 1.14 0.82 4 1 Pass 48 202 178 026 175 221

62  fluconazole 95 306 -0.11 7 1 Pass 61 1.69 230 035 162 201

63  flumazenil 95 303 1.06 6 0 Pass 52 1.80 238 0 1.76  2.09
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TABLE 1. Continued

No Names %Abs.* MW MilogP® ClogP® N,°® Np' Ruleof 58 PSA"™ E S A B \Y%
64  ibuprofen 95 206 3.50 3.68 2 1 Pass 40 086 0.84 0.59 050 1.78
65 labetalol 95 328 2.50 5 5 Pass 95 220 213 077 1.62 2.64
66 metoprolol 85 267 1.88 1.20 4 2 Pass 56 113 118 0.0 144 226
67 oxprenolol 95 265 2.10 1.69 4 2 Pass 53 126 118 0.10 149 222
68 practolol 95 266 0.79 0.75 5 3 Pass 77 145 195 058 1.64 218
69 scopolamine 95 303 0.26 5 1 Pass 61 1.64 196 035 1.84 223
70 sotalol 95 272 -0.44 0.23 5 3 Pass 85 154 198 074 174 2.10
71  timolol 95 316 1.83 1.61 7 2 Pass 76 147 181 010 2.03 238
72 alprenolol 93 249 2.89 2.65 3 2 Pass 43 125 1.03 010 125 216
73 amrinone 93 189 -0.59 4 3 Pass 75 184 211 053 129 140
74  isradipine 92 371 4.18 3.57 8 1 Pass 95 167 246 032 162 271
75 ketoprofen 92 254 3.12 2.76 3 1 Pass 59 163 178 059 0.86 198
76  hydrocortisone 91 362 1.61 1.70 5 3 Pass 9% 206 3.16 0.72 198 2.80
77 naloxone 91 327 2.09  -0.04 5 2 Pass 69 224 209 055 211 236
78 alprazolam 90 309 212 2.30 4 0 Pass 39 258 222 0 132 220
79 amphetamine 90 135 1.76 1.59 1 2 Pass 27 094 0.77 018 0.63 124
80 betaxolol 90 307 2.81 217 4 2 Pass 55 133 129 010 144 257
81 chloramphenicol 90 323 1.14 0.69 7 3 Pass 118 186 246 066 1.62 2.07
82 felamate 90 283 -0.29 6 4 Pass 110 144 148 070 112 1.77
83 ketorolac 90 255 1.62 4 1 Pass 62 1.69 202 059 123 1.87
84 meloxicam 90 351 3.01 3.10 7 2 Pass 101 288 357 058 191 2.32
85 nisoldipine 90 388 4.53 4.24 8 1 Pass 82 171 243 032 154 292
86 nizatidine 90 331 0.50 7 2 Pass 83 1.87 255 020 241 246
87 phenytoin 90 252 2.47 2.08 4 2 Pass 59 221 1.68 048 121 1.87
88 sulindac 90 356 3.05 2.81 3 1 Pass 58 228 3.09 059 128 257
89 terazosin 90 387 2.71 9 2 Pass 102 325 378 025 2.64 283
90 tramadol 90 263 2.63 231 3 1 Pass 22 124 130 035 15 223
91 dihydrocodeine 89 301 1.30 4 1 Pass 49 188 1.68 026 1.73 225
92  oxazepam 89 287 224 2.29 4 2 Pass 67 251 233 038 149 1.99
93  sultopride 89 354 1.93 6 1 Pass 68 177 325 022 218 271
94 tenidap 89 321 0.63¢ 5 3 Pass 77 270 263 0.68 1.04 2.07
95 felodipine 88 384 4.80 4.96 5 1 Pass 60 175 217 032 137 271
96 moxonidine 88 242 1.02 6 2 Pass 69 162 206 061 234 1.67
97 nitrendipine 88 360 4.15 3.39 8 1 Pass 105 172 247 032 153 2.64
98 saccharin 88 183 0.91 0.52 4 1 Pass 71 159 214 0.68 095 1.15
99  bupropion 87 240 321 2 1 Pass 24 114 131 0.09 1.07 194

