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This paper describes a graphical model for simplifying in vitro absorption, metabolism,
distribution, and elimination (ADME) data analysis through the estimation of oral bioavail-
ability (%F) of drugs in humans and other species. This model integrates existing in vitro ADME
data, such as Caco-2 permeability (Papp) and metabolic stability (percent remaining - %R) in
liver S9 or microsomes, to estimate %F into groups of low, medium, or high regions. To test
the predictive accuracy of our model, we examined 21 drugs and drug candidates with a wide
range of oral bioavailability values, which represent approximately 10 different therapeutic
areas in humans, rats, dogs, and guinea pigs. In vitro data from model compounds were used
to define the boundaries of the low, medium, and high regions of the %F estimation plot. On
the basis of the in vitro data, warfarin (93%), indomethacin (98%), timolol (50%), and
carbamazepine (70%) were assigned to the high %F region; propranolol (26%) and metoprolol
(38%) to medium %F region; and verapamil (22%) and mannitol (18%) to the low %F region.
Similarly, the %F of 11 drug candidates from Elastase Inhibitor, NK1/NK2 antagonist, and
anti-viral projects in rats, guinea pigs, and dogs were correctly estimated. This model estimates
the oral bioavailability ranges of neutral, polar, esters, acidic, and basic drugs in all species.
For a large number of drug candidates, this graphical model provides a tool to estimate human
oral bioavailability from in vitro ADME data. When combined with the high throughput in
vitro ADME screening process, it has the potential to significantly accelerate the processes of
lead identification and optimization.

Introduction

In the pharmaceutical industry, the drug discovery
and development process has undergone a major change
with the advent of combinatorial chemistry and high
throughput pharmacological screens (HTS). Thus, a
much larger number of compounds with good potency
and specificity are identified through HTS. Despite the
availability of large pools of active compounds, only a
limited number of these compounds are evaluated in
animal models due to the severe capacity limits of in
vivo studies. Lead compounds that are selected based
on animal studies are not guaranteed similar results
in humans. In part, this can be explained by the well-
known fact that a poor correlation exists between
animal and human bioavailability, probably due to large
differences in metabolism among species.1

Generally, the key selection criterion is for compounds
that exhibit the greatest potency in vitro. However,
reliance solely on potency data may contribute to the
high failure rate of drugs in development. In fact, recent
reports suggest that the success rate in developing drugs
from the lead candidate stage to market is only 10-
20%.2,3 While many factors contribute to a high failure
rate, it is somewhat surprising to note that poor

pharmacokinetic (PK) properties, such as poor oral
bioavailability or duration of action, account for nearly
half of the failures in clinical development.2,3

Therefore, it is essential that absorption, metabolism,
distribution, and elimination (ADME) (PK) and phys-
iochemical data be available to medicinal chemists early
in the discovery stage. At this point, information can
be utilized to synthesize new structural analogues to
improve those properties by using principles of rational
drug design. While the ideal would be to screen a large
number of drug candidates by in vivo PK studies, the
in vivo model is impractical because these studies are
inherently slow, labor intensive, and not amenable to
automation.

In response to this need, the concept of in vivo cassette
dosing is being employed to increase the throughput of
PK studies.4-6 While in vivo cassette dosing results in
throughput improvement, it too has limitations. Overall
throughput capacity is still limited, potential drug
interactions could lead to erroneous PK assessment and
compound requirement increases, and there are a
limited number of species available with this method.
Clearly, a model for predicting human bioavailability
and PK parameters would be highly advantageous for
selecting lead candidates. This model must have a high
probability of success for selecting candidates while
rejecting those with low probabilities of success.

