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Abstract

In modeling blood-brain barrier (BBB) passage, in silico models have yielded ~80% prediction
accuracy, and are currently used in early drug discovery. Being derived from molecular structural
information only, these models do not take into account the biological factors responsible for the
in vivo outcome. Passive permeability and P-glycoprotein (Pgp, ABCB1) efflux have been
successfully recognized to impact xenobiotic extrusion from the brain, as Pgp is known to play a
role in limiting the BBB penetration of oral drugs in humans. However, these two properties alone
fail to explain the BBB penetration for a significant number of marketed central nervous system
(CNS) agents. The Biopharmaceutics Drug Disposition Classification System (BDDCS) has
proved useful in predicting drug disposition in the human body, particularly in the liver and
intestine. Here we discuss the value of using BDDCS to improve BBB predictions of oral drugs.
BDDCS class membership was integrated with in vitro Pgp efflux and in silico permeability data
to create a simple 3-step classification tree that accurately predicted CNS disposition for more
than 90% of 153 drugs in our data set. About 98% of BDDCS class 1 drugs were found to
markedly distribute throughout the brain; this includes a number of BDDCS class 1 drugs shown
to be Pgp substrates. This new perspective provides a further interpretation of how Pgp influences
the sedative effects of H1-histamine receptor antagonists.

Keywords
Brain disposition; Data mining; Drug discovery; Rules of thumb

1. Introduction

Delivery of new drug candidates to the CNS is a challenging problem in drug development.
It is important to design drugs that target the CNS when it is the site of action. It is also
important to prevent peripherally acting drugs from accessing the CNS where they could
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exert undesirable and potentially harmful side effects. Being one of the oldest issues in drug
discovery and QSAR (quantitative structure-activity relationship), significant efforts are
made in academia and industry to develop screens for optimization and prioritization, which
include in vitro assays and computational models to evaluate CNS penetration.

QSAR studies have been instrumental in early phases of drug discovery, serving as fast and
inexpensive tools to prioritize new molecular entities (NMES) as candidate CNS agents.
BBB disposition has been linked to molecular properties such as drug lipophilicity (LogP
and LogDy7 4) [1,2], molecular weight [1-3], and the tendency to form hydrogen bonds
quantified as polar surface area (PSA) [4] or as a function of nitrogen and oxygen counts [5].
These approaches led to simple rules of thumb, or to more elaborate in silico models for
predicting CNS disposition yielding ~80% accuracies for early phase screening [5-7].
However, we believe that compound optimization based simply on molecular properties
restricts the portion of chemical space explored. Therefore, anchoring brain penetration
directly to biological factors may result in a more flexible selection process for drug
discovery, which is desirable when designing compound libraries or optimizing interesting
candidates.

After characterizing the expression of Pgp in the mouse brain, Cordon-Cardo et al. first
suggested that Pgp might play a role in vivo in limiting brain penetration of xenobiotics [8].
Pgp is an efflux transporter, also known as ABCB1, which uses energy derived from ATP
hydrolysis to transport its substrates against a concentration gradient [9]. The importance of
Pgp in CNS penetration has been established using knockout mice [10]. Mahar Doan and
coworkers experimentally tested the efflux ratio (ER) of 48 CNS and 45 non-CNS drugs,
reporting that CNS agents are less likely to be Pgp substrates and more likely to be highly
permeable drugs [11]. By analyzing 119 marketed CNS drugs and 108 proprietary CNS drug
candidates, Wager and colleagues [12] confirmed the latter observations. Going from
candidates to marketed CNS drugs, these investigators observed a marked increase in the
number of highly permeable compounds (from 51% to 75%) and Pgp non-substrates (from
55% to 75%). Moreover, only about 40% of CNS drug candidates were both highly
permeable and Pgp non-substrates, as opposed to 70% of successfully CNS marketed drugs.
This indicates that both high permeability and lack of Pgp efflux are desirable for CNS drug
candidates to become marketed CNS drugs. Surprisingly, 20% of marketed CNS drugs
analyzed exhibited both unfavorable permeability and Pgp efflux. Until now, no
explanations have been proposed for these observations.

The Biopharmaceutics Drug Disposition Classification System (BDDCS) has been
successful in predicting in vivo absorption, disposition, and drug—drug interactions of
marketed drugs [13-15]. BDDCS is a four class system based on extent of metabolism and
solubility measures that has been used to explain the role of transporters in pharmacokinetics
and their interplay with metabolizing enzymes in the liver and intestine (Fig. 1).

Based on observations in the intestine and liver, BDDCS class 1 drugs appear to be the most
biopharmaceutically desirable class due to their high intestinal absorption and lack of
clinically relevant uptake and efflux transporter effects [13,15]. Nine of the 14 drugs with
unfavorable in vitro permeability and Pgp profile reported by Wager and coworkers have
BDDCS classification data available in the data set of oral drugs that we recently published
[16]; of these, 7 (78%) are BDDCS class 1 drugs. This suggests that, analogous to what has
been observed in the intestine and liver, class 1 drugs may not be significantly influenced by
transporters in the brain.