100  lamivudine 87 229 -093 -154 6 3 Pass 93 234 236 051 192 1.53

101  pindolol 87 248 1.75 1.67 4 3 Pass 63 1.68 148 047 158 201

102  topiramate 86 339 -0.07 9 2 Pass 121 1.10 240 054 278 221

103 lansoprazole 85 369 3.07 5 1 Pass 65 202 315 042 1.84 237

104  morphine 85 285 0.76 0.24 4 2 Pass 61 210 1.68 0.55 1.76 2.06

105 oxyfedrine 85 313 2.84 4 2 Pass 57 185 194 019 174 254

106  tolbutamide 85 270 2.34 2.50 5 2 Pass 78 135 215 093 1.09 2.06

107  acetylsalicylicacid 84 180 1.19 1.02 4 1 Pass 60 093 135 059 0.80 129

108 bromazepam 84 316 1.69 1.69 4 1 Pass 53 248 246 028 154 194

109  captopril 84 217 1.19 4 1 Pass 58 115 1.68 050 131 1.62

110  propiverine 84 367 4.06 4 0 Pass 28 173 188 0 145 3.00

111 methylprednisolone 82 374 1.96 5 3 Pass 95 218 323 072 2.02 290

112 mifobate 82 359 0.69 7 0 Pass 70 076 238 0 228 236

113  sorivudine 82 349 -1.66 8 4 Pass 127 255 271 093 239 2.00

114  digoxin 81 781 1.26 1.32 14 6 Alert 216 320 534 172 462 575

115 flecainide 81 414 443 5 2 Pass 55 082 1.80 054 141 2.60

116  piroximone 81 217 0.96 5 2 Pass 8 177 208 0.61 137 1.60

117  quinidine 81 324 2.64 293 4 1 Pass 40 230 190 026 1.88 255

118 acebutolol 80 336 1.71 1.63 6 3 Pass 8 1.60 240 058 197 276

119  acetaminophen 80 151 0.51 0.49 3 2 Pass 56 127 181 1.02 085 1.17

120 dexamethasone 80 392 2.01 2.01 5 3 Pass 90 2.09 322 0.77 201 291

121  ethambutol 80 204 0.12 4 4 Pass 69 078 0.79 022 1.81 1.83

122 guanabenz 80 231 2.96 4 4 Pass 76 185 160 0.11 151 1.56

123 isoniazid 80 137 -070 -0.71 4 3 Pass 72 121 189 0.55 151 1.03

124  methadone 80 309 3.93 313 2 0 Pass 16 161 159 0 125 271

125 omeprazole 80 345 2.23 2.53 6 1 Pass 72 235 341 042 216 252

126  urapidil 78 387 2.56 8 1 Pass 65 298 299 020 2.81 3.02

127  famciclovir 77 321 -0.36 9 2 Pass 113 198 271 025 183 234

128 mercaptoethanesulfonicacid 77 142 -0.52 3 1 Pass 59 113 160 035 099 0.89
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TABLE 1. Continued

