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ABSTRACT: The biopharmaceutics classification system (BCS) and biopharmaceutics drug distribution classification system
(BDDCS) are complementary classification systems that can improve, simplify, and accelerate drug discovery, development, and
regulatory processes. Drug permeability has been widely accepted as a screening tool for determining intestinal absorption via the
BCS during the drug development and regulatory approval processes. Currently, predicting clinically significant drug interactions
during drug development is a known challenge for industry and regulatory agencies. The BDDCS, a modification of BCS that
utilizes drug metabolism instead of intestinal permeability, predicts drug disposition and potential drug−drug interactions in the
intestine, the liver, and most recently the brain. Although correlations between BCS and BDDCS have been observed with drug
permeability rates, discrepancies have been noted in drug classifications between the two systems utilizing different permeability
models, which are accepted as surrogate models for demonstrating human intestinal permeability by the FDA. Here, we
recommend the most applicable permeability models for improving the prediction of BCS and BDDCS classifications. We
demonstrate that the passive transcellular permeability rate, characterized by means of permeability models that are deficient in
transporter expression and paracellular junctions (e.g., PAMPA and Caco-2), will most accurately predict BDDCS metabolism.
These systems will inaccurately predict BCS classifications for drugs that particularly are substrates of highly expressed intestinal
transporters. Moreover, in this latter case, a system more representative of complete human intestinal permeability is needed to
accurately predict BCS absorption.

KEYWORDS: biopharmaceutics classification system (BCS), intestinal absorption,
biopharmaceutics drug disposition classification system (BDDCS), drug metabolism, permeability rate, PAMPA, Caco-2

■ INTRODUCTION

Many promising drug candidates fail during drug discovery and
development due to unacceptable toxicity and inefficacies
caused by unfavorable absorption, distribution, metabolism, and
excretion (ADME) properties.1 It is exceedingly desirable for
these compounds to be disqualified early in the drug discovery
phase when they are new molecular entities (NMEs), rather
than later, during the much more costly drug development
phases. Hence, it is of vital importance to implement strategies
that identify toxicity and ADME properties of NMEs during
early screening for candidate prioritization and elimination,
thereby benefiting the drug discovery and development process
immensely.

Ever since its inception in 1995, the biopharmaceutics
classification system (BCS) has been an invaluable tool for
predicting intestinal drug absorption following oral admin-
istration. The BCS framework classifies compounds into four
groups according to their aqueous solubility and their intestinal
permeability: Class I (high solubility, high permeability), Class
II (low solubility, high permeability), Class III (high solubility,
low permeability), and Class IV (low solubility, low
permeability). Amidon and co-workers2 found a strong

Received: December 30, 2013
Revised: March 5, 2014
Accepted: March 14, 2014
Published: March 14, 2014

Article

pubs.acs.org/molecularpharmaceutics

© 2014 American Chemical Society 1335 dx.doi.org/10.1021/mp4007858 | Mol. Pharmaceutics 2014, 11, 1335−1344

pubs.acs.org/molecularpharmaceutics


correlation between human jejunal permeability rate measures
(Peff) determined from intestinal perfusion studies in humans
and the fraction of dose absorbed obtained from pharmacoki-
netic or mass balance studies in humans. They observed that a
drug substance had a high intestinal permeability rate when the
extent of absorption (Fa) was ≥90% of the oral dose.
Based on these findings, the U.S. Food and Drug

Administration (FDA) implemented a BCS Guidance3 that
supports waivers of bioequivalence clinical studies of highly
permeable, highly soluble BCS Class 1 drugs. The FDA BCS
Guidance3 describes several permeability methodologies for
determining BCS classification and demonstrating bioequiva-
lence. The BCS class can be determined by measuring human
effective permeability rates (Peff) across the jejunal membrane,
or alternatively, apparent permeability rates (Papp) across in
vitro epithelial cell monolayers, such as the human intestinal
cell line Caco-2, relative to a high permeability reference
standard (e.g., metoprolol). Only limited jejunal permeability
studies in humans have been conducted with published
information available for about 30 drugs, likely due to the
complexity and high costs of each procedure.4 Subsequently,
the most popular human intestinal permeability screening
method has used in vitro Caco-2 cell monolayers.5 Even though
the BCS is beneficial for obtaining waivers for bioequivalence
studies in humans, it can also be very useful in predicting the
absorption of NMEs for candidate lead selection in early drug
discovery programs.6

