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Predicting blood-brain barrier penetration of drugs
by polar molecular surface area and molecular volume

R

FU Xu-Chun', CHEN Chun-Xiao®, LIANG Wen-Quan, YU Qing-Sen® { College of Pharmaceutical Sciences, Zhe-
Jiang University, Hangzhou 310031 3 >First Affiliated Hospital of Zhejiang University, Hongzhon 310003 3 *Deparnnent
of Chemistry, College of Science , Zhejiang University, Hangzhou 310027, China}

KEY WORDS blood-brain barrier; molecular strug-
ture; statistical models; regression analysis

ABSTRACT

AIM: To predict the blood-brain barrier penefration by
polar molecular surface area and molecular volume.
METHODS : Polar molecular surface area and molecular
volume are calculated by Monte Carlo method from the
lowest energy conformation obtained using the semiempir-
ical self-consistent field molecular orbital calculation AM1
method.  The stepwise multiple regression analysis is
used (o derive the comelation equations between the ratios
of the steady-state concentrations of the training com-
pounds in the brain to in the blood {logBB}and their
structural parameters, RESULTS; For a training set of
56 compounds. logBB values are well correlated with the
sums of surface areas of oxygen and nitrogen atoms
(Sox. A%, excluding the nitrogen atoms in nitrogen
molecule or in nitro) and molecular volumes { V, A%).
The regression equation is logBB = - 1.331 x 107> V* +
0.228x 10V —0.02439850. x — 0.4318 (n =56, r=
(.9043). The calculated logBB values of a test set of 10
compounds from the model agree well with their experi-
mental logBB values. CONCLUSION: The model is
simple and effective. It can be used to predict the JogBB
values of candidate molecule in drug design.

INTRODUCTION

It is important i0 determine whether a candidate
molecule is capable of penetrating the blood-brain barrier
{BBB) in dug design. High penetration is needed for
drugs targeted 2t the cemtral mervous system (CNS),
while jow penetration may be desirable in order to mini-
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mize CNS-related side effects for drugs aimed at other
sites of action. A common measure of the degree of
BBB penetration is the ratio of the steady-state concentra-
tion of the drug molecule in the brain to in the blood,
usually expressed as 10g{ Comnbicod) OF logBB.  The ex-
perimental determination of logBB is a time-consuming,
expensive, and difficult technique. requiring the animal
experiments and the synthesis of the test compounds
(often in radiolabeled form)*'“* . It is of very consid-
erable value to predict logBB of drugs from their physico-
chemical parameters or, ideally, from their molecular
structures.  Young et a'?) showed that logBB vilues of
20 H, receptor histamine antagonists were correlated with
Alog P(octanol — cyclohexane}. van de Waterbeernd et
al'® examined the same series of 20 compounds and
found a significant correlation berween logBR and the cy-
clohexane-water partition coefficient when the molecular
volume was included in the parameterization. They also
found that logBB was correlated with polar molecular sur-
face area (PSA, defined as the area of its van de Waals
surface that arises from oxygen or nitrogen atoms or hy-
drogen atoms attached to oxygen or nitrogen atoms ' .
but the model showed it to be poorly predictive when test-
ed with compounds outside its training set®, suggesting
that the structural diversity of the 20 H, receptor histamine
antagonists might be insufficient to develop a generally
applicable model for predicting logBB. Thus Abraham
et al'’ constructed a larger training set of 65 compounds
and derived a correlation between logBB and solvato-
chromatic parameters for 57 compounds {8 compounds
were excluded as outliers). With a set of 57 compounds
drawn from the Abraham training set”’) mentioned above,
Lombardo!®’, Norinder!”’, Clark"", and their co-
workers developed the models for logBB prediction using
calculated molecular structural parameters such as free en-
ergy of solvation in water (AGY )", Molsurf parame-
ters-”), PSA, and octanol-water partition coefficient
(ClogP or MlogP )" respectively. Recently. other
two models for the prediction of blood-brain barrier pene-
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tration from three-dimensional molecular structure! ' and
from the calculated uctanol-water partition coefficient, the
number of hydrogen-bond acceptors, and the polar sur-
face area' ™" were reported.  In this paper, we derive a
new and simple model for the prediction of logBB.

