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Abstract—Racemate physicochemical descriptors are employed to probe the quantitative structure–activity relationship of spirosuc-
cinimide type aldose reductase inhibitors and the in vivo inhibitory activity of sorbitol accumulation. The in vivo activity data
include the percent inhibition and ED50 assay results on the literature. The derived QSAR equations show that the hydrophobic
character of aldose reductase inhibitor is the major contributing factor to enhance in vivo activity. As the hydrophobicity of com-
pounds is related to both the membrane permeability and the binding affinity to the aldose reductase, its contribution to the phar-
macokinetic behavior is further scrutinized by evaluating pKa and the Caco-2 cell permeability. The high correlation between ED50

and the Caco-2 cell permeability of in vitro active compounds indicates that the membrane permeability is essential for in vivo
efficacy.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

The hyperglycemia observed in diabetes mellitus seems
to be the primary instigator for the pathogenesis of
long-term diabetic complications such as retinopathy,
neuropathy, nephropathy, and cataracts.1,2 The elevated
glucose concentration in blood activates the polyol
pathway, of which the first enzyme is aldose reductase
(AR) reducing glucose into sorbitol.3,4 As the excessive
accumulation of intracellular sorbitol through the poly-
ol pathway is linked to the pathogenesis of diabetic com-
plications, prevention of sorbitol accumulation by
inhibiting the AR activity would be an effective
treatment.5,6

Although a large number of AR inhibitors have been
discovered to show significant activity in vitro and in
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animal models,7–17 most of them have been withdrawn
from clinical trial due to lack of efficacy or adverse
side effects.18–20 The promising compound in the in vi-
tro assay often failed in the in vivo test because of
pharmacokinetic problems such as absorption, distri-
bution, metabolism, and excretion (ADME). For in-
stance, tolrestat and ponalrestat reached the stage of
clinical trial but they were withdrawn due to low effi-
cacy.19,20 Recently, fidarestat showed encouraging re-
sults normalizing the erythrocytic sorbitol contents in
neuropathy patients with no significant side effects.21

However, it is still not recognized as an effective ther-
apeutic agent for worldwide use.

In search for a more potent and effective AR inhibitor,
Negoro et al. developed a series of spirosuccinimide-
fused tetrahydropyrrolo[1,2-a]pyrazine derivatives.22

We analyzed the quantitative structure–activity rela-
tionship (QSAR) of the tetrahydropyrrolo[1,2-a]pyra-
zine derivatives against their in vitro activity
data.23,24 The spirosuccinimide type AR inhibitors
were prepared as racemates rather than optically pure
compounds, except a few cases. In order to examine
the in vitro assay result of racemates, we devised
QSAR descriptors suitable for racemic mixtures. The
racemic descriptor, so called the RS-descriptor, was
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derived as the simple arithmetic mean of the R-de-
scriptor (for the (R)-enantiomer) and the S-descriptor
(for the (S)-enantiomer). The QSAR model derived
with the RS-descriptors was superior to those obtained
with either the original R-descriptors or the S-
descriptors.

Here we employ the RS-descriptors to investigate QSAR
of spirosuccinimide-fused tetrahydropyrrolo[1,2-a]pyra-
zine-1,3-dione derivatives preventing sorbitol accumula-
tion in vivo. The QSAR model would identify the
physicochemical property of candidate compounds
enhancing the pharmacokinetic behavior and the in vivo
potency. We also evaluate pKa and the cell permeability
of the inhibitor compounds to elucidate the pharmaco-
kinetic behavior.
2. Results and discussion

The in vitro and in vivo activity data of the series of
spirosuccinimide-fused tetrahydropyrrolo[1,2-a]pyra-
zine-1,3-dione derivatives are obtained from the assay
results of Negoro et al.,22 and collected in Table 1.
IC50 refers to the concentration of the compound re-
quired for 50% inhibition of the porcine lens AR activ-
ity. ED50 is the dose causing 50% decrease of the
sorbitol accumulation in the sciatic nerve of diabetic
rats in vivo. The percent inhibition of sorbitol accumu-
lation was measured at the dose of 30 mg/kg/day and
the test compound was orally given once a day for 5
days.22 The percent inhibition value of over 100%
means that the test compound decreases the sorbitol
content in the sciatic nerve of diabetic rats below that
in the control, the sciatic nerve of nondiabetic rats. The
percent inhibition value and the negative logarithm of
ED50 (pED50) are the dependent variables in our
QSAR analyses.