In order for potential new drugs to be bioavailable,
they must be effectively absorbed and have good meta-
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bolic stability. Fortunately, there are many screening
techniques based on these properties which can be used
to improve the ability to recognize which compounds
may be bioavailable. For example, to identify absorption
issues, there are three approaches: (1) computational
models, (2) direct modelsssuch as screens for poor
solubility with high throughput turbidimetric solubil-
ity,7 and (3) in vitro evaluations of permeability that
use Caco-2 cells or in situ gut loop.8,9 To characterize
metabolism parameters such as metabolic clearance and
first-pass metabolism, scientists use metabolic screens
based on liver enzyme preparations (S9 and micro-
somes) or hepatocytes.10,11 In vitro absorption and
metabolism studies can be automated and thus have
sufficient throughput capacity to screen a much larger
number of compounds than by in vivo studies.12-15 In
vitro screens provide specific information, i.e., rates of
permeability and metabolism, in a very timely manner,
although there are limitations in the depth of this
information and more extensive studies are generally
warranted once compounds have been identified for
further development.

Investigations have demonstrated excellent correla-
tion between Caco-2 permeability and extent of absorp-
tion in humans.16 Other correlations include permeabil-
ity in human and rabbit colon,17 and the fraction of oral
dose absorbed between humans and rats18 for passively
diffused compounds. Similarly, recent metabolism stud-
ies with human hepatocytes demonstrate that in vitro
intrinsic clearance correlates with broad ranges of low,
intermediate, and high in vivo hepatic extraction ra-
tios.11,19 However, it is important to remember that oral
bioavailability in vivo is dependent on both permeability
and first pass metabolism. If either permeability or
metabolism data are considered in isolation, the result
may be an inaccurate prediction of oral bioavailability.

To facilitate an effective lead candidate selection and
optimization process, laboratories have sought to imple-
ment and integrate both in vitro and in vivo technol-
ogies.20-24 Limited success is evident in the integration
of in vitro Caco-2 and gut loop permeability with in vitro
metabolic stability data or with the in vivo pharmacol-
ogy and PK studies. Some studies did improve the PK
properties for a small series of compounds in rats and
guinea pigs, but they did not attempt to predict oral
bioavailability in humans.

For example, Obach et al. (1997) proposed a model to
predict human bioavailability, clearance, and other PK
parameters from a retrospective study of in vitro
metabolism and in vivo animal PK data.25 While their
model yielded acceptable predictions (within a factor of
2) for an expansive group of compounds in their data-
base, it relied extensively on in vivo animal PK data
for interspecies scaling in order to estimate human PK
parameters. Because animal data are more time-
consuming and costly to obtain than are permeability
and metabolic clearance data, this approach may be
limited to the later stages of discovery support when
the numbers of compounds being evaluated are fewer.

Given the importance of integrating ADME properties
early in the compound selection process, our objective
was to create an intuitive, easily visualized tool to
permit rapid and easy interpretation of both perme-
ability and metabolism data. Further, this tool should

not only forecast bioavailability in humans and other
species but also do so at the earliest stages of the
discovery process when it is still feasible for molecular
redesign.

We propose a graphical model to categorize com-
pounds into low, moderate, and high oral bioavailability
in human and other test species by integrating the in
vitro Caco-2 permeability (Papp) and metabolic rate of
disappearance (percentage remaining, %R). We will
demonstrate that this model applies to higher through-
put in vitro permeability and metabolic stability screen-
ing systems12 and can rapidly categorize compounds into
high, medium, and low oral bioavailability in humans.
Selected compounds with a high probability of success
will then be evaluated by in vivo models based on
potency, safety, estimated %F in humans, and solubility.
Finally, we will demonstrate that for compounds that
exhibit poor PK properties, this model provides a
problem-solving tool. It will assist in organizing struc-
ture-absorption and structure-metabolism data, thereby
enabling scientists to enhance absorption and metabo-
lism properties through molecular structure manipula-
tion, which should result in improved %F and half-life
(t1/2).

Model for Predicting Human Oral
Bioavailability

Theoretical. The absolute oral bioavailability (%F)
is an estimate of systemic exposure of an orally admin-
istered drug. %F is the key parameter along with
plasma half-life (t1/2), clearance (CL), and volume of
distribution (Vd) derived from plasma concentrations of
the active drug following an iv and an oral dose. %F is
an estimate of the amount of drug that enters into the
systemic circulation following oral administration, rela-
tive to an intravenous dose (eq 1). It is derived from
the area under the time curve (AUC) or a plasma
concentration-time profile curve by measuring the drug
concentration in plasma over time (Figure 1). Thus, %F

Figure 1. Integration of in vitro permeability (Papp) and
metabolic stability data in estimating oral bioavailability (%F).
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is defined as the area under the curve normalized for
dose.