The biopharmaceutics drug disposition classification system
(BDDCS) is advantageous to early drug discovery programs for
predicting an NME’s drug disposition characteristics and
potentially clinically significant drug interactions that may
arise in the intestine, liver, and brain.7−9 The BDDCS
framework is a modification of the BCS that utilizes drug
metabolism (by Phase 1 oxidative and Phase 2 conjugative
processes) rather than intestinal permeability.7 As such, it
classifies compounds into four groups according to their
aqueous solubility and their extent of metabolism: Class I (high
solubility, extensive metabolism), Class II (low solubility,
extensive metabolism), Class III (high solubility, poor
metabolism), and Class IV (low solubility, poor metabolism).
Benet and colleagues10 recognized that orally administered
drugs that were ≥90% metabolized by Phase 1 and Phase 2
processes had to be ≥90% absorbed. Thus, they recommended
that the extent of drug metabolism can be an alternative
method for supporting a biowaiver for BCS Class 1 drugs.
As a result of the good correlation between high intestinal

permeability rates, high intestinal absorption, and extensive
metabolism, the permeability methods for determining BCS
classification have also been used for BDDCS classifica-
tion.11−14 However, discrepancies between BCS and BDDCS
classification among the various permeability methods have
been observed whereby assignment by one method was in
accordance with BDDCS but not with BCS and vice versa.11−17

Of 14 drugs with reported high intestinal permeability extent
and poor metabolism,13 we could find published Caco-2
permeability rate measurements for 11 drugs. Of these 11
drugs, 8 (73%) were poorly permeable based on their in vitro
data, thereby agreeing with their BDDCS classification and
disagreeing with their BCS classification.15,16 Even though a
number of publications have acknowledged the presence of
carrier-mediated and paracellular processes in the Caco-2
cellular system, we have previously discussed how the Caco-2
cellular system is deficient in carrier-mediated and paracellular

mechanisms.18 Therefore, we hypothesize that the extent of
drug metabolism (BDDCS permeability) is particularly
correlated with passive transcellular permeability rate, whereas
the extent of drug absorption (BCS permeability) is correlated
with complete human intestinal permeability. To test this
hypothesis, we evaluate correlations of BCS and BDDCS with
permeability rate data from studies across the human jejunum
in vivo, Caco-2 cell monolayers, and the parallel artificial
membrane permeation assay (PAMPA) membrane, which is
devoid of carrier-mediated and paracellular processes.19

Consequently, we present recommendations on the most
appropriate permeability models for accurately predicting BCS
and BDDCS classifications in early drug discovery programs.

■ METHODS
Compilation of Permeability Rate Data Sets. A

literature search was performed to compile all the available
human intestinal (jejunal) permeability rate measures of drugs
from published human studies (Supporting Information Table
1). Metoprolol was chosen as the high permeability reference
standard cut-off as it has been previously used by the BCS in
the same role.2 Thus, drugs exhibiting permeability rates greater
than or equal to the corresponding value of metoprolol are
considered high permeability rate drugs. Conversely, drugs with
permeability rates less than the corresponding value of
metoprolol are classified as low permeability rate drugs.
Another literature search was performed to compile multiple

data sets of in vitro permeability rate measures. We have
previously shown how using Caco-2 permeability rate values
measured from different laboratories can skew correlations.18

Therefore, in order to avoid interlaboratory variation and
selection bias, each data set contained Caco-2 permeability rate
values of at least 23 drugs, including metoprolol, that were
measured by the same laboratory (Supporting Information
Table 2). Upon extensive evaluation of the literature,
permeability rate data sets could be found for multiple
variations of the PAMPA model. For this study, permeability
rate data sets of measurements for at least 35 drugs, including
metoprolol, were selected from four different PAMPA models:
(i) traditional,20 (ii) a lipid/oil/lipid trilayer,20 (iii) a
biomimetic layer,21 and (iv) a hydrophilic filter membrane
PAMPA assay22 (Supporting Information Table 3).