No Names %Abs.* MW MilogP® ClogP® N,° Npf Ruleof5 PSA" E S A B A%
129  propylthiouracil 76 170 2.80 3 1 Pass 44 134 140 055 112 128
130  cycloserine 73 102 -1.72¢ 4 3 Pass 80 088 111 019 155 0.70
131 recainam 71 263 1.13 4 3 Pass 58 126 158 059 133 230
132 hydrochlorothiazide 69 (65-72) 298 -0.07 -0.40 7 4 Pass 135 219 313 149 178 1.73
133 cimetidine 64 252 0.40 0.35 6 3 Pass 84 153 211 059 214 196
134 metolazone 64 366 2.42 6 3 Pass 9 284 3.09 081 159 250
135 terbutaline 62 225 0.08 0.48 4 4 Pass 80 141 140 128 174 184
136  furosemide 61 330 2.03 1.87 7 4 Pass 126 205 255 136 147 210
137  fenoterol 60 303 0.83 5 5 Pass 105 221 216 1.82 205 236
138  pirbuterol 60 240 -0.93 5 4 Pass 90 139 159 1.08 222 194
139 reproterol 60 389 —-0.98 10 4 Pass 127 323 315 128 3.06 281
140  ziprasidone 60 413 442 5 1 Pass 57 347 3.04 028 1.81 292
141  nadolol 57 309 0.71 0.23 5 4 Pass 91 161 1.63 070 1.88 249
142 sumatriptan 57 295 0.93 0.58 5 2 Pass 75 187 233 082 188 227
143 metformin 53 129 -2.64¢ 5 5 Pass 86 118 135 027 217 1.09
144  amiloride 50 230 -0.26 8 5 Pass 157 254 325 095 223 151
145  atenolol 50 266 0.16 -0.11 5 4 Pass 93 145 189 055 175 218
146  guanoxan 50 207 0.33 5 3 Pass 87 162 199 011 1.83 1.55
147  rimiterol 48 223 0.36 4 4 Pass 79 155 145 141 168 1.73
148  cymarin 47 548 -0.15 9 3 Pass 126 250 441 086 3.08 4.08
149  metaproterenol 44 211 0.08 4 4 Pass 81 141 144 128 171 1.70
150  sulpiride 44 341 1.11 7 3 Pass 103 184 293 075 221 253
151 famotidine 38 337 -0.57 -0.56 9 8 Pass 182 2,61 253 1.07 247 226
152 ascorbic acid 35 176 -1.64 221 6 4 Pass 120 139 218 078 1.71 111
153  fosfomycin 31 138 -0.48 4 2 Pass 79 067 142 152 178 0.86
154  fosmidomycin 30 183 -3.11 6 3 Pass 108 0.83 244 188 237 123
155  lincomycin 28 406 0.20 -0.12 8 5 Pass 125 188 236 0.84 317 3.10
156  netivudine 28 282 -2.03 8 4 Pass 131 220 244 091 244 192
157  foscarnet 17 126 -1.934 5 3 Pass 108 079 176 1.78 1.93 0.70
158  adefovir 16 273 -2.08 9 4 Pass 142 2,08 3.00 176 272 1.79
159  k-strophanthoside 16 873 -5.42 19 9 Alert 273 394 654 213 612 6.14
160  mannitol 16 182 -3.10 -4.67 6 6 Pass 129  1.00 183 1.63 197 131
161  cidofovir 3 279 -3.56 9 5 Pass 156 215 3.08 202 296 185
162 ganciclovir 3 255 -2.07 -2.99 9 5 Pass 146 252 289 1.08 218 1.72
163 acarbose 2 646 -10.62 19 14 Alert 321 331 447 253 619 438
164  ouabain 1.4 584 -1.70 —4.58 12 8 Alert 196 313 512 232 409 416
165  kanamycin 1 484 -7.77 15 15 Alert 295 280 271 120 540 3.36
166 neomycin 1 615 -9.03 19 19 Alert 354 333 313 0.87 694 428
167  streptomycin 1 582 -7.17 19 16 Alert 346 350 375 081 6.78 4.02
168  lactulose 0.6 342 -5.56 11 8 Alert 208 195 257 170 353 223
169  raffinose 0.3 504 —7.96 16 11 Alert 288 274 351 220 5.05 3.26
Zwitterions'