The dynamic interactions between rates of absorption,
metabolism, distribution, and elimination affect drug
concentration in plasma following an oral dose. Drug
clearance from plasma is based on the disappearance
of the active drug regardless of the route of elimination,
e.g., biotransformation, renal, or biliary elimination.
Thus, %F can be viewed as an area under the curve,
AUC parameter, derived from the rates of absorption
and systemic clearance. When in vivo hepatic clearance
is much greater than renal, biliary, and GI clearances,
then the rate of hepatic clearance (metabolism) is equal
to systemic clearance. Under this special circumstance,
one can approximate %F with in vitro or in situ rates
of absorption and hepatic metabolism.

On the basis of this principle, we developed a graphi-
cal model that integrates the in vitro rates of absorption
and metabolic disappearance in estimating oral bio-
availability (Figures 1). The rates of permeability and
metabolic disappearance combine to represent a peak,
whose area approximates oral bioavailability (%F) in
humans or in any other given species. As our measure
of absorption for all species, we used Caco-2 perme-
ability (Papp) values because an excellent correlation
between Caco-2 permeability and extent of absorption
in humans and other species has already been dem-
onstrated.16-18 To determine the rate of metabolic
disappearance, we used liver enzyme preparations from
that species and determined the percentage remaining
after a fixed incubation time.

Graphical Model. Species specific oral bioavailabil-
ity (%F) estimates were derived by generating a map
from an x, y plot of the in vitro rates, Papp, versus the
rate of metabolic disappearance as expressed in the
percent of drug remaining after 30 min (%R) or as t1/2
(Figure 2). To generate the oral bioavailability estima-
tion map, we employed Spotfire software, Cambridge,
MA.

The plot is divided into three sections representing
the low (<20%), medium (20-50%), and high (50-100%)
%F regions (Figure 2). The low %F region is defined by
Papp < 10 × 10-6 cm/s and 0-100% drug remaining, and

by Papp ) 0-70 ×10-6 cm/s and <15% parent drug
remaining. We used in vitro properties of four reference
compounds to define the low, medium, and high regions
of the %F map. Verapamil and mannitol defined the
boundaries for the low region, metoprolol defined the
medium region, and carbamazepine defined the high
region.

Validation. To test the predictive capacity of our
model, this study examined 21 compounds representing
10 different therapeutic areas with a wide range of oral
bioavailabilities (Table 1). Moreover, the data set avail-
able for these 21 compounds covered a variety of species,
including human (eight compounds), rat (10 com-
pounds), dog (three compounds), and guinea pig (two
compounds). Of the drugs evaluated in humans, war-
farin, indomethacin, and carbamazepine represented
the high %F, timolol, verapamil, propranolol, and me-
toprolol represented the medium %F, and mannitol
represented the low %F. In rats, dogs, and guinea pigs,
five compounds were represented in high, six in me-
dium, and five in the low %F region.

The criterion used to judge the utility of this model
was the accuracy of assignment of drugs into their
appropriate %F region based on their in vitro data. We
defined false positive results as those compounds with
predicted %F greater than 2× the observed value (i.e.,
predictedshigh %F and observedslow %F). Similarly,
false negatives were defined as those compounds whose
predicted %F was a factor of 2 less than the observed
value (i.e., predicted %F was low and observed %F was
high).

Results

Table 1 contains the Caco-2 permeability, metabolic
stability in liver S9 or microsomes, and measured %F
values for the test compounds in human, rat, guinea
pig, and dog. Further, it provides the %F estimates for
all test compounds as derived from the bioavailability
maps shown in Figures 3, 4, and 5. These figures
indicate that a majority of the compounds in this test
set were assigned to the correct regions of the bioavail-
ability map. Within our data set, there were no false
positives or false negatives as defined above, although
two compounds along the medium and high %F bound-
ary lines did show a small degree of overlap. More
importantly, all low %F compounds were correctly
placed in the low %F region.