Correlations of BCS and BDDCS with Drug Perme-
ability Rate Measures. To facilitate a comparison between
BCS and BDDCS classifications using drug permeability rate
data, information on the extents of absorption and metabolism
measures were compiled from standard references23−26 and
verified with their original references (Supporting Information
Table 4). Drugs for which absorption data could not be found,
such as those administered nonorally, were disqualified and
excluded from the study. Each qualifying drug was evaluated for
its permeability rate in relation to its extent of absorption and
its extent of metabolism. Here, a drug is classified as having a
high extent of absorption or metabolism in humans when the
extent is ≥90%, and a low extent of absorption or metabolism
when the extent is <90%. Comparisons were then made
between the class based on permeability rate versus the classes
based on the extent of absorption and the extent of metabolism.
Nonlinear regression analyses were performed using GraphPad
Prism software version 4.03 (GraphPad Software, Inc., San
Diego, CA) for the data sets of human absorption or
metabolism with their respective permeability rate measures.
Drugs that exhibit permeability rates greater than that of
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metoprolol, but are <90% absorbed or <90% metabolized in
humans, are termed false positives. False negatives, on the other
hand, are drugs that are ≥90% absorbed or ≥90% metabolized
but have experimental human intestinal permeability rates that
are lower than that of metoprolol.

■ RESULTS
Comparison of BCS and BDDCS Classifications Using

Human Intestinal Permeability Rate Measures. The
available human intestinal (jejunal) permeability rates for 30
drugs in the literature4 are summarized in Supporting
Information Table 1, with estimates of their extent of
absorption and extent of metabolism values in Supporting
Information Table 4. Enalapril and valacyclovir are prodrugs
whose extents of absorption and permeability rate measures
were made for the active species rather than the dosed prodrug.
As a result, these drugs were excluded from our analyses. The
list contains 14 high permeability rate drugs (that have
permeability rates greater than or equal to the corresponding
value for metoprolol) and 14 low permeability rate drugs (that
have permeability rates less than the corresponding value for
metoprolol). Figure 1 allows for a side-by-side comparison of
BCS and BDDCS for the 28 drugs with published human
intestinal permeability rate measures. Figure 1a depicts a graph
of the human intestinal permeability rates versus the extent of
absorption, whereas Figure 1b shows these permeability
numbers versus the extent of metabolism.
When using the BCS criterion of an extent of absorption

≥90%, the human intestinal permeability rates accurately
predicted the extent of absorption for 26 out of 28 (93%)
drugs. The ≥90% extent of absorption criterion accurately
correlated with all of the high permeability rate drugs, and the
<90% extent of absorption criterion accurately correlated with
12 out of 14 (86%) low permeability rate drugs. Isotretinoin
and losartan are two false negatives. Both drugs are considered
low permeability rate drugs because their human intestinal
permeability rates are lower than that of metoprolol. However,
the complete absorption of losartan and 90% absorption of
isotretinoin would meet the ≥90% BCS absorption criterion.
When using the BDDCS criterion of an extent of metabolism

≥90%, the human intestinal permeability rates accurately
predicted the extent of metabolism for 24 out of 28 (86%)
drugs. The ≥90% extent of metabolism criterion accurately
correlated with 12 out of 14 (86%) high permeability rate
drugs, and the <90% extent of metabolism criterion accurately
correlated with 12 out of 14 (86%) low permeability rate drugs.
Isotretinoin and losartan are the same false negatives found in
both the BCS absorption and the BDDCS metabolism
predictions. Both drugs are considered low permeability rate
drugs because their human intestinal permeability rates are
lower than that of metoprolol. However, their low permeability
rates would incorrectly predict their extent of metabolism
measures to be low. The BDDCS metabolism predictions
resulted in two false positives. Amiloride and cephalexin are
both poorly metabolized, even though they exhibit high human
intestinal permeability rates relative to metoprolol. Their high
permeability rates accurately predicted their high extents of
absorption. It should be noted that when a drug is both ≥90%
absorbed and ≥90% metabolized, it always has a high intestinal
permeability rate.
The false negatives and false positives from the BCS and