170  cefadroxil 100 363 —2.06 -2.57 8 5 Pass 141 272 3.07 112 280 249
171  cephalexin 100 347 -1.74 -1.9 7 4 Pass 117 254 277 058 250 243
172 glycine 100 75 -3.21 =321 3 3 Pass 73 047 059 052 0.89 0.56
173 loracarbef 100 349 -0.47 7 4 Pass 117 234 274 058 232 239
174  ofloxacin 100 361 -0.28 -0.24 7 1 Pass 73227 264 0 254 250
175  pefloxacin 100 333 0.27 0.08 6 1 Pass 63 205 245 0 222 241
176  amoxicillin 93 365 -1.99 -1.92 8 5 Pass 140 253 290 112 285 254
177  telmisartan 90 514 7.26 6 1 Alert 63 390 315 059 171 398
178  tiagabine 90 376 2.79 3 1 Pass 45 193 156 059 123 289
179  acrivastine 88 348 1.13 4 1 Pass 53 210 207 059 150 281
180  nicotinic acid 88 123 0.80 3 1 Pass 50 086 111 059 0.78 0.89
181 trovoflaxicin (cp99219) 88 416 -1.19 7 3 Pass 97 284 320 017 220 2.63
182  levodopa 86 197 -2.74 -2.82 5 5 Pass 114 136 130 136 1.50 143
183  cefatrizine 75 463 -2.96 11 6 Alert 184  3.65 411 173 348 3.04
184  ampicillin 62 349 -1.13 -1.25 7 3 Pass 116 236 260 0.58 256 248
185  vigabatrin 58 129 -2.94 3 3 Pass 69 056 076 077 093 1.09
186  eflornithine 55 182 -3.00 4 3 Pass 94 046 074 079 134 126
187  tranexamicacid 55 157 -1.80 3 3 Pass 70 062 083 077 091 1.30
188 methyldopa 41 211 -2.11 5 4 Pass 109 135 126 136 154 157
189  ceftriaxone 1 554 -2.09¢ 15 4 Alert 212 447 536 128 4.08 3.48
Drugs with missing fragments from Platts method