Prediction in Humans. Eight compounds with
available human PK data were mapped correctly into
their respective %F regions, with no under or over
predictions for this set of data (Figure 3). Warfarin
(93%), indomethacin (98%), and carbamazepine (70%)
were placed in the high (50-100%) %F region, timolol
(50%), propranolol (26%), metoprolol (38%), and vera-
pamil (22%) in the medium region (20-50%), and
mannitol in the low (0-20 %F) region (Figure 3). Good
agreement was evident between the observed and the
predicted %F values.

Prediction in Rats, Dogs, and Guinea Pigs. All
11 compounds evaluated in animals were assigned to
the correct %F region (Figure 3). The %F distribution
of these compounds were as follows: three compounds
with high %F, four compounds with medium %F, and
four compounds with low %F categories (Figure 3). The

Figure 2. Graphical oral bioavailability estimation map.

%F )
AUCoral × iv dose
AUCiv × oral dose

× 100 (1)
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model correctly predicts the low oral bioavailability of
polar compounds (H1 analogue A, and NK1NK2 ana-
logue 105) and positively charged quaternary amine
compound (XaI analogue 21), despite their high stability
to phase I metabolism. Apparently, the net estimate of
oral bioavailability estimates of these compounds were
still accurate because the seemingly contradictory high
degree of metabolic stability was offset by their corre-
sponding poor Caco-2 permeability. Similarly, this
model correctly predicted the low %F of verapamil and
NK1NK2 analogue 104 in rats, despite their high
permeability.

Figure 4 shows the results from a larger group of
NK1/NK2 analogues evaluated with this model. In vivo
tests on selected compounds from each region indicate
a high correlation with the actual %Fs as determined
in rats, dogs, and guinea pigs. A single compound with
both low permeability and poor metabolic stability
exhibits oral bioavailability of less than 2% in the rat.

Good correlation was also observed with a limited
number of elastase inhibitor analogues, which had been
evaluated in both in situ gut loop and Caco-2 per-
meability absorption models. Our study obtained identi-
cal %F estimates when permeability values from either
in situ gut loop or Caco-2 permeability were used
(Figure 5).

Discussion

Traditionally, lead compounds are deselected in de-
velopment based on toxicity or lack of efficacy. If used
at all, ADME data is used retrospectively as a tool for
“post mortem” analysis to understand compound fail-
ures rather than being used prospectively to forecast
in vivo effects. For example, ADME data can explain
poor oral absorption, high first pass metabolism, or
rapid systemic clearance resulting in low bioavailability.
Similarly, an explanation for toxicity effects through the
analysis of the CYP450 biotransformation or enzyme

Table 1. Caco-2 Permeability, Liver S9 and Microsomal Stability, and Their Oral Bioavailabilities of Drugs in Humans, Rats, Guinea
Pigs, and Dogs

compd
no.