We first built the QSAR equations for the percent
inhibition of sorbitol accumulation in the sciatic nerve
of diabetic rats (Table 1). Following the same proto-
col employed to derive the QSAR equations for the
in vitro pIC50 data,23,24 we determined the optimal
number of terms of the in vivo QSAR equation based
on the statistics of resultant QSAR models. We
sequentially applied the genetic function approxima-
tion (GFA) technique25 with the RS-descriptor set
by limiting the number of terms from one through
six and generated six QSAR models. Among those
best QSAR equations, the five term QSAR equation
shows the lowest LOF score (0.187) and the largest
F value (51.822). The extra descriptor to the five term
equation slightly improves the statistics; the regression
coefficient of the six term equation is 0.975 and the
standard deviation is 0.261. However, the six term
equation has a higher LOF score (0.225) and a lower
F value (48.875). Furthermore, the sequential F value
(Fs) for the sixth term addition is 2.954. Therefore, we
fixed the number of descriptors to five in the QSAR
equations for the percent inhibition activity. The best
five term QSAR equation is shown in Eq. 1 with the
statistics.
% Inhibition ¼ 0:718 PNSA1 � 0:528 V 2
NCOS � 0:342 lz

� 0:262 F 2
H2O þ 0:254 Sz

n ¼ 22; r ¼ 0:970; q2 ¼ 0:911; LOF ¼ 0:187; s ¼ 0:276;

F ¼ 51:822ð2:852Þ; F s ¼ 9:881 ð1Þ

where n is the number of compounds, r is the regression
coefficient, q2 is the cross-validated r2 from the leave-
one-out procedure, LOF is Friedman’s ‘lack of fit’ score,
and where s is the standard deviation of estimation. F is
the F value, a measure of statistical significance level of
the model, and the F value given in parentheses is that of
95% significance level. Fs is the sequential F value, which
is used to compare two regression models with different
number of descriptors.24

We also examined the performance of RS-descriptors in
the QSAR analyses of the in vivo activity data. We sep-
arately derived five term QSAR equations with R-de-
scriptors and S-descriptors, and called them R-
equation and S-equation, respectively (data not shown).
The regression coefficient is 0.952 and the cross-validat-
ed r2 is 0.823 for the R-equation. Those statistical values
are 0.970 and 0.901, respectively, for the S-equation.
The racemic QSAR model derived with the RS-descrip-
tors shows a higher regression coefficient and predictive
power than the original R-equation and the S-equation.
The RS-descriptors are suitable to the QSAR analysis of
the in vivo activity data as well as the in vitro data ob-
tained with racemates.

The first entry of the five term QSAR equation is the
partial negative surface area, PNSA1. PNSA1 is defined
as the sum of the solvent-accessible surface areas of all
negatively charged atoms.26 PNSA1 and the percent
inhibition most strongly correlate with the correlation
coefficient of 0.838. AlogP is the direct measure of the
hydrophobicity of the compound.27 The strong correla-
tion between AlogP and the percent inhibition (the cor-
relation coefficient of 0.658) indicates that AlogP would
also positively contribute to the percent inhibition.
However, AlogP is filtered out in the descriptor screen-
ing process as it shows strong correlation with PNSA1.
The correlation coefficient is 0.746. The positive contri-
bution of PNSA1 and AlogP suggests that the hydro-
phobic character of the compound is very important
for high in vivo activity.

Previously, we showed that the in vitro AR inhibitory
activity (pIC50) of 30 tetrahydropyrrolo[1,2-a]pyrazine-
1,3-dione derivatives was primarily governed by the
hydrophobicity of compounds.24 The in vitro activity
and the in vivo percent inhibition activity show strong
correlation with the correlation coefficient of 0.789.
The hydrophobicity of compounds plays an essential
role in the direct hydrophobic interaction with AR in vi-
vo as well as in vitro. However, the hydrophobic charac-
ter is related not only to the direct hydrophobic
interaction with AR but also to the membrane perme-
ability of the compound. The pharmacokinetic behavior
should not be ruled out in the QSAR model of in vivo
activity.



Table 1. Predicted and observed activity data of 2-substituted-1,2,3,4-tetrahydropyrrolo[1,2-a]pyrazine-4-spiro-3 0-pyrrolidine-1,20,3,5 0- tetronesa