190 zidovudine 100 267 0.05 -0.20 9 2 Pass 127 210 199 049 201 1.82
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TABLE 1. Continued
No Names % Abs.? MW MlogP® ClogP® N,° Np' Rule of 53 PSA"™ E S A B v
191 ximoprofen 98 261 2.18 4 2 Pass 77 131 134 094 079 2.07
192  clonidine 95 230 1.57 1.37 3 2 Pass 42 160 149 064 116 1.53
193 viomycin 85 685 -8.03 23 19 Alert 379 431 6.77 4.02 765 491
194  ceftizoxime 72 382 -430¢ 10 4 Pass 147 2.62 323 097 258 243
195 capreomycin 50 653 -7.25 21 18 Alert 357 396 612 3.18 720 484
196 AAFC 32 243 -3.91¢ 7 3 Pass 110 145 1.89 043 201 147
197 bretyliumtosylate 23 244 -1.25 1 0 Pass 0 087 062 0 013 172
198 distigminebromide 8 578 8 0 Alert 80 1.75 223 0 230 332
Dissolution rate-limited drugs
199 spironolactone 73 417 2.26 225 4 0 Pass 60 225 374 0 182 317
200 etoposide 50 (25-75) 588 0.60 -1.89 13 3 Alert 170 3.03 3.81 038 3.81 3.90
201 cefetamet pivoxil (globocef) 47 511 2.33 12 2 Alert 153 297 416 031 322 349
202 cefuroximeaxetil 44 (36-52) 510 0.89 0.25 14 3 Alert 173 258 3.89 041 331 336
203 azithromycin 37 749 1.83 14 5 Alert 183 197 326 093 5.04 6.00
204 fosinopril 36 564 7.74 8 1 Alert 89 1.61 325 050 292 447
205 pravastatin 34 425 0.57 7 4 Pass 112 137 208 1.63 181 3.37
206 cyclosporin 28 (10-65) 1202 3.80¢ 23 5 Alert 324 397 6.84 154 8.65 10.02
207 bromocriptine 28 654 6.69 10 3 Alert 101 394 438 0.84 4.03 448
208 olsalazine 24 (17-31) 302 4.50 8 4 Pass 130 221 1.61 143 081 2.03
209 doxorubicin 12 (0.7-23) 543 010 -145 12 7 Alert 204 351 291 0.81 293 3.73
210 cefuroxime 1 424 -016 -0.17 12 4 Pass 168 266 338 091 293 273
211 iothalamatesodium 1.9 613 1.42 6 3 Pass 87 344 339 157 133 250
212 sulfasalazine 59 (56-61) 398 3.83 9 3 Pass 136 318 310 127 149 270
213 benazepril >37 425 1.82 7 2 Pass 85 234 243 028 1.84 327
214  lisinopril 28 (25-50) 405 -1.71 8 5 Pass 142 179 242 096 256 3.19
215 enalaprilat 25 (10-40) 348 0.86 7 3 Pass 112 1.60 218 0.78 2.08 2.66
216 amphotericin b 3(2-5) 924 246 18 13 Alert 297 370 537 337 570 712
217 aztreonam 1 435 3469 13 4 Pass 204 277 436 115 3.18 276
Dose-dependent drugs
218 mibefradil 69 (37-100) 516 4.41 6 1 Pass 59 228 257 043 191 3.89
219 ranitidine 64 (39-88) 314 0.27 1.33 7 2 Pass 82 1.60 229 020 228 240
220 chlorothiazide 49 (36-61) 296 -024 031 7 3 Pass 128 218 312 121 197 1.69
221 acyclovir 23 (15-30) 225 -1.56  -2.07 8 4 Pass 125 234 267 083 187 152
222 norfloxacin 71 319 -1.03 1.57 6 2 Pass 76 208 246 031 210 227
223 methotrexate 70 (57-83) 454 -0.30 13 7 Alert 211 391 473 180 277 322
224 gabapentin 59 (43-74) 171 -1.18 3 3 Pass 66 0.63 083 0.77 093 144
Formulation-dependent drugs
225 prazosin 86 (77-95) 383 2.45 9 2 Pass 103 340 3.81 025 238 274
Drugs expected to have higher absorption
226 ciprofloxacin >69 331 -1.08 1.40 6 2 Pass 77 227 257 031 210 230
227 ribavirin >33 244 -185 323 9 6 Pass 158 171 2.66 113 244 158
228 pafenolol >29 337 1.67 6 4 Pass 8 141 175 0.67 2.01 284
229 azosemide >10 371 1.35 8 2 Pass 140 284 317 146 150 234
230 xamoterol >5 339 0.61 0.39 8 4 Pass 109 1.80 237 0.74 266 257
231 enalapril >66 (61-71) 376 0.79 7 2 Pass 9 150 229 028 2.09 294
232 phenoxymethylpenicillin 59 (49-68) 350 2.09 1.90 7 2 Pass 100 220 2.58 040 228 244
233 gliclazide >65 323 1.09 6 2 Pass 83 1.85 252 077 176 236
234  benzylpenicillin >30 334 1.83 1.70 6 2 Pass 91 218 249 056 2.06 238
235 Thiacetazone >20 236 0.88 5 4 Pass 87 205 225 098 182 1.77
236 lovastatin >10 405 4.26 4.08 5 1 Pass 64 129 222 035 132 329
237 cromolynsodium >0.4 468 1.92 1.85 11 3 Pass 167 3.10 3.64 135 241 3.04
238 erythromycin >35 734 2.54 0.65 14 5 Alert 198 197 355 1.02 471 577

“ Absorption data taken from Reference 12.

b Experimental logP (MlogP) from (MlogP) from ClogP program.

¢ Calculated logP (ClogP).

4 Calculated logP from Meylan method (24).

¢Sum of N and O H-bonding acceptors.

7Sum of N and O H-bonding donors.

¢ Computational alert according to the rule of 5; pass, no problem detected; alert, poor absorption more likely.

" Polar surface area (PSA) from SAVOL program.