METHODS

The molecular geometries of the compounds studied
in this paper are optimized using the semiempirical self-
consistent  field molecular orbital  caleulation AM]
method""™ . Polar molecular surface areas and molecular
volumes are calculated by Monte Carle method' ™ and the
atomic radii used to calculate polar molecular surface ar-
eas and molecufar volumes are same with those Clark!"”
used. The siepwise muliiple regression apalysis is used
to obtain the correlation equations berween the logBB val-
ues of maining compounds and their stuctural parameters.

RESULTS

The 57 compounds, previously studied by Lombardo
et ai™ and other researchers™ """ are illustrated in Fig 1
and listed in Tab 1 along with experimental logBB values
taken from reference 8.

The predicted logBB values for a test set are listed in
Tab 2. Compounds 58 — 63 were also predicied as an
external test sel by other groups'®™ "' and compounds
04 — 67 were reported recently .

Using PSA and V' as regression variables, the fol-
lowing regression equation is obtained trom the stepwise
multiple regression analysis [ including square and product
terms) for the 57 compounds,

fogBB = — (.037 x 1077 V¥ + 6.755 x 1077 ¥ —
0.01808PSA - 0.1581
n=56, r=0.8732, 5=0.3733. F=5502 (1)

where # is the number of compounds. + is the correlation

Tah 1. logBB values of 57 compouds and their structurl parameters
. lugBB logBB
Compound Vv Sov pm B Compound v S o
1 3003 .8 -1.42 -0.92 Butanone 6.5 A2 =08 =003
2 173.0 ni.a —-0.04 ~0.7 Benzene 114.5 (1N 037 (.45
3 472.5 89.0 —2.00 -1.23 3-Methylpentane 159.7 D0 1. .70
4 7.5 0.1 - 1.30 -1.08 F-Methylhexane 182.7 LINH [IRY.4) 0.81
5 5080 8.5 - 1.06 -1.09 2-Propanol o3 8.7 15 0.1
o 2422 33.8 011 ¢.20 2-Methylpropancl 122.1 17.49 ~0.17 0.06
7 383.3 3L.6 .48 0.38 2-Methylpentane 161.2 0.0 .97 0.71
2 3858 8.3 0.83 0.95 2. 2-Dimethylbutane 1539.0 .0 1.04 n.5o
9 381 738 -1.23 -0.63 CR,CH,Cl 103.9 (.0 (.08 (. 36
10 3505 118.3 -0.82 -1.72 CH,CCl, 1X3.8 0.0 A0 (.51
11 2405 776 —1.17 -0.88 Diethyl ether 127.0 1.0 (X .26
12 3579 7l.1 -2.15 - CHF,OCFE,CHFCI 1449 a4 0.2 0.39
13 MH2.0 3.3 —0.67 -0.64 Ethanol 0.0 19.7 - 0. 10 -0.2
14 6.8 4.6 ~0.66 -0.66 CF,CH,OCH =CH, 131.1 10.8 (h 13 0.2
15 133.8 0.8 —-0.12 -0.60 CF,CHCIBr 127.2 .0 [{ N5 a3
I3 1.9 6.8 -0.18 -0.48 Heptane 185.8 . 0.8l .82
7 2516 81.1 -1.15 —093 Henane 162 4 0.0 .30 072
18 301.5 43,9 —-1.57 -1.03 CHEF, OCHCICF; 144.2 9.9 0,42 0.38
19 2.0 115.1 -1. -1.64 Methane 44.2 0.0 (h 4 -0.05
20 387.0 71.5 -1.12 -0.73 Methylcyclopentane 145.9 .0 [{395) .63
21 A2.5 721 -0.73 -0.91 Mitrogen 39.4 .0 0. (kS —(h(G
22 382.6 716 -0.27 —0.60 Pentane 138.7 1R .20 6.39
23 398.8 0.8 -0.23 -0.74 Propanol 99 .4 9.5 =16 -0.12
24 3975 6.1 =0.46 (+.0l Propanone 931 221 - .15 —1.:23
25 664 40.6 ~{).24 =001 CF,CHFBr 1141 (.4 (027 .45
26 343.3 .3 —0.02 0.33 Toluene 137.5 [{N0] 037 (30
27 437.3 32.0 0.60 0.20 Trichioroethane 113.3 0.0 .31 044
e 425.7 30.2 0.4 .20
20 479.3 37.4 (14 (.02
30 467 .3 46. 1 0,22 =015