BDDCS predictions can be seen in Figures 1a and 1b. The two
plots are very similar in appearance. From Figure 1b, one can

see few drugs within the 30% to 70% extent of metabolism
range, a general conclusion noted by Wu and Benet.7 However,
as seen in Figure 1a, a number of drugs fall in the 30% to 70%
absorption range. Figure 1c depicts the relationship between
the extent of metabolism and the extent of absorption for the
30 drugs listed in Supporting Information Table 1. The
correlation coefficient (r2) for the correlation in Figure 1c is
0.630. If the 10 compounds with 100% absorption are omitted,
the r2 for the remaining 18 compounds decreases to 0.390.
Hence, there is generally a poor correlation between the extent

Figure 1. Relationships between the extent of absorption, extent of
metabolism, and human intestinal permeability rates for 28 drugs. (a)
Correlation plot of the extent of absorption with the human jejunal
permeability rate. (b) Correlation plot of the extent of metabolism
with the human intestinal permeability rate. (c) Correlation plot of the
extent of metabolism with the extent of absorption.
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of absorption and the extent of metabolism. However, drugs
that are ≥90% metabolized accurately predict an extent of
absorption ≥90%.
Comparison of BCS and BDDCS Classifications Using

Caco-2 Permeability Rate Measures. Supporting Informa-
tion Table 2 shows a summary of four data sets each
comprising at least 23 drugs, including metoprolol, and their
Caco-2 permeability rate measures taken from four different
laboratories.27−30 Figure 2 depicts the correlation plots of the
Caco-2 permeability rate measures of each data set in relation
to their extents of absorption and extents of metabolism. For
each data set, the r2 of the correlation of Caco-2 permeability
rate is higher with the extent of metabolism than with the
extent of absorption: 0.490 in Figure 2b vs −0.693 in 2a, 0.738
in Figure 2d vs 0.0757 in 2c, 0.918 in Figure 2f vs 0.912 in 2e,
and 0.764 in Figure 2h vs 0.702 in 2g.
When using the BCS criterion of an extent of absorption

≥90%, the Caco-2 permeability rates accurately predicted the
extent of absorption for a mean of 68 ± 14% of the drugs. The
≥90% extent of absorption criterion accurately correlated with
all of the high permeability rate drugs, and the <90% extent of
absorption criterion accurately correlated with a mean of 56 ±
15% of the low permeability rate drugs. When using the
BDDCS criterion of an extent of metabolism ≥90%, the Caco-2
permeability rates accurately predicted the extent of metabo-
lism for a mean of 75 ± 9% of the drugs. The ≥90% extent of
metabolism criterion accurately correlated with all of the high
permeability rate drugs, and the <90% extent of absorption
criterion accurately correlated with a mean of 65 ± 9% of the
low permeability rate drugs. In order to evaluate if the high
number of false positives in the BCS and BDDCS predictions
was due to metoprolol being too strict of a high permeability
reference standard, we also conducted BCS and BDDCS
predictions using a high permeability cut-off that was 30%
lower than metoprolol’s permeability rate. Using this adjusted
cut-off, the predictions improved with the <90% extent of
absorption criterion accurately correlated with a mean of 73 ±
6% of the low permeability rate drugs and the <90% extent of
metabolism criterion accurately correlated with a mean of 78 ±

8% of the low permeability rate drugs. There were no false
negatives found in the BCS absorption and BDDCS
metabolism predictions. Hence, all high permeability rate
drugs (that have permeability rates greater than or equal to the
corresponding value for metoprolol) in Caco-2 accurately
predict a ≥90% extent of absorption and metabolism in
humans.