Here, we investigate the use of BDDCS in predicting the brain disposition of 153 orally
administered drugs for which Pgp efflux data are available. Using BDDCS, in vitro Pgp
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efflux ratio values, and in silico calculated permeability (VolSurf+ descriptor CACO2), we
define three rules of thumb to predict brain penetration, which for the present data set are
accurate over 90% of the time. The model outperforms in silico strategies for predicted BBB
permeability [5,17,18], which for the 153 drugs were accurate around 80% of the time.
Simple molecular properties such as those used in the Norinder-Haeberlein [5] and Lipinski
BBB [18] rules of thumb for brain disposition were analyzed with respect to BDDCS
classification, Pgp impact, and in silico predicted permeability. The use of this framework in
predicting the sedative effect of antihistaminic drugs is also discussed.

2. Criteria and rationale for data collection
2.1. Efflux ratio

The Pgp impact on drug permeability, evaluated in terms of efflux ratio (ER), is defined as
follows:

ER:Papp(bea)/Papp(a—)b)

where Pappa—b) is permeability from the apical to the basolateral side (absorption) and
Papp(b—a) s permeability from the basolateral to the apical side (secretion). For Pgp
substrates, the absorption should be decreased and the secretion increased in cell lines over-
expressing Pgp, as opposed to wild type cell lines, yielding ER values greater than 1. In
2001, Polli and colleagues [19] published a collection of over 60 molecules tested for Pgp
transport and inhibition, suggesting that an efflux ratio value >2 should be adopted to
identify Pgp substrates. However, in confirmatory studies using a Pgp inhibitor for non-
substrates, the authors noted that a few drugs having ER<2 (loratadine, diltiazem, and
neostigmine) were Pgp substrates. For all of the oral drugs included in our previously
analyzed BDDCS data set [16], we carried out an extensive literature search for ER values
in MDCK-MDR1 cell lines. We were able to find at least one ER value for 160 oral drugs
from 16 different articles [11,12,19-32], resulting in a database of 318 ER values. About
77% of the ERs were derived from MDCK-MDR1 cell lines originating from the
Netherlands Cancer Institute (Borst cell lines), while the remaining 23% were derived from
MDCK-MDR1 cell lines originating from the National Institute of Health (NIH cell lines).
We noticed that in our data set that ER values from NIH cell lines tended to be higher than
those from Borst cell lines, in agreement with the reported difference in Pgp expression
levels for the two cell lines [33]. In the Results section of this paper, we address the criteria
for defining Pgp substrates and non-substrates in these cell lines. The 318 efflux ratios for
the 160 drugs are tabulated in Supplemental Table S1.

2.2. BDDCS classification

BDDCS class assignments were based on extent of metabolism and FDA solubility. Highly
metabolized drugs (equal or above 70% in humans) were assigned to classes 1 and 2, while
highly soluble drugs were assigned to classes 1 and 3 (Fig. 1). Solubility class is defined
based on the dose number (Do):

Do=(HDS/250mL)/LWS

where HDS is the highest dose strength approved for commercial use, and LWS is the
lowest water solubility at 37 °C in the pH range from 1 to 7.5. When Do is equal or below 1,
the drug is considered highly soluble. We have recently provided a detailed exhaustive
description of the criteria [34] and discussed the selection of the drugs included in the oral
drugs data set [16].
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2.3. BBB penetration data

2.4. In silico

We conducted an exhaustive search for blood—brain barrier (BBB) penetration data for the
160 oral drugs where BDDCS class and Pgp ER data were available to classify the drugs as
either brain-penetrating (BBB+) or having little if any ability to cross the BBB (BBB-).
Marketed CNS agents were directly assigned to the BBB+ class without further
investigation. When the unbound drug brain/plasma ratios in humans were available, these
values were used for defining the BBB class; drugs with values greater than or equal to 0.1
were assigned as BBB+, otherwise, they were assigned as BBB-.

When the unbound brain/plasma ratio of a drug in humans was unavailable, then either the
unbound CSF/plasma ratio in humans or brain penetration data from other species was used.
We recognize that interspecies differences and using CSF/plasma ratios in place of brain/
plasma ratios may affect the BBB assignment outcome [35,36]. Therefore, we created a
prioritization scheme of how to define the BBB class when more than one of these values
was available. From an analysis of rat unbound brain/plasma and CSF/plasma ratio data for
39 drugs [36], we noted that, even when up to a five-fold difference was found between
these data, the BBB assignment was in agreement for 35 out of 39 drugs. By comparing
human and rat brain penetration data, we found that the human CSF/plasma ratio was a
better surrogate for the human unbound brain/plasma ratio than any available data from
other species. For example, verapamil is a BBB+ drug (human brain/plasma ratio=0.55)
[37]; its human CSF/plasma ratio of 1.13 [36] consistently classifies it as a BBB+ drug,
while its rat brain/plasma ratio of 0.053 [36] misclassifies it as a BBB- drug. Hence, when
human brain/plasma ratio data were unavailable, we used the human CSF/plasma ratio
information for assigning the BBB class over any other species data (including brain/plasma
ratios). Due to the maximum five-fold numerical difference observed between CSF/plasma
and brain/plasma ratios for the same drugs, we expect no significant incongruence in the
BBB assignment for drugs with CSF/plasma ratios greater than or equal to 0.5 (or at least
33% distributed in the CSF). When numerical data were unavailable in humans and other
species, qualitative phrases like “distribution in brain negligible” were used to assign the
drug as BBB-. Qualitative phrases like “extensively distributed in brain tissues” or evidence
of CNS side-effects were used to assign the drug as BBB+.