" The definition of zwitterionic compounds is based on the presence of both an ionizable acid group (either a carboxylic acid or an H-bearing
tetrazole) and an ionizable base group (either a primary, secondary, or tertiary amine or a pyridine). They may not be zwitterions according

to pKa values.
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Table II. The Number and Percentage of Alerted Drugs with Poor, Medium, and High Absorption

Low Medium High
Total Alert % Alert Total Alert % Alert Total Alert % Alert
Rule of 5 33 14 42 37 6 16 156 5 3
oo Abs = 100 13) if we p.10t log kg against logit FA. The logarithm of thﬁ:
14102 absorption rate constant (log kg;;) calculated from Eq. (6) is

If logit FA values are linearly related with the molecular de-
scriptors, we can use either Eq. 12 to do linear regression
analysis or Eq. 13 to do non-linear regression analysis. Table
III lists the regression results (Models 21-26) both from linear
and non-linear regression analysis by use of Egs. 12 and 13.
The results showed that the equation coefficients from the
linear and non-linear regression are quite similar. Again, to
apply Eq. 12, we had to remove the 100 and 0% absorption
values from the linear regression analysis (models 24-26).
By examining the regression coefficients and standard
errors of nonlinear models 12-14 (using log k4;) and models
21-23 (using logit FA) using the Abraham descriptors, Clog P
and PSA, we find that the models, using log k4;; and logit FA,
respectively, gave the same regression coefficients and stan-
dard errors. The plot of logit FA against % Abs absorption by
using Eq. (13) also showed a sigmoidal relationship (not
shown here), which is quite similar to Fig.1, which uses Eq.
(7). The similarity between Eqgs. (13) and (7) is not surprising

almost collinear with logit FA calculated from Eq. (12). It
seems that logit FA is an approximation to the more correct
log k-

The above analysis shows that there are two obvious
outliers, ganciclovir and digoxin, when using the Abraham
and PSA models. Ganciclovir shows a lower than expected
absorption with Abraham descriptors (Fig. 4), and digoxin
shows a greater than expected absorption with PSA (Fig. 3).
For digoxin, it is possible that the descriptor is incorrect for
digoxin or solubility was not correctly calculated in Reference
12 because it is a very large molecule. The reason is not clear
for ganciclovir. It is possible that percent absorption value of
ganciclovir is incorrect or ganciclovir is not diffusion rate-
limited drug. Although the key parameter determining disso-
lution rate is solubility and the method based on equilibrium
removes all low-solubility drugs, it is certainly possible that
some dissolution rate-limited drugs are still present in the 189
compound data set. Dissolution rate is not only determined
by the solubility and absorption but is also affected by effec-

