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ABSTRACT Purpose: Kansy et al [5] first introduced
the Parallel artificial membrane permeation assay
(PAMPA) in 1998. In this system, the permeability
through a membrane formed by a mixture of lecithin
and an inert organic solvent on a filter support is
assessed. PAMPA shows definite trends in the ability
of molecules to permeate membranes by transcellular
passive diffusion. Its simplicity, low cost, high
throughput, and wide pH range make it very attractive
in modern drug discovery. Based on this concept,
Whohnsland et al[1], Sugano et al[12] and Zhu et al [9]
modified the assay and used it to screen compound per-
meability. We used PAMPA for the permeation pre-
diction of M100240, which was unable to be
determined by cell-based assays due to compound
instability. Methods: In this study, 92 commercially
available agents provided the structural diversity used
to generate a mathematical prediction model for
human fraction absorbed, M100240 — an acetate
thioester of MDL 100,173. Permeation of M100240
and MDL 100,173 was evaluated using the parallel arti-
ficial membrane permeability assay (PAMPA). The
donor and recipient solutions consisted of 0.5N HCl
(pH 1.5) or phosphate-buffered saline (pH 5.5 or 7.4)
with 2% dimethyl sulfoxide. The donor solution also
contained 200 mM M100240 or MDL 100,173.
Results: M100240 had a medium permeation at pH 5.5
(2.99%), corresponding to a high predicted Fa in
humans (92%). Permeation of MDL 100,173 was low
at this pH (0.72%), corresponding to a medium-to-low
predicted Fa (46%). At pH 7.4, the permeation of
M100240 was low (~ 1%) and no permeation was
apparent for MDL 100,173. Conclusions: We pre-
dicted M100240 is likely to be well absorbed via pas-

sive diffusion across the human gastrointestinal tract
following oral administration. 

INTRODUCTION

Many investigative compounds with good therapeutic
potential fail to progress beyond the early developmen-
tal stages,[1] primarily because of poor biopharmaceu-
tical properties such as insufficient oral
bioavailability.[2,3] The drug development process has,
therefore, relied increasingly upon in vitro methods to
screen a large number of potentially therapeutic oral
compounds in terms of rates of permeation and, in
turn, anticipated fraction absorbed (Fa) in humans.
This approach serves to identify the absorption poten-
tial of new chemical entities while they are in the early
discovery phase, thereby facilitating an effective lead
candidate selection and its optimization in the develop-
ment phase.

Several in vitro methods are available to assess the oral
absorption potential of new molecular entities, such as
immobilized artificial membrane chromatography and
cell culture models of intestinal permeability such as
Caco-2 monolayers.[4] However, some agents are not
stable in these systems, prompting the need for alterna-
tive methods of permeability testing. In this case,
M100240 was unstable and rapidly hydrolyzed to
MDL100, 173 in Caco-2 system. As a result, one alter-
native is the parallel artificial membrane permeability
assay (PAMPA).[5] We report here the use of PAMPA
to assess the permeation of M100240 — an acetate
thioester of MDL 100,173 — a dual angiotensin-con-
verting enzyme (ACE)/neutral endopeptidase (NEP)
inhibitor[6] currently in development for cardiovascu-
lar conditions (Figure 1).
315



J Pharm Pharmaceut Sci (www.ualberta.ca/~csps) 6(3):315-320, 2003
Figure 1: Structure of M100240 and MDL 100,173.
M100240 is acetate thioester of MDL 100,173.

METHODS

The permeation of the 92 structurally diversified com-
mercially available compounds across a lipid bilayer at
pH 5.5 and pH 7.4 were determined by PAMPA as
preciously described [9]. In brief, PAMPA was per-
formed using 96-well hydrophilic filtration plates (Mil-
lipore, Bedford, MA). Filter material was prepared by
wetting each well of the filtration plate with 5 µL of
the artificial membrane solution (0.8% egg lecithin in
n-dodecane). The donor and recipient solutions con-
sisted of phosphate-buffered saline (pH 5.5 or 7.4) with
2% dimethyl sulfoxide. The donor solution also con-
tained 200 µM compound. The PAMPA receiving
plate was a Millipore GV hydrophilic filter plate (Milli-
pore, Bedford, MA) containing 272 µL of blank phos-
phate-buffered saline, and the donor plate was a Dynex
96-well plate (Dynex, Ashford, Middlesex, UK) filled
with 272 µL of donor solution. The stacked donor–
receiving plates were incubated for 2 hours at room
temperature with gentle circular shaking, following
which drug concentrations in the receiving solutions
were assayed by high-performance liquid chromatogra-
phy (HPLC) coupled with ultraviolet absorbance
detection (235 and 254 nm). The HPLC system com-
prised a YMC AQ 4.6 ×  50 mm column (YMC Inc.,
Wilmington, DE, USA) using a mobile phase gradient
of 0.1% formic acid in water/95% acetonitrile (run
time of 8 minutes). Injection volume was 40 µL. Fifty
randomly selected compounds were used to generate a
mathematical prediction model for human fraction
absorbed and 42 compounds were used to validate this
model. The artificial membrane permeation of

M100240 and MDL 100,173 was evaluated in solutions
consisted of 0.5N HCl (pH 1.5) or phosphate-buffered
saline (pH 5.5 or 7.4) with 2% dimethyl sulfoxide. The
donor solution also contained 200 µM M100240 or
MDL 100,173 (relevant controls comprised naproxen,
warfarin, and diltiazem at pH 1.5, and diltiazem,
atenolol, and metoprolol at pH 5.5 and 7.4). The stabil-
ity of M100240 and MDL 100,173 in these buffer sys-
tems was confirmed in preliminary studies, in which
both compounds were stable at pH 5.5 and 7.4
throughout a 3-hour incubation period at 25° C
(Aventis data on file). 