Comparison of BCS and BDDCS Classifications Using
PAMPA Permeability Rate Measures. The permeability rate
measures for at least 35 drugs, including metoprolol, measured
by four different PAMPA models, (i) traditional,20 (ii) a lipid/
oil/lipid trilayer,20 (iii) a biomimetic layer,21 and (iv) a
hydrophilic filter membrane PAMPA assay,22 are summarized
in Supporting Information Table 3. Figure 3 displays the
correlation plots of the permeability rate measures for each
PAMPA model in relation to their extents of absorption and
extents of metabolism. In all four models, the PAMPA
permeability rate measures had a stronger correlation with
the extent of metabolism than with the extent of absorption:
0.549 in Figure 3b vs −0.0580 in 3a, 0.823 in Figure 3d vs 0.262
in 3c, 0.552 in Figure 3f vs 0.210 in 3e, and 0.559 in Figure 3h
vs −0.664 in 3g.
Out of the four models, the BCS absorption and BDDCS

metabolism criteria were best predicted via the lipid/oil/lipid
trilayer model.20 When using the BCS criterion of an extent of
absorption ≥90%, the PAMPA permeability rates in this model
accurately predicted the extent of absorption for 84% of the
drugs. The ≥90% extent of absorption criterion accurately
correlated with all of the high permeability rate drugs, and the
<90% extent of absorption criterion accurately correlated with
64% of the low permeability rate drugs. When using the
BDDCS criterion of an extent of metabolism ≥90%, the
PAMPA permeability rates in this model accurately predicted
the extent of metabolism for 88% of the drugs. The ≥90%
extent of metabolism criterion accurately correlated with all of
the high permeability rate drugs, and the <90% extent of
metabolism criterion accurately correlated with 71% of the low
permeability rate drugs. The number of false positives in BCS
absorption predictions with the PAMPA permeability rate data

Figure 2. Comparison of BCS and BDDCS classifications with Caco-2 permeability rate measures. Correlation plots of the extents of absorption (a)
and metabolism (b) with Caco-2 permeability rate data from Alsenz and Haenel.27 Correlation plots of the extents of absorption (c) and metabolism
(d) with Caco-2 permeability rate data from Irvine et al.28 Correlation plots of the extents of absorption (e) and metabolism (f) with Caco-2
permeability rate data from Li et al.29 Correlation plots of the extents of absorption (g) and metabolism (h) with Caco-2 permeability rate data from
Yazdanian et al.30 The solid line represents the best fit of the nonlinear regression.
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was higher relative to the BDDCS metabolism predictions (five
compared to four). Because some of the false positives are due
to metoprolol being too strict of a high permeability rate
reference standard, a high permeability rate cut-off value that
was 30% lower than that of metoprolol’s was estimated. Using
this adjusted high permeability rate measure, there was one
false positive in the BCS prediction and no false positives in the
BDDCS prediction. There were no false negatives found in the
BCS absorption and BDDCS metabolism predictions for this
model. Hence, using this PAMPA model, all high permeability
rate drugs (that have permeability rates greater than or equal to
that of metoprolol) accurately predict a ≥90% extent of
absorption and metabolism in humans.

■ DISCUSSION

Use of BDDCS in the BCS FDA Guidance for Industry.
For this study, we revisit the original human intestinal (jejunal)
permeability rate measures that were used to illustrate a
correlation with human intestinal absorption, and we
demonstrate for the first time a correlation with human drug
metabolism. The intestinal permeability rate accurately
predicted the BCS absorption (high versus low) for 93% of
the 28 drugs, all of the high permeability rate drugs, and 86% of
the low permeability rate drugs. The intestinal permeability rate
accurately predicted the BDDCS metabolism (high versus low)
for 86% of the 28 drugs, 86% of the high permeability rate
drugs, and 86% of the low permeability rate drugs. It is evident
that when both criteria are used, a high intestinal permeability
rate is always accurately predicted.
For such simple categorizations in BCS and BDDCS, we

note that the extent of absorption and the extent of metabolism
both do a remarkable job in predicting the human intestinal
permeability rates of drugs. Both criteria result in similar
outcomes when predicting high intestinal permeability rates.
They both share two false negatives, losartan and isotretinoin.
Here, it may be that metoprolol is too strict a permeability
standard with a 95% extent of absorption, and a compound

with a 90% extent of absorption may be more suitable as the
cut-off. Labetalol has been proposed as an alternative,31 but it
may not be ideal because its permeability has been recently
shown to be concentration dependent.32 Thus, work should be
underway to find a more suitable alternative permeability
reference marker to metoprolol that is about 90% absorbed
primarily by passive diffusion.
Amiloride and cephalexin are false positives of the BDDCS