Table III. Regression Results between Absorption and Molecular Descriptors

No Method Model r n S
% Absorption
1 Abraham + Z %Abs = 94 +3.02E +396S -21.7A -200B +9.18 V 0.68 189 16
2 ClogP + Z %Abs = 72 + 7.32 ClogP 0.55 189 118
3 PSA +Z %Abs = 109 — 0.345 PSA 0.52 189 19
4 Abraham %Abs = 92 +294E +410S-21.7A-211B +106 V 0.74 169 14
5 Abraham - S %Abs = 96 -200A -198B + 139V 0.72 169 15
6 ClogP %Abs = 70 + 8.22 ClogP 0.65 169 16
7 PSA %Abs = 109 — 0.354 PSA 0.56 169 18
8 Rule of 5 %Abs = 90 — 3.34 N, — 5.56 N, + 0.0716 MW 0.61 169 17
log kg = log{ln[1/(1 - FA)]} logt
9 Abraham + Z %Abs = 100 x [1 _ EXP(_100A423+0A135E—OAOO3985—0A333A—0A370B+0A21GV)] 0.72 189 15
10 ClogP + Z %Abs = 100 x [1 — EXP(~100-151+0:126 ClogPy] 0.60 189 17
n PSA + Z oAbs =100 x [1 — EXP(_log.;lsi::ézgzz nl:(i?)n]us/x 0.403B+0.232V)] 0.53 189 19
12 Abraham %Abs = 100 x [1 - EXP(-10 = T S 0.78 169 13
13 ClogP %Abs = 100 x [1 — EXP(—100-100+0-166 ClogPy] 0.72 169 15
14 PSA %Abs = 100 x [1 — EXP(-100777-0:00654 PSAy] 0.59 169 18
15 Rule of 5 %Abs = 100 x [1 _ EXP(_10().5()()—().()754 NA-0.141 Np+0.00184 MW)] 0.70 169 15
16 Abraham log kgir = 0.568 — 0.0363E + 0.141S — 0.507B + 0.232V 0.77 128 0.31
17 Abraham - S log kgir = 0.600 — 0.347 A — 0498 B + 0.305 V 0.75 128 0.32
18 ClogP log ke = ~0.0532 + 0.195 ClogP 0.70 128 035
19 PSA log kg;; = 0.841 — 0.00835 PSA 0.66 128 0.37
20 Rule of 5 log kg = 0.501 — 0.0929 N, — 0.115 Np, + 0.00155 MW 0.70 128 036
logit FA = log[FA/(1 - FA)]
21 Abraham %Abs = 100/[1 + 10—(1.()2+().()622E+().()977S—().599A—().681B+().445V)] 0.79 169 13
22 ClogP %Abs = 100/[1 + 107(0:453+0283 ClogP)] 0.72 169 14
23 PSA %Abs = 100/[1 + 10172700124 PSA)] 0.59 169 18
24 Abraham logit FA = 1.16 + 0.0451E + 0.129S — 0.625A - 0.685A — 0.685B + 0.353V 0.71 128 0.50
25 ClogP logit FA = 0.400 + 0.266 ClogP 0.64 128 0.56
26 PSA logit FA = 1.61 - 0.0113 PSA 0.58 128 0.60

Note: S, stepwise regression; Z, zwitterionic compounds.
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Fig. 2. Nonlinear fit of ClogP to absorption percent by model 13.

tive surface area of the solid drug and diffusion boundary
layer thickness adjacent to the dissolving surface Eq. (1).
To examine absorption prediction for the dissolution
rate-limited drugs identified by Eq. (11), absorption models
(models 12-14), derived from diffusion rate-limited drugs,
were used to predict the percent absorption value for disso-
lution rate-limited drugs (drugs 199-217). The results indicate
that absorption prediction for some of the dissolution rate-
limited drugs is in agreement with or is in the range of the
observed absorption, whereas for others, the predicted values
are higher than the observed absorption (12). This is in agree-
ment with what we would expect; dissolution is the rate-
limited step for most of these drugs and the observed absorp-
tion is equal to, or lower than the absorption predicted by the
models derived from diffusion rate-limited drugs.
Absorption consists of very complex kinetic processes.
Although absorption can be simplified into three transit pro-
cesses (i.e., dissolution, diffusion, and perfusion), other pro-
cesses can also be involved in absorption and can become rate
limiting. Therefore, the identification of the rate-limiting step
is very important in absorption modeling. On the basis of the
dissolution rate equation, Eq. (3), it is reasonable to believe
that dissolution rate-limited drugs could be classified from
solubility and absorption [Egs. (10) or (11)]. However, some
of the calculated solubility values will not be reliable enough,
and not all dissolution rate-limited drugs can be correctly
classified from Eq. (10). This fact can be seen when compar-
ing solubility values calculated from different models for the
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same drug compound. Large estimation errors were found for
calculated solubility values depending on which method is
used. Therefore, the use of experimental values in Eq. (10) or
(11) is strongly suggested.