Diltiazem was excluded from our analysis since it was found to be controversial; it is
reported to exhibit a “decreasing concentration gradient in the following organs: liver,
kidney, lung, spleen, heart and brain” [38], yet Naito et al. [39] reported that the CSF/plasma
ratio for diltiazem was from 0.05 to 0.2. The prodrug famciclovir was also excluded since
the BDDCS classification was relative to the dosed compound, not to the active species
(penciclovir) that penetrates the BBB. Five other drugs had to be excluded because there
was no BBB penetration data available that matched any of these criteria. The original BBB
penetration data for the remaining 153 oral drugs can be found in References [11,12, 21,36-
111]. The BBB assignments for the data set can be found in Supplemental Tables S1 and S2.

calculations

Even though our preference was to relate in vitro properties with human data, an in silico
parameter for passive permeability had to be adopted due to the unavailability of consistent
in vitro data for all the 153 drugs. The molecular descriptor CACO2 generated using
VolSurf+ [112], a computational procedure specifically designed to produce descriptors
related to pharmacokinetic properties [17], was used as a surrogate for in vitro passive
permeability data. Our previous work has suggested that the VVolSurf+ CACO2 descriptor
derived from the Caco-2 cell permeation studies was a suitable surrogate for passive
permeability [16,34]. The CACO2 model is a qualitative model trained using a thousand
compound in-house data set [113,114].
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To compare how our framework improved the brain penetration prediction of current state-
of-the-art in silico rules of thumb and models, we included several other descriptors. In
analogy with CACO?2, the VolSurf+ descriptor LgBB is trained on a five hundred compound
in-house data set, and it is based on the methodology presented by Crivori et al. [113,115].
We further calculated the parameters necessary to predict brain penetration following the
Norinder-Haeberlein [5] and Lipinski BBB [18] rules of thumb. These included calculated
LogP (CLogP), molecular weight (MW), hydrogen bond acceptor counts (HBA), hydrogen
bond donor count (HBD), and number of violation to Lipinski Rule of 5 (Ro5) that were
taken from our previous work [34], and counts of oxygen and nitrogen that were
extrapolated from the SMILES structure of the drugs as reported in WOMBAT-PK
[116,117]. Predicted brain penetration values according to Norinder-Haeberlein [5] and
Lipinski BBB [18] rules of thumbs were also reported. Norinder and Haeberlein provided
two rules for brain penetration: (i) when the sum of nitrogens and oxygens in the molecule
(N+O) is five or less, the drug is considered BBB+ (brain/plasma ratio>0.1), and (ii) when
CLogP minus N+O is positive, brain/plasma ratio is greater than unity (brain/plasma ratio
>1). We only included the first rule in our comparison since the second rule exceeds our
criteria for BBB assignment. Lipinski BBB, as reported by Pajouhesh and Lenz [18],
proposed that a drug is unlikely to be BBB+ if:

e Molecular weight>400

* LogP>5

e Hydrogen bond acceptor count>7
«  Hydrogen bond donor count>3

To evaluate any possible influence of pKa on brain penetration, we performed and report the
lowest in silico pKa calculations for the acid and basic centers of the 153 drugs using the
software MoKa [118,119]. All the in silico data used are available in Supplemental Tables
S2, S5, and S6.

3. Elaboration, analysis, and application of rules for brain disposition

prediction

3.1. Pgp and brain disposition

Of the 160 oral drugs for which Pgp ER data were available, 63 had more than one reported
ER value in Borst cell lines. Adopting the ER threshold of 2 as suggested by Polli and
coworkers [19], 87% of these 63 drugs were classified coherently as either Pgp substrates or
non-substrates. Only 4 drugs had more than one reported ER in NIH cell lines. Of these 4
drugs, 3 of them were inconsistently classified using the threshold of 2. For 53 drugs where
values were available in both Borst and NIH cell lines, the agreement in assignment was
only 67%. This suggests that another threshold should be adopted for the NIH cell lines. For
the 53 drugs where at least one reported ER value was available from both the Borst and
NIH cell lines, ERs in NIH cell lines were on average 4.26-fold higher than those in the
Borst cell lines. Therefore, when assigning the Pgp class, we adopted a threshold of 2 for
Borst cell lines, and 8.5 for NIH cell lines. When more than one ER value was available for
the same drug in the same cell line, the threshold values were then applied to the averages.
Using these criteria, the two systems agreed about 81% of the time. For the 10 drugs where
there was no agreement (atomoxetine, chlorpromazine, citalopram, clozapine,
metoclopramide, olanzapine, ranitidine, risperidone, sertraline, and tiagabine), assignment
was based on the Borst cell line data. Even though we adopted an ER value of 8.5 as the
threshold for defining Pgp impact on brain penetration for data from the NIH cell lines, the
appropriateness of this threshold should be further investigated.

Adv Drug Deliv Rev. Author manuscript; available in PMC 2013 January 01.
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The assumption that Pgp efflux is the only factor limiting brain penetration, was found to be
correct 78% of the time for this data set (Fig. 2): 63% of the data set were Pgp non-
substrates that are BBB+, while 15% were Pgp substrates that are BBB- (Fig. 2A). In
particular, 80% of BBB+ molecules were Pgp non-substrates (Fig. 2C), and 72% of BBB-
were Pgp substrates (Fig. 2D). However, it must be noted that around 51% of Pgp substrates
were BBB+ (Fig. 2E), thus being a Pgp substrate does not imply being BBB-, while 92% of
Pgp non-substrates were BBB+ (Fig. 2F).