metabolism prediction, where the BDDCS metabolism could
not accurately predict amiloride’s and cephalexin’s high
intestinal permeability rates because neither are >10%
metabolized.33,34 Both of their permeabilities across the
intestinal membrane have been characterized to be primarily
due more to carrier-mediated than passive processes.35,36 These
are two examples where we see how different permeability rates
are needed to accurately predict BCS absorption and BDDCS
metabolism. Amiloride and cephalexin’s high intestinal
permeability rates (inclusive of both carrier-mediated and
passive processes) accurately predict their high extents of
absorption, whereas their low passive transcellular permeability
rates accurately predict their low extents of metabolism.
We show that generally drug metabolism does not predict

drug absorption. However, there are cases when drug
metabolism can be helpful in predicting the BCS criterion of
a high extent of absorption. An extent of metabolism ≥90%
accurately predicted the extent of absorption ≥90% in all cases.
It has been proposed by Benet and co-workers10 that the
following criteria be used to define ≥90% metabolized for
marketed drugs:

Following a single oral dose to humans, administered at the
highest dose strength, mass balance of the Phase 1 oxidative
and Phase 2 conjugative drug metabolites in the urine and
feces, measured either as unlabeled, radioactive labeled, or
non-radioactive labeled substances, account for ≥90% of the
drug dosed. This is the strictest definition for a waiver based
on metabolism. For an orally administered drug to be ≥90%
metabolized by Phase 1 oxidative and Phase 2 conjugative
processes, it is obvious that the drug must be absorbed.

Figure 3. Comparison of BCS and BDDCS classifications with PAMPA permeability rate measures. Correlation plots of the extent of absorption (a)
and metabolism (b) with PAMPA permeability rate data from a traditional model.20 Correlation plots of the extents of absorption (c) and
metabolism (d) with PAMPA permeability rate data from a lipid/oil/lipid trilayer model.20 Correlation plots of the extents of absorption (e) and
metabolism (f) with PAMPA permeability rate data from a biomimetic layer model.21 Correlation plots of the extents of absorption (g) and
metabolism (h) with PAMPA permeability rate data from a hydrophilic filter membrane assay.22 The solid line represents the best fit of the nonlinear
regression.
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Because there is a good correlation in extensive metabolism
predicting extensive absorption (although not necessarily vice
versa), the recommendation for regulatory agencies to add the
extent of drug metabolism (i.e., ≥90% metabolized) as an
alternative method for the extent of drug absorption (i.e., ≥90%
absorbed) seems appropriate in defining Class 1 drugs suitable
for a waiver of in vivo studies of bioequivalence.
Drug Discovery Considerations When Making BCS

and BDDCS Predictions. Academic, industrial, and regulatory
scientists have attempted to predict either BCS and BDDCS
classifications11−13 or a provisional biopharmaceutics classi-
fication system14 that combines the two using the same
permeability method. These predictions can successfully
achieve accuracies when their classes agree (i.e., both are high
or low) and can be unsuccessful when their classes disagree
(i.e., one is high and the other is low). Because cases of high
metabolism (i.e., ≥90% metabolized) will only exist with high
absorption (i.e., ≥90% absorbed), discontinuity will only occur
when absorption is high (i.e., ≥90% absorbed) and metabolism
is low (i.e., <90% metabolized). In the latter case, we point out
that only using the most suitable permeability method will
likely lead to the correct class prediction.
In our 2005 publication,7 we initially suggested that ≥70%

may be the appropriate cut-off for being labeled extensively
metabolized. Here, we show that ≥90% is a more rigorous cut-
off for always correctly showing the correlation with
permeability rates greater than metoprolol and ≥90%
metabolism. We do note that the majority of the compounds
in Supporting Information Tables 2 and 3 exhibiting
permeability rates less than that of metoprolol but showing
greater than 70% metabolism are primarily or initially
metabolized by non-CYP processes (i.e., acebutolol, acetylsa-
licylic acid, zidovudine), but not all are (i.e., indomethacin,
timolol).
The PAMPA and Caco-2 systems are attractive in vitro