Recently, a Biopharmaceutics Classification Scheme
(BCS) was proposed (6,29). Based on this scheme, drugs can
be categorized into four basic groups according to their solu-
bility and ability to penetrate the gastrointestinal mucosa:
class I, high solubility and high permeability; class II, low
solubility and high permeability; class III, high solubility and
low permeability; and class IV, low solubility and low perme-
ability. Dressman et al. (6) suggested that the rate of dissolu-
tion of the drug was almost certain to be the principal limi-
tation to its oral absorption for class II drugs. If BCS is used
to categorize the drugs (Table I) into the four BCS groups
according to solubility and permeability (here we used pre-
dicted absorption instead of permeability), we find that most
dissolution rate-limited drugs identified by Eq. (10) (drugs
199-217) belong to class II. The predicted percent of absorp-
tion is much higher than the observed percent of absorption
because the dissolution rate is lower than the diffusion rate,
and hence, dissolution is the rate-limited step for these drugs
(12). Only two drugs, cyclosporin and amphotericin B, belong
to class IV. Their predicted percent of absorption values (36
and 17, respectively) are low and close to observed percent of
absorption (28 and 3, respectively).

Although it is easy to categorize the drugs into the four
basic groups, it is very difficult to give a cutoff between low
and high solubility because dissolution rate does not only
depend on the solubility and dose but also on the permeabil-
ity. However, if a drug is completely dissolved at the end of
the gastrointestinal tract, then we can assume that dissolution
rate will not affect the absorption. The minimum required
solubility of a drug should satisfy the following equation.

Dose x (1 — Fraction absorbed) — 0.25 x S, (min) =0 (14)

where 0.25 (L) is the gastrointestinal volume (12), and S|,
(min) is the minimum solubility in gastrointestinal fluid (mg/
L). If subjects were administered 100 mg as a single dose, the
solubility values can be calculated; the relationship between
percent of absorption and cutoff of solubility is linear. The
cutoff of solubility increases when absorption decreases. If
percent of absorption is zero, the solubility should be >400
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mg/L, so that drugs can be completely dissolved in gastroin-
testinal tract. If percent of absorption is 99%, the solubility
should be >4 mg/L, so that these drugs are calculated to be
completely dissolved once absorption is finished. However,
this is only the case at equilibrium. Absorption is a kinetic
process. The cutoff of solubility values will be higher than that
calculated by Eq. (14) if dissolution rate is very slow or the
dose is very large. It is important to note that the absorption
used to identify dissolution drugs in Eq. (10) is based on
experimental values. In practice, the observed absorption
may be unknown for some drugs. If we use the predicted
absorption in Eq. (10), the cutoffs of solubility are lower than
that based on the observed absorption for dissolution rate-
limited drugs because the predicted absorption is higher than
observed absorption for such drugs.

To test the models established and the method that is
used to identify the dissolution rate-limited drugs, the absorp-
tion of 466 drug compounds, categorized as high, medium,
and low absorption by GlaxoSmithKline, was predicted by
using nonlinear model 12. The results show that the predicted
absorption is in good agreement with the observed absorption
for most of these compounds. However, the model overpre-
dicts absorption for most of the poorly soluble compounds.
This is because dissolution becomes the rate-limited step if
the solubility of a drug is very low.

In conclusion, the present results show that nonlinear
absorption models developed from a first-order kinetic pro-
cess are better than the linear absorption model developed by
our previous work (12). Identifying the rate-limited step and
removing dissolution rate-limited drug compounds from the
data set is the key factor in modeling human absorption of
diffusion rate-limited drugs. Based on the absorption models
developed from 189 diffusion rate-limited compounds in this
article and application of the models to 466 drugs, our ab-
sorption models can predict the following three classes of
compounds of BCS: class I, high solubility and high perme-
ability; class III, high solubility and low permeability, and
class IV, low solubility and low permeability. The absorption
model overpredicts the absorption of class II, low solubility
and high permeability. The following facts were found from
absorption data for >500 drugs: (i) Permanently charged com-
pounds have very low absorption. (ii) The absorption is usu-
ally very low if the calculated solubility is < 0.0001 mg/L. (iii)
There are large prediction errors for zwitterions identified by
Platts method (23).
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