1) From equation {3}
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Fig1. Compounds 1-30 and 58 - 67.
Tab 2. Predicted logBB values for a test set.
logBB
Com 5 : .
pound Y 0. Eixp'o-) This work  Lombardo®  Norindee'”  Clark 1" Clark-2"
o 276.8 03 0.00 .14 -0 14 -0.58 025 =001
50 2047 .7 -0.34 - (.22 —0.28 -1.11 -0.75 =37
) 398 8 80.5 =0.30 - .85 =044 -0.73 -0.70 =38
tl AH.5 o7 .6 -1.34 ~1.26 =0.61 0.4 —-1.20 —-0.83
62 4ld.1 114.1 -1.82 ~-1.67 -0.82 -1.35 -1.77 - £.28
o} 381.3 2.3 0.76-0.98 1.02 0.28 1.03 (+.70 (.80
ol 2380 53.3 -0.51 -0.24
i8] 231.0 .8 -0.1 -0.34
[} 265.9 3.1 -0.48 —0.70
67 231.7 0.6 ~0.37 - 0.46
MAE" 0.20 0.41 .30 0.24 0.23
i) The mean absolute errors over compounds 58 — 62
coefficient, s is the standard error. F is the Fisher val-  logBB = ~ 1.3%0 x 107> V¥ + 9,181 x 1077 v -
ue. As other groups '~ " have found, compound 12 s 0.01996SA —0.4274
an outlier which is omitted from the original set of 57. 2 =56, r=0.8051, s=0.3415, F=09.85 (2}
Two more significant regression equations are ob-  logBB = — 1.331 x 1077 V2 4+ 0228 x 107 v —
tained when PSA in equation (1) is replaced with other  0.024395¢ n - 0.4318
parameters relevant to the polar molecular surface areas.  # =56, r=0.9043, 5=0.3260, F=77.78 (3)
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here SA is PSA minus the surface areas of the nitrogen
atoms in nitrogen molecule or in nitro and Sq y is the
sum of surface areas of oxygen atoms and the nitrogen
atoms excepl those in nitrogen molecule or in nitro,

DISCUSION

The BBB penetration of a compound is generally be-
lieved 1o be dependent on its hydrogen bond potential,
lipophilicity and size'* "% Weak hydrogen bond
potential . high lipophilicity, and small size are favorable
1o BBB penetration. Because the nitrogen atoms in ni-
trogen molecule or in nitro are difficult 1o form hydrogen
honds with hydrogen bond donors, maybe SA is a more
appropriate  parameter indicating the capacity of a
molecule to form hydrogen bonds than PSA and better
correlated with logBB.

Among the atoms involved in SA, hydrogen atom is
hydrogen bond donor whereas oxygen and nitrogen atoms
are hydrogen bond acceptors.  When we divide SA into
So.~ and §)y which is the sum of the surface areas of hy-
drogen atoms attached (o oxygen or nitrogen atoms and
relate them and V with logBB, we obtain the equation
{3) in which there is no Sy tenm. The fact shows that
oxygen and nitrogen atoms are more important in logBB
prediction than the hydrogen atoms.

Equations (1) - (3) indicale that there is a parabolic
correlation between logBB and V. This comes from the
dual function of molecular size on BBB penetration.
creasing V' decreases molecular diffusion through a lipid
On the
other hand, bigger molecular volume also means higher
lipophilicity which facilitates BBB penetration when polar
surface areas remain unchanged. The results in Tab 2
shows that calculated logBB values of the compounds
from equation (3) agree well with their experimental
logBB values. Equation (3) performs as well as other
models™ - or even better than some of them. Further-
more, the paramelers used in equation (3) can be ob-
tained very easily. It is a simple and effective model for
logBB prediction. However, it can't completely take the
place of animal experiments and the logBB values ob-
tained from a predictive model usually need the verifica-
tion of animal experiments.

In-

- membrane and therefore decreases logBB value.
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