Interestingly, the absence of Pgp effect on brain penetration was mainly associated with
BDDCS class 1 drugs (Fig. 2B), where 98% of the time class 1 drugs were BBB+, even if
23% of them were Pgp substrates, therefore 88% of Pgp substrates in class 1 were BBB+. In
contrast, 75% of the Pgp substrates in BDDCS classes 2, 3, and 4, were BBB-.

permeability and brain disposition

Due to a lack of in vitro permeability data, we evaluated the relationship between in silico
permeability and brain disposition by using the calculated octanol/water partition coefficient
CLogP [120] and the VolSurf+ descriptor CACO2. LogP has been highly used in medicinal
chemistry as a surrogate for permeability. We have previously demonstrated that the
VolSurf+ descriptor CACO2 can be used to distinguish highly versus poorly metabolized/
permeable compounds [16]. Therefore, we evaluated the suitability of this descriptor as a
filter for poorly permeable compounds. In Fig. 3, we use box plots [121] and receiver-
operating characteristic (ROC) curves [122] to show the distribution of BBB+ and BBB-
classes with respect to CLogP and calculated CACO2 permeability. In agreement with
Wager and coworkers [12], we found no significant difference in CLogP distribution for the
two sets (Fig. 3A and C). In contrast, a marked difference between BBB+ and BBB- with
respect to CACO2 permeability was recognized (Fig. 3A and B). We observed that if a value
of CACO2 descriptor equal to —0.3 is adopted, 40.6% of BBB— molecules are filtered with a
loss of only 3.3% of BBB+ (Fig. 3A).

Others have linked brain penetration to pKa due to its effect on passive permeability; that is,
neutral species are expected to be favored in crossing biological membranes, as opposed to
charged species [123]. In particular, this effect appears to be marked for acid centers having
low pKa (under 5.5), since these drugs (e.g., Class 2 NSAIDs) are mostly negatively charged
at physiological pH. We estimated the lowest acid pKa for drugs in our data set using MoKa
(Supplemental Table S2). Six (cefuroxime, cetirizine, fexofenadine, methotrexate,
pravastatin, and sulfasalazine) of the 32 (18.7%) BBB- drugs had a calculated acid pKa
under 5.5, while this was true for only 5 (gabapentin, indomethacin, rosuvastatin, tiagabine,
and warfarin) out of 121 BBB+ drugs (4.1%). However, of the 6 BBB- drugs with low acid
pKa, all but cetirizine were predicted to be low permeability (VolSurf+ CACO2 descriptor
below —0.3) while this was true for only 2 (gabapentin and rosuvastatin) BBB+ drugs with
low acid pKa. Hence, even if based on these data an influence of pKa on brain penetration
can be recognized, it appears to be taken into account by the VolSurf+ CACO2 descriptor.

3.3. Generation of BDDCS-based BBB rules

The data collected were used to elaborate a classification tree for predicting CNS disposition
(Fig. 4). The classification tree was based on 153 oral drugs and was created using the data
mining software Orange Canvas [124]. In order to have a straightforward framework, three
different two-level variables were chosen: BDDCS class (either Class 1 or Classes 2, 3, and
4), Pgp Impact (“+” for substrates, “~” for non-substrates), and calculated permeability (“+”
if the VolSurf+ CACO2 descriptor was above —0.3, otherwise “~”). The rationale for the
choice of the threshold for the CACO?2 descriptor is presented above. The following options
were used for building the classification tree: attribute selection based on gain ratio, no
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binarization, stop splitting nodes with a majority class of 90%, post-pruning (recursively
merge leaves with the same majority class, m=3).

Being based on a sequence of three two-level variables, it can be also simply considered as a
pipeline of rules of thumb. By classifying drugs first based on calculated permeability, then
Pgp efflux, and finally BDDCS Classification, the model is correct for 138 out of 153 drugs,
gaining an accuracy of 90.2% for this data set (Figs. 4 and 5). We address 15 incorrectly
classified drugs in following Outliers Analysis section. As previously discussed, the use of a
filter for low permeability allows correct classification of a significant portion of BBB-
drugs with only few BBB+ drugs being misclassified. Drugs that do not seem to be limited
by passive permeability predominantly (93.7%) cross the BBB if they are Pgp non-
substrates. Evaluating only permeable Pgp substrate drugs (the last level in Fig. 4), BDDCS
Class 1 drugs were generally capable of penetrating the BBB (94.4%), while the remaining
classes of drugs were predominantly BBB— (68.1%).