compd
name

therapeutic
area

metabolic
stability
%R at
30 min

Caco-2 Papp×10-6 cm/s

oral
bioavailability

(%F)
enzyme

prep. species

observed
%F

region

predicted
%F

region ref

1 NK1NK2
analogue
108

NK1NK2
tachykinin
antagonist

30 0.1 2 S9 guinea
pig

low low 23,

2 XaI
analogue
21

factor
Xa
inhibitor

100 2 4 S9 rat low low a

3 NK1NK2
analogue
105

NK1NK2
tachykinin
antagonist

100 5 4.9 S9 guinea
pig

low low a

4 H1
analogue
A

H1
antagonist

100 5 10 S9 rat low low a

5 NK1NK2
analogue
104

NK1NK2
tachykinin
antagonist

7.5 44 18 S9 rat low low 23

6 mannitol diuretic 100 2 18 microsome human low low 16
7 NK1NK2

analogue
212

NK1NK2
tachykinin
antagonist

30 18.5 21 S9 rat medium medium 23

8 verapamil Ca
channel
blocker

7 69.4 22 microsome human medium low 15, 29

9 propranolol â-adrenergic
antagonist

29 41.9 26 microsome human medium medium 15, 16, 29

10 366094 antiviral 93 10 33.2 microsome rat medium medium 24
11 NK1NK2

analogue
212

NK1NK2
tachykinin
antagonist

28 18.5 38 S9 dog medium medium a

12 metoprolol â-adrenergic
antagonist

73 27 38 microsome human medium medium 15, 16, 29

13 EI
analogue
101

neutrophil
elastase
inhibitor

70 8 45.99 S9 rat medium low 20, 21, 22,
26, 27

14 NK1NK2
analogue
212

NK1NK2
tachykinin
antagonist

47 18.5 46 S9 guinea
pig

medium medium 23

15 354400 antiviral 83 29 48.5 microsome rat medium high 24
16 timolol â-adrenergic

antagonist
71 12.8 50 microsome human high high 15, 31

17 NK1NK2
analogue
104

NK1NK2
tachykinin
antagonist

48 44 52 S9 dog high mid a

18 NK1NK2
analogue
104

NK1NK2
tachykinin
antagonist

80 44 70 S9 guinea pig high high a

19 carbamazepine anticonvulsant,
analgesic

96 22.8 70 microsome human high high 28, 29

20 EI
analogue
102

neutrophil
elastase
inhibitor

55 30.5 70.9 S9 rat high mid 20, 21, 22,
26, 27

21 341908 antiviral 89 73 79.3 microsome rat high high 24
22 368177 antiviral 90 20 89.4 microsome rat high high 24
23 warfarin anticoagulant 100 38.3 93 microsome human high high 30, 16
24 indomethacin analgesic 95 20.4 98 microsome human high high 15, 31

a See Experimental Section for details of how these data were determined.
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inhibition can prospectively predict the outcome. Thus,
there is a need for timely in vitro estimates of systemic
exposure (oral bioavailability), first pass metabolism,
and CYP450 inhibition for potential lead compounds in
the early discovery stage to enhance the selection of
compounds for in vivo evaluations.

This does not suggest that such data should be used
exclusively as a criterion to select or deselect com-
pounds. Rather, compound selection for in vivo evalu-
ations should be based on potency, lack of toxicity,

physical properties, and estimated systemic exposure
(oral bioavailability and clearance). Moreover, a sys-
tematic process would provide timely information to
assist medicinal chemists in structure modification. This
in turn allows early optimization of solubility, perme-
ability, and metabolism properties for compounds that
exhibit poor PK properties.

The graphical model described, upon retrospective
analysis of a defined set of in vitro and in vivo PK data,
appears to be able to correctly assign bioavailability
values. This model is not used to predict the precise PK
parameters but rather to rapidly forecast whether the
compound will have satisfactory or unsatisfactory oral
bioavailability in humans and in animals. The graphical
model enables a scientist to obtain species-specific oral
bioavailability estimates for a large variety of com-
pounds with the nonlinear approach. The consequence
of a linear approach (rank order) based on a single
parameter, such as fraction dose absorbed or the rate
of metabolism (microsomal or hepatic intrinsic clear-
ance), is that it will not reconcile the %F for highly
absorbed and highly metabolized drugs or for poorly
absorbed and slowly metabolized drugs.

A benefit of this model is that it may assist in the
organization of structure-absorption/metabolism/physi-
cal property data to enhance solubility, absorption, and
metabolism properties. Thus, it may result in improved
systemic exposure (%F) and half-life. Also, this approach
provides a rational and efficient means of utilizing the
limited in vivo resources for evaluating potential lead
compounds that have a higher probability of success in
development. Our intent is to use this predictive model
in conjunction with a high throughput in vitro ADME
screening system to aid in a rational lead selection and
optimization process.12

Challenges in Optimizing ADME Properties of
Leads. Permeability and metabolism often have oppos-

Figure 3. Oral bioavailability estimates of drugs in rats, guinea pig, dog, and human from their respective Caco-2 Papp and
metabolic stability in liver microsomes or S9. Data points are sized by oral bioavailability (%F) in humans, rats, guinea pigs, and
dogs.