systems for high-throughput permeability screening, known to
be deficient in transporter expression and paracellular
mechanisms (if not completely devoid of them as in the case
of PAMPA). Hence, they are excellent for characterizing the
passive transcellular permeability rates of compounds in early
drug discovery programs. We show that PAMPA and Caco-2
permeability rate measures have a stronger correlation and
higher prediction accuracy with BDDCS metabolism than with
BCS absorption. This agrees with our hypothesis that passive
transcellular permeability rates accurately predict BDDCS
metabolism, whereas complete human intestinal permeability
rates accurately predict BCS absorption. We do not find this
surprising because previous correlations of lipophilicity have
been observed with passive transcellular permeability37 and
with drug metabolism.38

When the passive transcellular permeability rate is high (i.e.,
PAMPA or Caco-2 permeability rate is high), the human
intestinal permeability rate (or extent of absorption) should
also be high, regardless of whether carrier-mediated transport is
occurring. We observed this to be consistently true for our
Caco-2 data sets independent of their laboratories of origin.
However, we only found a single PAMPA model to be
consistent in this finding. Although we cannot confirm the
differences between each PAMPA model due to the
information being proprietary, we feel that the lipid/oil/lipid
PAMPA membrane20 may be more representative of trans-
cellular membrane transport than other models that include
hydrophilic membrane transport.21,22 Thus, we believe that the

Caco-2 cell line, and only some PAMPA models, may be
appropriate for screening and supporting drugs that are
potentially eligible for a biowaiver or for predicting their
biopharmaceutics (whether BCS or BDDCS) classifications.
A number of outliers were observed when using low PAMPA

and Caco-2 permeability rate measures to predict a low extent
(<90%) of absorption and slightly fewer when predicting a low
(<90%) extent of metabolism. It has been previously noted that
metoprolol may be too strict of a high permeability rate
measures. We also observed that there were many drugs that
were predicted as false positives that were slightly lower than
metoprolol’s permeability rate but had high extents of
absorption and metabolism. When we conducted an analysis
using a permeability rate value that was 30% lower than that of
metoprolol’s, we found many of these previous false positives to
be correctly predicted using this adjusted high permeability rate
cut-off. In the original BCS paper,2 it was suggested that
metoprolol was suitable as a high permeability reference
standard because its extent of absorption is close to 90%.
However, there are numerous sources indicating that its extent
of absorption (as well as extent of metabolism) is closer to
95%,26 supporting that a more suitable high permeability
reference standard with an extent measure closer to 90% should
be investigated.
Even with a less strict permeability rate cut-off, there are still

false positives that can arise in the BCS and BDDCS
predictions when using PAMPA and Caco-2 systems. We
observed that the remaining false positives in the BCS
predictions were also very hydrophilic in nature (Supporting
Information Table 4). We have previously identified that many
of these hydrophilic false positives (e.g., amiloride, cephalexin,
levodopa, and zidovudine) are substrates of highly expressed
intestinal transporters (e.g., amino acid, peptide, and nucleoside
transporters) that are deficient in these in vitro systems.18 It
should be cautioned, though, that these systems may be
deficient in accurately predicting the high intestinal perme-
ability rates of all NMEs that are particularly substrates of these
highly expressed intestinal transporters. We have previously
recommended that drug discovery programs utilize other
permeability methods that are more representative of carrier-
mediated and passive processes for screening these NMEs, such
as the human or rat intestine.18

In evaluating the remaining false positives in the BDDCS
predictions using PAMPA and Caco-2 systems, we found these
compounds to be also very hydrophilic in nature (Supporting
Information Table 4). We observed that many of these false
positives were extensively metabolized either primarily or
initially by non-CYP metabolism, for example, acebutolol,39

acetylsalicylic acid,40 bromocriptine,41 ketoprofen,42 labetolol,43

levodopa,44 salicylic acid,45 and zidovudine.46 This indicates
that the metabolism of some very hydrophilic compounds may
not be accurately predicted by these systems and alternative
methods should be used to verify their BDDCS classification.
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