In Fig. 5, we show the accuracy in predicting brain penetration for our data set using our
classification tree (Table 1) as well as the VolSurf+ descriptor LgBB, and Lipinski BBB and
Norinder-Haeberlein rules of thumb. Notably, in silico methods solely based on the
molecular structure have accuracy of ~80%, with Lipinski BBB rules and LgBB being
reasonably accurate and well-balanced. These methods appear to be well-suited for early
phase drug discovery compound prioritization. The rule-based system derived from our
classification tree outperforms these other models. However, our approach cannot be
directly compared with the other models, as it requires several in vitro measures. Therefore,
we recommend adopting it as guidelines during advanced stage drug discovery.

analysis

Fifteen drugs (10% of the data set) were incorrectly predicted. Eleven of these: amisulpride,
aprepitant, chloroquine, clozapine, enoxacin, gabapentin, paliperidone, rosuvastatin,
trimethoprim, ziprasidone, and zidovudine were false negatives (incorrectly predicted as
BBB-). Four drugs (enoxacin, gabapentin, rosuvastatin, and zidovudine) had false negative
predictions due to poor passive permeability calculations. The remaining seven drugs were
false negatives since they were not BDDCS class 1. Saturable uptake processes have been
implicated in the transport of amisulpride [125] and gabapentin [126,127] into the brain.
Four other false negatives have been reported to be substrates for uptake transporters
expressed in the brain [128]: rosuvastatin (OAT3, OATP1A2, OATP1B1, and OATP2B1)
[129-131], zidovudine (OAT1, OAT2, OAT3, and OAT4) [132], trimethoprim (OCT2)
[133], and chloroquine (OCT2) [133]. Paliperidone is a false negative since its BBB
assignment is BBB+ class based on its category as a neurodrug [12], even though its brain/
plasma ratio in rats is 0.04 [134], numerically making it BBB— based on our stated criteria.
Clozapine and ziprasidone were incorrectly predicted as BBB- because they are non-class 1
Pgp substrates as noted above. However, they are borderline Pgp substrates: ER was under
2.5 in the Borst cell line and under 2 in the NIH cell line and is only predicted as BBB-
since we chose to make the assignment only based on Borst cell line data when differences
in prediction was observed for Borst versus NIH cell lines.

The remaining 4 of the 15 incorrectly predicted drugs (colchicine, itraconazole,
ketoconazole, and loratadine) are false positives. Itraconazole, ketoconazole, and loratadine
were assigned as Pgp non-substrates in our study based on their ER values. However,
loratadine’s average ER values are borderline with respect to the thresholds adopted in this
work (1.9 compared to 2 in Borst cell lines and 7.4 compared to 8.5 in NIH cell lines).
Moreover, Polli and colleagues [19] confirmed the influence of Pgp efflux in loratadine’s
permeability via the potent Pgp inhibitor elacridar. They also recognized that the MDCK-
MDR1 system used tends to be insensitive to highly permeable drugs, such as ketoconazole
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and itraconazole. Ketoconazole has been confirmed to be a Pgp substrate in the Caco-2 cell
line at low, but not at high, concentrations [135], suggesting that Pgp transport may be
saturable for this drug.

Five out of 122 extensively metabolized (class 1 plus class 2) drugs in our study had
calculated CACO2 descriptor below —0.3 defining them as poorly permeable drugs. Four of
these 5 extensively metabolized drugs (dipyridamole, labetalol, sulfasalazine, and
zidovudine) were found to be metabolized mainly by non-CYP enzymes [42]. Thus, it could
be possible that the overlap between extensive metabolism and high permeability could be
less accurate when the major metabolizing enzyme is not a CYP.

3.5. Molecular properties and brain disposition

The biological factors that influence CNS penetration were analyzed with respect to the
parameters on which the Lipinski BBB and Norinder-Haeberlein criteria were defined. For
classes BBB+, BBB—, Pgp+, Pgp—, BDDCS class 1, BDDCS classes 2-3-4, cPermeability+
and cPermeability—, the average and the standard deviation of several drug properties were
calculated and are reported in Fig. 6. Molecular properties considered were CLogP,
molecular weight, and the oxygen, nitrogen, hydrogen bond acceptor, and hydrogen bond
donor counts. It has been reported that a high polar surface area and/or high molecular
weight increase the likelihood of an NME being BBB- [136]. When we analyzed
compounds that have a high molecular weight and/or high counts of nitrogen and oxygen
(surrogate for polar surface area), we found that these compounds are also likely to be Pgp
substrates, having low permeabilities, and/or being non-BDDCS class 1 drugs. The results of
our work suggest that these latter properties are the driving force for these drugs being BBB
—. Hence, we believe that these molecular properties are predicting the NMEs’
permeabilities, ability to interact with Pgp, and/or its BDDCS classification (metabolism and
solubility), and as a consequence their BBB outcome. No significant difference in terms of
average CLogP was observed for Pgp substrates and non-substrates, BDDCS classes 1
versus classes 2, 3 and 4, and BBB+ versus BBB—-drugs.

Surprisingly, based on this data set, there seems to be a relationship between the Lipinski
rules of 5 (Ro5) violations [137] and Pgp efflux: drugs having no violation to Ro5s tend to
be Pgp non-substrates 79% of the time (based on 121 drugs), drugs having one violation are
Pgp substrates 61% (based on 23 drugs), and drugs having two or more violations are Pgp
substrates 89% (based on 9 drugs). Since our data set is mostly composed of marketed CNS
drugs, it is possible that these observations may be skewed due to a sampling issue. To test
this, we analyzed the relationship between Ro5 and Pgp for 34 drugs excluded from our data
set for noncompliant criteria but with available efflux data. Twenty-five of the 34 drugs had
no Ro5 violations, with only 68% of them being Pgp non-substrates. This decrease (from
79% to 68%) may indicate an artifact associated with Pgp efflux optimization during the
drug discovery process for CNS drugs. On the other hand, 3 out of 5 (60%) drugs with one
Lipinski Ro5 violation and all the 4 drugs having 2 or more Lipinski violations were Pgp
substrates. Therefore, a drug having more than one Ro5 violation is highly likely to be a Pgp
substrate, while the contrary is not necessarily true.