Figure 4. Oral bioavailability estimates of NK1NK2 ana-
logues from their Caco-2 Papp and metabolic stability in liver
S9 of rats, dogs, and guinea pigs. Data points are sized by oral
bioavailability (%F) in rats, guinea pigs, and dogs.
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ing structural requirements. Optimizing permeability
and metabolic stability properties concurrently with
solubility and potency (binding affinity IC50 and Ki)
through structure modification is very complex. In
general, lipophilic compounds tend to be more perme-
able. They also tend to make good substrates for
CYP450 enzymes, resulting in rapid metabolism and
consequently low %F.10 In contrast, polar or ionizable
(anionic and cationic) compounds tend to be metabolized
by phase II conjugative or cytosolic enzymes or excreted
unchanged in vivo. Consequently, these compounds
typically exhibit high stability in microsomal or S9
incubations. These compounds will also exhibit low
permeability in the Caco-2 model due to their polarity
or ionization at neutral pH.

Further, solving metabolic stability problems at one
site may result in the increase in the rate of metabolism
at another site, a phenomenon known as “metabolic

switching.” Thus, structure modifications to solve a
metabolic stability problem may not necessarily lead to
a compound with an overall improvement in PK proper-
ties. In addition, the reduction in metabolic (hepatic)
clearance may lead to increased renal or biliary clear-
ance of the parent drug or inhibition of one or more
drug-metabolizing enzymes.

An apparent improvement of an in vitro metabolism
property may not result in improved in vivo perfor-
mance, since the compound may exhibit saturable
metabolism, nonlinear PK, or drug-drug interactions.
It is recommended that in vitro metabolic stability data
be integrated with inhibition screening. Essentially, one
must include in vitro human ADME data to optimize
lead candidates in animals. The design of drugs with
optimal potency and PK properties is extremely chal-
lenging given the opposing requirements for absorption
and metabolism as well as the general lack of sufficient
in vitro and in vivo data sets for a large diversity of
compounds.

The first step in the lead optimization process is to
thoroughly explore the structural requirements for in
vitro pharmacological activity. By combinatorial syn-
thesis, one may identify the key structural features that
are essential for activity. The next step is to attempt to
improve the permeability and metabolism properties
through structure modifications to the regions of the
molecule that have little or no impact on the activity. A
scientist may maintain a desired level of potency while
introducing structural features that will improve the
metabolism and permeability characteristics. To serve
as a preclinical “proof-of-concept,” it may be prudent to
evaluate a small number of compounds with good
potency and moderate oral bioavailability through in
vivo pharmacological models at early stages in the
optimization process. The “proof-of-concept” test need
only produce a desired physiological or biochemical
effect that is consistent with pharmacological activity.
This prevents a great deal of optimization effort on a
series of compounds that have no in vivo activity.

Model Limitations and Applications. Note some
precautions in the use of this graphical approach. First,
a premise in this model is that permeability and
metabolic clearance is more important than renal or
biliary clearance to determine the %F for these diverse
groups of compounds. Despite the lack of in vitro renal
or biliary clearance or protein binding data, one still
obtains good estimates of %F with this model. Next,
physicochemical data, such as solubility, log P, and pKa
still have a significant involvement in conjunction with
a predictive PK model and in the selection of compounds
for subsequent in vivo pharmacology or PK studies.
Further, the model’s predictability is best applied to
passively diffused compounds, which accounts for ap-
proximately 80% of all compounds. The model may
underestimate the %F for actively transported com-
pounds, and there is a limited means to directly account
for efflux or active transport from simple unidirectional
permeability data.

Model variability occurs when compounds fall into the
two hyper-variable regions in the %F map or where all
three %F regions converge (Figure 2). In these cases,
bioavailability could easily be under- or overestimated
if there is even a small degree of variance in the Papp or

Figure 5. Oral bioavailability of elastase inhibitors in rats
and the estimated relative bioavailability based on Caco-2 and
in situ gut permeability-liver S9 metabolic stability in rats.
Black data points: %F not determined.
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%R determinations. For example, compounds which are
found in the lower right hyper-variable region and might
exhibit this kind of variability include small polar
compounds, larger compounds with carboxylic acid, or
charged functional groups. Similarly, when ester pro-
drugs and highly lipophilic compounds are present in
the upper left hyper-variable region, there may also be
a higher degree of variability.