Percentage transport across the lipid bilayer (%T) was
calculated as follows:
%T = 100 ×  Ar/Ad
where Ar and Ad correspond to the HPLC peak areas
of the receiving solution and initial donor solution,
respectively. Permeation was ranked as low, medium
or high based on %T values of <2%, 2–5% and >5%,
respectively. The calculated value for %T was subse-
quently used to project the percent Fa in humans,
based on an established correlation model:
Fa = 100 x [1-EXP x (-R x %T)]

R = 0.85

Where Fa is human fraction absorbed, % of T is
PAMPA percentage transport and R is the regression
coefficient.

RESULTS

For ninety-two commercial compounds, we randomly
generated a number for each compound between 0 and
1 (uniform distribution). We selected fifty compounds
listed in Table I with smallest random numbers as
training set to create a prediction model for human
fraction absorbed (red open circles in Figure 2). This
was then validated with the remaining forty-two com-
pounds listed in Table II.

Since the pH values of human small intestine ranged
from 5.0 to 8.0. The higher PAMPA percentage trans-
ports of pH 5.5 and 7.4 from these compounds were
used to plot against literature human fraction absorp-
tion (Fa). A hyperbolic curve was generated by using
the equation: Fa = 100 x [1-EXP x (-R x %T)], R (cor-
relation coefficient) = 0.85.
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Table 1: Commercial compounds used for prediction
model.

Compounds highlighted in the Figure 2 were used as
controls in this study. The human Fa of another 42
commercial compounds listed in Table II (black dia-
monds in Figure 2) was projected by their PAMPA per-
centage transport and compared with literature human
Fa shown in Figure 3. The straight line is the linear fit.
Dash line is 95% confidence limit. The Dash-dot line is
the 95% prediction limit. Compounds with Fa less than
10 and calculated Fa less than 5 are true negatives.

Table 2: Compounds used to validate prediction model:

Compounds with Fa greater than 10 and calculated Fa
greater than 5 are true positives. The horizontal
hatched box is the false positives when Fa is less than
10 and calculated Fa is greater than 5. The vertical
hatched box is a false negative where Fa is greater than
10 but calculated Fa is less than 5.

The findings of the permeation assay for M100240 and
MDL 100,173 are shown in Table III. Overall,
M100240 had a medium permeation at pH 5.5, corre-
sponding to a high predicted Fa in humans.

In contrast, membrane permeation of this compound
was low at pH 1.5 and 7.4 (Table III and Figure 4). 

MDL 100,173 showed low permeation at both pH 1.5
and 5.5 (Figure 4), the latter corresponding to a
medium-to-low predicted Fa in humans. 

Permeation of MDL 100,173 was not evident at pH 7.4
(Table III and Figure 4).
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Figure 2: 50 randomly selected compounds (red open
circles) were used to create prediction model for human
fraction absorbed. The higher PAMPA percentage
transports of pH 5.5 and 7.4 from these compounds were
plotted against literature human fraction absorption (Fa).
A hyperbolic curve was generated, which fits the equation
shown in the method. Compounds highlighted in boxes
were controls in M100240 and MDL 100, 173 studies.
Another 42 commercial compounds (black diamonds)
were used to validate this model shown in figure 3.

Figure 3: The calculated human fraction absorbed of 42
commercial compounds from their PAMPA transport
value was plotted against their literature data. The red
line is linear fit. Dash dot line is 95% prediction limit.
The dash line is 95% confidence limit. The horizontal
hatched box is the false positives and vertical box is false
negative. The area above two hatched boxes is positive
and below is negative.

DISCUSSION

The advent of increasingly efficient methods to synthe-
size and pharmacologically screen new chemical enti-
ties is increasing the demand for an equally rapid
method of determining the pharmacokinetic attributes
of potential lead compounds.

Figure 4: PAMPA percentage transport of M100240 and
MDL 100, 173 as well as standard compounds, Naproxen,
warfarin, Diltiazem, metaprolol and Atenolol at pH 1.5,
5.5, and 7.4.

Indeed, selection of oral drug development candidates
with adequate absorption characteristics is pivotal to
increasing the probability of success in the develop-
mental phase.