3.6. Case Study: predicting the brain disposition of antihistamines with BDDCS

The sedative effect of first generation antihistamines [138] has been associated with brain
penetration, where drugs are believed not to be Pgp substrates [139]. We previously
evaluated 64 H1-histamine receptor antagonists and the severity of sedation as a side effect
associated to these drugs [140]. We noted that Pgp transport is the major difference between
sedating and non-sedating antihistamines, and that it can be used to predict the drug’s
sedative effect in combination with the adjusted dose for that drug. Using our classification
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tree, 22 H1 antagonists exerting sedative effect were accurately predicted to be BBB+, and
all the 6 non-sedating H1 antagonists were predicted as BBB- (Fig. 7 and Supplemental
Table S7). Amitriptyline and risperidone have conflicting reports on being Pgp substrates
(Supplemental Table S1). However, according to our classification tree, they are correctly
predicted to be BBB+ and to exert CNS sedative effects as they are BDDCS class 1 drugs.

4. Integration of findings and recommendations

We hereby introduce a novel perspective for brain disposition evaluation for orally
administered drugs. In the past, Pgp efflux and passive permeability had been identified as
crucial factors for CNS penetration. Pgp is a known gatekeeper capable of limiting exposure
of CNS targets to those drugs that are Pgp substrates. This is contrary to what is observed in
the leakier gut membrane, where Pgp only limits the permeability of poorly permeable/
poorly metabolized compounds (BDDCS classes 3 and 4). In knockout mice studies, it has
been shown that Pgp-mediated efflux reduces the brain penetration of class 1 substrate
drugs, like verapamil [141] and bromocriptine [142]. However, even when Pgp efflux
affects BDDCS class 1 drugs, the extent of the drug penetrating the brain is usually at least
10% of the plasma concentration, which characterizes it as a BBB+ drug. Consequently,
98% of BDDCS class 1 drugs in our data set are BBB+. In contrast, Pgp substrates within
BDDCS classes 2, 3 and 4 were incapable of crossing the BBB around 75% of the time (and
84% if the ambiguous data on loratadine, ketoconazole, and itraconazole were not
considered). For about 40% of BBB- drugs, we determined that the major limiting factor
was passive permeability. Even though adequate in vitro permeability data was unavailable
for our data set, we found that the in silico calculated permeability (Vol-Surf+ descriptor
CACO?2) is a suitable surrogate. Three simple criteria— calculated permeability, Pgp efflux,
and BDDCS assignment — were employed in a classification tree that correctly classified
over 90% of our 153 drug data set, with the prediction accuracy being over 87% for both
BBB+ and BBB- drugs.

From our data mining, important considerations about the in vitro systems used and the role
of uptake transporters in the brain have emerged. We noted that not only the cell lines used
but also the source from where it is retrieved can strongly influence the experimental
outcome. We observed a marked difference between the efflux ratios of certain drugs in two
commonly used in vitro Pgp systems, the Borst and NIH MDCK-MDRL cell lines. We have
observed that ER values tend to be significantly higher for Pgp substrates in the NIH cell
lines in agreement with the higher protein expression levels reported [33]. For this latter
point, we recommend that different thresholds for defining Pgp impact may need to be
defined but the numerical basis (particularly for the NIH cell line) should be further
investigated. As pointed out previously by Polli and colleagues [19], highly permeable Pgp
substrates tend to not be recognized in the MDCK-MDR1 system. Being highly permeable,
these compounds will be either BDDCS class 1 or 2 drugs. Since BDDCS class 1 drugs
appeared not to be affected by Pgp in the brain, we suggest that only BDDCS class 2 drugs
should be further tested at lower concentrations in vitro or even in an in vivo Pgp knockout
model to confirm the Pgp effect on its disposition.

There may be some non-BDDCS class 1 Pgp substrate drugs that may be able or can be
optimized to cross the BBB. Data suggests that this may be attained if the drug has a good
affinity for uptake transporters in the brain. Further works needs to be done to characterize
the important uptake transporters in the brain and good in vitro systems for evaluating these
uptake transporters should be implemented. These could avoid prematurely excluding
interesting non-BDDCS class 1 Pgp substrate candidate drugs.
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Increasing attention has recently been placed on investigating the role of BCRP (ABCG2)
on limiting the brain penetration of drugs. It may be possible that BCRP efflux should be
incorporated into our classification tree for improving large scale brain penetration
prediction. Our results suggest that BCRP is not a major determinant for a significant
fraction of drugs in this data set. Ignoring the importance of BCRP efflux should result in a
high number of false positive predictions. We only observed 5 false positives, where 4 of
them are probably Pgp substrates not recognized by the in vitro assay as discussed above. It
may be that BCRP limits the brain penetration of some of the drugs in our data set by acting
in tandem with Pgp as suggested by Polli et al. for lapatinib [143].

A link between BDDCS class 1 drugs and CNS side effects emerged when we applied our
classification tree to a set of 28 drugs with affinity for the H1 antihistamine receptor. All the
predicted BBB+ drugs were known to have sedative effects, while all the BBB- drugs were
non-sedating. Furthermore, BDDCS class 1 amitriptyline and risperidone, which have been
reported to be Pgp substrates, were predicted to be BBB+ and they are, in fact, sedating. For
this reason, while the design of BDDCS class 1 drugs is desirable when the target is the
brain, BDDCS class 1 drugs should be avoided or carefully monitored when the intended
target is peripheral. In this latter case, selecting those BDDCS class 2 NMEs that are P-gp
substrates is likely to result in reduced CNS-related side effects.