NK1/NK2 analogues such as 105 (#3), which has a
carboxylic acid group, and 104 (#5), an ester derivative,
illustrate the strong interlink between permeability and
metabolism on oral bioavailability. Analogue 105 had
complete stability in S9, as it is not metabolized by
CYP450, but also had low permeability due to its net
negative charge at pH 6.5-7.0 in Caco-2 studies. With
the elimination of ionization through esterification, the
permeability of the analogue 105 is increased ap-
proximately 8-fold.

While the ester pro-drug (NK1/NK2 analogue 104)
indicated high permeability, it also undergoes rapid
hydrolysis. Consequently, the analogue had lower %F
in rats. However, the ester moiety of this compound is
hydrolyzed to a much lesser extent in dogs and guinea
pigs, resulting in higher oral bioavailability in these two
species. Thus, it is prudent to evaluate compounds that
have high permeability and low metabolic stability or
vice versa in detail during both in vitro/in situ and in
vivo evaluations.

Secondary in vitro ADME screens may potentially
assist in the determination of several variables. Key
variables such as stability in hepatocytes, blood, and
plasma; metabolite and metabolic pathway identifica-
tion; active transport; and Pgp efflux in cell culturess
across gut segments or in gut loop modelssare impor-
tant dimensions for bioavailability. Further, in vivo
pharmacology screens for activity may be necessary
since some compounds may exert activity through
potential active metabolites.

By testing a larger set of structural analogues from
the NK1/NK2 project with this model, we observed a
narrow distribution within an estimated %F region.
This is probably due to the similarities in their physi-
cochemical properties, which play an important role in
both permeability and metabolism (Figure 4). However,
structural analogues with a wide range in physicochem-
ical properties and varying functional substitutions do
show a large variance in both permeability and meta-
bolic clearance and hence in their %F (Figure 5). It is
interesting to note that similar %F estimations were
obtained with gut loop and Caco-2 permeability models
for a small number of elastase inhibitor analogues
(Figure 5).

Conclusion

We have demonstrated and described an intuitive,
graphical model for estimating oral bioavailability in
humans and three other species from in vitro data,
without the need of in vivo interspecies scaling. We
demonstrated the predictive capacity and the utility of
this model with 21 structurally diverse compounds from
10 different therapeutic areas with a wide range of %F
values in humans, rats, dogs, and guinea pigs. The main
utility of this graphical model in combination with a
high throughput in vitro ADME screening system is to

rapidly classify compounds into groups of low, medium,
and high %F in humans or any other species. This model
provides a rational and efficient alternative means of
utilizing resources for evaluating the oral bioavailability
of potential lead compounds. Further, this process
provides timely information to the medicinal chemist
for structure modification to optimize solubility, perme-
ability, and metabolism properties for compounds that
exhibit poor PK properties. In addition, it enables one
to focus on promising compounds that have a higher
probability of success in development, thus accelerating
the lead compound selection process. In conclusion, this
graphical model is a rapid and facile tool for the rational
selection of compounds with optimal ADME properties
in humans. Thus, use of this model could potentially
help accelerate drug discovery programs by advancing
compounds with a higher degree of success in humans.

Experimental Section
Sources of Pharmacokinetic and in Vitro Data. Oral

bioavailability data for humans was obtained from Goodman
and Gilman’s “The Pharmacological Basis of Therapeutics,”28

whereas similar animal data were obtained from the liter-
ature.21-24 In vitro permeability and metabolism data were
either generated within our laboratory or reported in the
literature15,16,20-24,26-31 (Table 1).