The prediction model of human fraction absorption
(Fa) showed in Figure 2 used 50 commercial drugs as a
training set (red open circles). Figure 2 shows a hyper-
bolic curve created by the equation discussed in the
method. Another 42 commercial compounds (black
diamonds) were used to confirm the accuracy of the
equation. The human Fa of these 42 commercial com-
pounds was projected by their PAMPA percentage
transport and compared with literature human Fa
shown in Figure 3. There is a good correlation
(R=0.68) between calculated human Fa and literature
human Fa with few outliers. Among them. L-Phenyla-
lanie (66) is transported by active transporter. Paromo-
mycin (81) is a substrate for P-glycoprotein. PAMPA
only estimates the ability of molecules to permeate
membranes by transcellular passive diffusion. Thus,
PAMPA is not suitable for these two compounds. The
correlation coefficient is 0.83 without these two com-
pounds. Compound 6 (Amiloid), 12 (Bretylium tosy-
late, 21 (Ceftriaxone) all have very low human fraction
absorbed. Their PAMPA percentage transports are less
than 0.1 %. Therefore, PAMPA may not be sensitive
enough to predict the absolute human Fa. It is accurate
enough to rank compound permeability, which is
solely transported by transcellular passive diffusion.
For some compounds transported across membrane
partly by transporter and/or paracellular routes,
PAMPA may underestimate its permeation value. 
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The introduction of PAMPA allowed for increased
throughput of permeability measurements, and was
used in the present study to evaluate the intrinsic per-
meation of MDL 100,173 and its acetate thioester
M100240.[6] We used three pH levels in order to study
the absorption potential of these compounds at differ-
ent pH levels in the gastrointestinal tract: pH 1.5 mim-
icked the acidic conditions of the stomach, whereas pH
5.5 and 7.4 mimicked the variable pH of the small
intestine (the main site of absorption of orally adminis-
tered drugs). 

Table 3: Percentage transport of M100240 and
MDL 100,173 in the parallel artificial membrane
permeability assaya and predicted fraction absorption
(Fa) in humans.

M100240 is a weak acid, so ionization at high pH
would prevent it crossing the lipid bilayer. Indeed, per-
meation of M100240 was lowest at pH 7.4 (0.52%).
Overall, permeation of M100240 increased with
decreasing pH, with the greatest level of percentage
transport apparent at pH 5.5, which is in agreement
with its pKa value of 4.3. Such findings suggest that
M100240 is likely to be well absorbed across the small
intestine following oral administration in humans.
Indeed, the small intestine has been shown to be the
primary site of absorption for M100240 in rats and
humans.[7,8]  Nancy et. al published results demon-
strated that M100240 was absorbed primarily in proxi-
mal and distal of human small intestine. The estimated
relative bioavailability of M100240 in human proximal
and distal small intestine were 94% and 97%, respec-
tively [8] . Our prediction model suggested 92.13%
human Fa for M100240 based on the in vitro mem-
brane permeability findings. The validity of the predic-
tion model was confirmed by the fact that human Fa
values predicted from the PAMPA percentage trans-
port of 42 randomly selected commercial compounds
showed high rates of correlation with human Fa values
from the literature[9].

Compared with M100240, however, MDL 100,173
showed lower rates of permeation at all levels of pH.
Indeed, PAMPA permeation of MDL 100,173 was not
evident at pH 7.4, increasing to 0.72% and 0.92% at
pH 5.5 and 1.5, respectively. Using the prediction
model, we calculated a human Fa for MDL 100,173 of
approximately 45.77% at pH 5.5. 

The findings of our PAMPA study were validated by
the results for a panel of control compounds.
Naproxen and warfarin, for example, have relatively
low pKa values (4.2 and 5.0, respectively) and exist in
non-ionized form at low pH. Both compounds there-
fore achieved high rates of permeation at pH 1.5. In
contrast, diltiazem, a weak base (pKa 8.9), showed
increasing rates of permeation as pH increased (from
0% at pH 1.5 to 8.88% at pH 7.4). We also included the
β-adrenoreceptor antagonists atenolol and meto-
prolol, which are weakly basic and have similar pKa
values (9.6 and 9.7, respectively), to highlight the effect
of differences in lipophilicity on membrane penetra-
tion. Reported log D values (n-octanol–phosphate
buffer; pH 7.4) for these agents are -1.29 (atenolol) and
-0.16 (metoprolol), respectively.[9] Thus, at pH 7.4,
metoprolol showed increased permeation versus
atenolol (3.94% vs 0.8%), presumably as a result of the
increased lipophilicity of this agent. Overall, these
findings would appear to confirm the validity of the
PAMPA system used in the present study.

Tandem Caco-2 evaluation in conjunction with in
vitro liver enzyme metabolic stability rates has been
employed to predict the oral bioavailability of new
molecular entities [10]. This technique can be modified
with the use of PAMPA in lieu of Caco-2 for bioavail-
ability predictions in cases where stability issues pose
experimental challenges.

CONCLUSION

In conclusion, the results of this study using a validated
artificial membrane permeability assay suggest that
M100240 is likely to be well absorbed via transcellular
passive diffusion across the human gastrointestinal
tract following oral administration. These in vitro
findings, consistent with data obtained in humans,
demonstrate the potential predictive value of PAMPA
for fraction-absorbed estimates.
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