The theoretical basis for BDDCS is that the extent of metabolism predicts high versus low
permeability rate. A high permeability rate could be observed due to paracellular pathway,
transcellular pathway, and/or an uptake transporter. It has already been pointed out that
extensive metabolism may not occur if the drug is predominantly absorbed via a paracellular
pathway or uptake transport [16,144]. Therefore, extensive metabolism is likely to be a good
predictor of passive permeability when transcellular transit is the main pathway for
absorption [16,145]. We did observe that 5 extensively metabolized drugs in our data set
(~4%) had low calculated permeabilities according to our defined criteria for brain
penetration. Four of these 5 drugs are known to be mainly processed by non-CYP enzymes,
contrary to what is expected for the majority of marketed drugs [146]. Even though a certain
degree of inaccuracy for in silico calculations is expected, we are struck by these findings
where we believe it is not a coincidence; that is, passive transcellular permeability may be
predicted by CYP metabolism, but not necessarily by non-CYP metabolism. We are
currently further investigating this hypothesis.

Even though there is an overlap between BCS and BDDCS class assignment for many
drugs, it should not be assumed that BCS will be as good a predictor for brain penetration as
BDDCS. According to our framework, when the drug is a Pgp substrate, it is excluded from
the brain if it is a non-BDDCS class 1 drug. As mentioned above, BCS class 1 drugs can be
BDDCS class 3 drugs if their absorptive mechanism is primarily via uptake transport (e.g.
digoxin [147] and neostigmine [148]) or the paracellular pathway (e.g. sotalol [149]) in the
intestine. Being that digoxin, neostigmine, and sotalol are Pgp substrates [19,23,150], they
are correctly classified as being BBB-[42,62,151] using BDDCS while incorrect predictions
arise using BCS. Hence, we recommend using caution when considering the use of BCS for
predicting brain disposition.

Using in silico models such as Lipinski’s CNS rules and the VVolSurf+ descriptor LgBB, one
can achieve good prediction accuracies of about 80% that are suitable for compound
prioritization and elimination in the early phases of drug discovery. In advanced phases,
properties such as Pgp profile, in vitro permeability, and solubility should be assessed. At
this stage of drug discovery, our decision scheme can better serve as a guideline for
optimizing interesting candidates in a flexible way, as opposed to pure in silico-based
structural considerations that constrict the portion of the chemical space being explored.
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Computational models for Pgp substrate/non-substrate could be incorporated, together with
an in silico BDDCS model [16] and the VolSurf+ CACO2 model, to implement the
computational equivalent of this decision scheme. With enough data and adequate sampling,
such Pgp substrate/non-substrate models are quite possible, given that such models already
exist for Pgp inhibitor/non-inhibitor data [152].

Simple molecular descriptors have been used for decades to predict CNS disposition. Even
though our approach outperforms these models, it is interesting that different perspectives
can achieve an overlapping amount of success in their predictions. This led us to investigate
if the molecular descriptors were in fact linked to the biological factors influencing brain
penetration. We observed that, on average, the molecular weight and the number of
heteroatoms (either expressed as oxygens, nitrogens, hydrogen bond acceptors, and
hydrogen bond donors) not only increased the chances of being BBB—, but also of being a
Pgp substrate, having a low permeability, and being a non-BDDCS class 1 drug. Even if
these rules of thumb are generally successful in their predictions and apply to more than half
of the known drugs, they have large standard deviations and cannot be considered infallible.
Drug discovery should not be strictly guided by such simple descriptors, but also by less
intuitive properties. We suggest that for highly metabolized drugs, BBB penetration in
humans can be optimized by increasing their solubility. Even if linking these two properties
is not intuitive, Alelyunas et al. [153] found that, starting from the experimental solubility
measures for 98 marketed CNS drugs, over 85% of them are highly soluble. Other recent
work [154] suggests that solubility optimization can be achieved by manipulating the
molecular symmetry of the drugs. Adopting such strategies, rather than drastically changing
the molecular weight or number of heteroatoms, could result in optimal disposition
properties while having a smaller impact on the bioactivity of interesting CNS candidates.

We also found that the probability of being a Pgp substrate increases with the number of
violations to the Lipinski rules of five (Ro5) [137]. Approximately 79% of our drugs with no
Ro5 violations are Pgp non-substrates, while about 89% of those with 2 or more violations
are Pgp substrates. When an additional 34 drugs with known efflux ratios were analyzed, the
correspondence between the lack of Pgp efflux and no Ro5 violations weakened, while Ro5
violations, particularly 2 or more, were confirmed to be a good predictor of Pgp efflux. Ro5
was developed to highlight good bioavailability via passive permeability. Therefore, a
number of two or more Ro5 violations are likely to identify drugs that are not only Pgp
substrates but also in BDDCS classes 3 and 4 (thus corresponding to drugs with suboptimal
permeability). Shugarts and Benet have shown that Pgp can limit the intestinal fraction
absorbed for class 3 and 4 drugs [15]. This observation explains what has been recently
reported by Varma and colleagues: the Lipinski Ro5 models bioavailability because of its
effect on the fraction absorbed in the intestine, but not the fraction metabolized in the gut
and liver [155]. Shugarts and Benet have observed that most of the BDDCS class 3 and 4
drugs on the market can be absorbed in the intestine because they are substrates for uptake
transporters in the gut [15]. Hence, we suggest that high-value NMEs usually considered
unsuitable because they are not included in the physicochemical space for optimal oral
bioavailability (e.g., two or more Ro5 violations) could be further investigated by
understanding and optimizing their affinity for uptake transporters in the gut. Such an
approach may lead to a larger area of chemical space being available for drug discovery.