In Vitro Permeability Experiments. All permeability
studies conducted were performed with Caco-2 monolayers as
described previously.20,23,24,26,29,31 Caco-2 cells were cultured in
supplemented Dulbecco’s modified eagle medium with 10%
fetal bovine serum and seeded onto polycarbonate membranes
for test compound transport experiments. Caco-2 cell mem-
branes were grown by seeding on Snapwell supports main-
tained in an incubator at 37 °C with 5% CO2/95% O2 and
approximately 95% humidity for 21 to 30 days. Drug perme-
ability experiments were conducted at 37 °C by adding 10-
30 µM drug solution in HEPES buffer (pH 7.4) to the apical
(donor side) of the monolayer. All compounds were solubilized
in HEPES buffer and remained in solution during Caco-2
permeability measurements. Compounds with a solubility of
less than 10 µM in HEPES buffer were not tested. Samples
were obtained from the apical (donor) side at zero (0) time point
and from the basolateral (receiver side) chamber at time points
of 0, 15, 30, 45, 60, 90, 120, 180, and 240 min after addition of
test compound. Samples were snap frozen on dry ice/methanol.
Drug concentrations were determined by liquid chromatogra-
phy with ultraviolet (LC/UV) or mass spectral (LC/MS)
analysis. Phenytoin and mannitol were evaluated as positive
and negative controls. Caco-2 apparent permeability values
(Papp) were calculated as follows

where dQ/dt was the rate of appearance of the drug in the
receiver chamber, C0 was the initial concentration of the drug
in the donor chamber, and A was the surface area of the
monolayer. All Papp values were standardized and reported as
×10-06 cm/s. (Table 1).

In Vitro Metabolism Experiments. Metabolic stability
studies were conducted with isolated liver S9 or microsomes
from human (pooled), rat, dog, and guinea pig, as described
previously.15,22-24,30 Metabolic stability values for several com-
pounds in Table 1 have not been previously reported. Data
for these compounds was generated as follows. All substrates
were incubated at 37 °C, pH 7.4. The reaction mixture
consisted of 4 mL of a 5 mg protein/mL suspension of liver S9
(equivalent to approximately 1 mg/mL of microsomal protein
in the final reaction mixture), 4 mL of an NADPH generating
cofactor (6.4 mM glucose-6-phosphate, 1.1 mM NADP, and
1.3 mM MgSO4), 0.32 mL of glucose-6-phosphate dehydroge-
nase, 7.58 mL of 0.1 N K2HPO4, and 0.1 mL of substrate

Papp(cm/s) ) (dQ/dt)(1/A)(1/C0)
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(6-8 µg/mL) such that the concentration was 10 µM in the
final reaction volume of 16 mL. Triplicate aliquots (0.5 mL)
were removed from each incubation beaker at time points of
1, 3, 5, 10, 15, 30, and 60 min. All samples were snap frozen
in a hexane/dry ice slurry to instantaneously deactivate the
enzymes. Samples were stored at -70 °C until assayed.

Drug concentrations were determined by LC/UV or LC/MS
analysis. The rate of drug disappearance was expressed as
percent of parent drug remaining at 30 min (%R) or as half-
life (t1/2). %R was calculated as follows:

where C0 and C30 were the drug concentrations in the S9 or
microsomal incubation mixture at time points of 0 and 30 min,
respectively. Although either %R or half-life (t1/2) could be used
in estimating %F, we choose %R to standardize our laboratory
values with those reported in the literature (Table 1).

In Vivo Studies. Absolute oral bioavailability was deter-
mined following oral and intravenous (iv) administration of
compounds to rats, guinea pigs, or dogs. Compounds were
administered either as a solution or a suspension. Plasma
concentrations of the parent compounds were quantitated by
LC-UV or LC/MS analysis. Absolute oral bioavailability was
calculated from plasma AUC0-∝ of the parent drug as shown
in eq 1.

Oral Bioavailability Estimation Plot. Species-specific
oral bioavailability estimations were derived by plotting %R,
the rate of metabolic disappearance, along the x axis and the
Caco-2 Papp values along the y axis (Figure 2) using Spotfire
software, Cambridge, MA. The data points on the x,y plots
were sized by their respective experimental %F values and
color coded either red for low, blue for medium, or green for
high %F bin assignment. Verapamil, mannitol (low), meto-
prolol (medium), and carbamazepine (high) were used as
reference compounds to define the boundaries of the %F
regions.
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