5. Future prospects of BDDCS in drug discovery

Within the last decade, our laboratory has investigated the relationship between drug

transport and drug disposition in the human body, particularly with respect to transporter-
enzyme interplay. The transformation of information into knowledge has been possible in
part due to a simple four class system: the BDDCS. We recognized that classes 1, 2, and 3

Adv Drug Deliv Rev. Author manuscript; available in PMC 2013 January 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Broccatelli et al.

Page 12

have different profiles with respect to brain disposition, as well as protein binding [16],
intestinal absorption [15], and potential drug—drug interactions [15]. An in silico approach to
predicting BDDCS class drugs solely based on their molecular structure has been proposed
[16]. Using such knowledge, it is possible to guide the drug discovery process from the early
phases in order to avoid facing toxicity and drug—drug interaction problems that usually
emerge in the last stages, when failures becomes very expensive. In Fig. 8, we provide
BDDCS-based strategies for achieving these goals.

We suggest that when looking for CNS drugs, NMEs predicted as class 1 drugs should be
prioritized, since they will likely have no problem with intestinal absorption, protein
binding, and brain penetration. In contrast, when the candidate drug is for peripheral use,
class 1 may need to be avoided, in order to exclude CNS side effects. In these cases, Pgp
may even need to be switched from an antitarget to a target, as to prevent brain entry, a
mechanism observed for antihistamines [140]. Class 2 Pgp substrate drugs could be ideal
peripheral candidates, since they easily penetrate the gut membrane by passive permeability.
For these drugs, in vitro permeability testing may be unnecessary. However, it is important
to identify the fraction of the NME dose that is metabolized in the intestine and in the liver,
to forecast potential toxicity and drug—drug interaction (transporter—enzyme interplay).
Nevertheless, since BDDCS class 2 drugs are highly lipophilic, these NMEs should be tested
for hERG, CYP, and Pgp inhibition, which have been linked to the lipophilicity of the drug
[152,156,157]. Not likely to have issues related to metabolism, BDDCS class 3 NMEs
should be optimized to have good binding affinity to intestinal uptake transporters in order
to be well absorbed. Use of this biological knowledge could represent a gateway for
exploring new portions of the chemical space that were previously unexplored by medicinal
chemists.
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Fig. 1.
The Biopharmaceutics Drug Disposition Classification System (BDDCS).
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Fig. 2.
Pie and bar charts showing the relative percentage of the drugs in the data set classified
based on their ability to cross the blood brain barrier, Pgp profile, and BDDCS class.
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Fig. 3.

A) Receiver-operating characteristic (ROC) curves for CACO2 permeability and CLogP
used as classifiers to discriminate BBB+ and BBB- classes, where BBB- is the targeted
class (class to be predicted). Each point in the ROC curve represents a descriptor value
(either CACO2 or CLogP) and the fraction of true positives (correctly classified BBB-
drugs) and false positives (incorrectly classified BBB- drugs) associated, if that descriptor
value is used as the cut-off to discriminate the two classes. B) CLogP distributions of BBB+
and BBB- drugs. The box is delimited by the 1st and the 3rd quartiles, the line inside the
box is the median, the whiskers correspond to 5th and 95th percentiles, and the dots are
outliers. C) VolSurf+ CACO2 descriptor distributions of BBB+ and BBB- drugs. The box is
delimited by the 1st and the 3rd quartiles, the line inside the box is the median, the whiskers
correspond to 5th and 95th percentiles, and the dots are outliers.
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Pipeline of rules for predicting brain disposition. Rules are presented as a classification tree,
and are based on the drug BDDCS class, Pgp profile, and the VVolSurf+ descriptor CACO2
value (cPermeability is+if it is above —0.3, “~" if it is below). Pie chart red represents BBB-
fraction of drug population evaluated; pie chart green represents BBB+ fraction.
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Brain Disposition Prediction
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Fig. 5.

Accuracy of blood-brain barrier crossing prediction for the different methods. The
sensitivity is the accuracy in predicting BBB+ drugs, while specificity is the accuracy in
predicting BBB- drugs.
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Average and standard deviation for the following drug properties: nitrogen, hydrogen bond
donor, oxygen and hydrogen bond acceptor counts, molecular weight, CLogP. cPermeability
is “+” if VolSurf+ CACO2 descriptor is over —0.3, otherwise it is “~".
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Brain Disposition and Sedative Effect
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Fig. 7.
Predicted blood-brain barrier penetration for 28 drugs with affinity for H1 receptor and
associated severity of sedative effect. BBB- drugs do not exert CNS side-effects.
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*Further characterization of and differentiation between relevant intestinal and brain uptake transporters is necessary for

these steps to be likely successful.

Fig. 8.
BDDCS in drug discovery.
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