N

N

HN

O

O

O

O

R1

*

Compound R1 R2 pIC50
b % Inhibitionc pED50

e

Observed Predictedd Observed Predictedf

1 H — 0.201 33.2 37.9

2 CH3- — 0.553 51.2 50.2

3 C6H5- — 0.699 27.2 25.3

4 C6H5-(CH2)2- — 0.569 15.3 15.0

N

N

HN

O

O

O

O

1

2

3

4

5

6

R2

*

5 — H 1.004 69.1 63.4

6 — 2-F 1.215 98.0 91.8 5.419 5.065

7 — 4-F 0.921 58.8 71.4

8 — 2-Cl 1.432 97.0 83.8 4.790 5.028

9 — 3-Cl 1.456 99.4 100.7 4.974 5.147

10 — 4-Cl 1.420 104.6 88.1 5.378 5.252

11 — 2-Br 1.284 82.6 84.2

12 — 3-Br 1.432 102.1 96.8

13 — 4-Br 1.328 108.1 99.6 5.923 5.587

14 — 4-CH3 1.284 65.8 69.3

15 — 4-OCH3 1.337 46.7 62.3

16 — 4-CF3 1.097 88.4 91.5

17 — 4-NO2 0.959 102.2 108.6 4.533 4.433

18 — 4-NH2 0.854 33.4 31.1

19 — 2,4-F2 1.143 98.0 95.3 4.823 5.270

20 — 3,4-Cl2 1.638 111.8 115.6 5.815 5.819

21 — 2-F, 4-Cl 1.387 109.5 112.6 5.706 5.763

22 — 2-F, 4-Br 1.347 114.6 122.4 6.146 6.143

a The observed in vitro and in vivo activity values are obtained from Ref. 22.
b pIC50 = �log(IC50), where the IC50 value is in lM.
c Test compounds were orally given once a day for 5 days at 30 mg/kg/day.
d % Inhibition is predicted by the five term equation (Eq. 1).
e pED50 = �log(ED50), where the ED50 value is in mol/kg/day.
f pED50 is predicted by the two term equation (Eq. 2).
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The second entry is the noncommon overlap steric vol-
ume, VNCOS. The negative coefficient of V 2

NCOS implies
that the molecular shape should match that of the refer-
ence molecule (compound 22). The molecular shape
descriptor would reflect the binding conformation of
the compound. In the previous QSAR analysis of the
in vitro activity, VNCOS is one of the most important
contributing descriptors to the inhibitory activity
against AR. The V 2

NCOS term indicates that both in vitro
and in vivo activities require the binding affinity of the
compound to AR.

The z-component dipole moment, lz, negatively contrib-
utes to the percent inhibition. It indicates that a com-
pound with the larger dipole moment in the negative
z-direction is expected to have greater activity. The in vi-
tro QSAR analysis shows that the contribution of
hydrophobic character to the inhibitory activity is mod-
ulated by the polar descriptors such as the difference in
charged partial surface area (DPSA1) and the x-compo-
nent dipole moment (lx). The correlation coefficient be-
tween lz and lx (the negative contributor to the in vitro
activity) is 0.556. lz reflects the polar modulation on the
hydrophobic character of the compound binding into
the AR active site.

FH2O is the aqueous desolvation free energy of the mol-
ecule. The solubility of the compound moderately con-
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Figure 1. The percent inhibition values of tetrahydropyrrolo[1,2-

a]pyrazine-1,3-dione derivatives predicted by the five term QSAR

equation are compared to the assay data.
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tributes to the in vivo activity as indicated by the cor-
relation coefficient �0.296 between F2

H2O and the per-
cent inhibition. The square of the aqueous
desolvation free energy negatively contributes to in vivo
inhibition. The lower desolvation free energy for the
higher activity implies that in vivo potency requires
both the binding affinity to AR and the membrane
permeability.

The last entry of the five term QSAR equation is Sz, the
length of the molecule in the z-direction.28 Sz positively
contributes to the percent inhibition. The positive con-
tribution of Sz implies that the extended conformation
is preferred for the biological activity.

The correlation matrix of the selected descriptors in the
QSAR (Eq. 1) is given in Table 2. The maximum value
of the intercorrelation coefficient is 0.369 between V 2

NCOS

and Sz. All the intercorrelation coefficients of the
descriptors are less than 0.4, which indicates that the five
descriptors selected construct reasonably independent
space for the QSAR model. The percent inhibition activ-
ities predicted by Eq. 1 are listed in Table 1 and are com-
pared with the observed activities in Figure 1. The
standard deviation is 0.276 and the cross-validated r2

is 0.911.

We also investigated the in vivo activity of spirosuccin-
imide-fused tetrahydropyrrolo[1,2-a]pyrazine-1,3-dione
derivatives by using pED50 as the dependent variable
for the QSAR analysis. The same GFA protocol was
used to generate a QSAR equation set in the reason-
ably independent RS-descriptor space. The best QSAR
equation is shown in Eq. 2 with the statistical
measures.

pED50 ¼ 0:780 Alog P � 0:409 V 2
NCOS

n ¼ 10; r ¼ 0:892; q2 ¼ 0:598; LOF ¼ 0:510; s ¼ 0:512;

F ¼ 13:647ð4:737Þ; F s ¼ 5:715. ð2Þ
We obtained one through three term QSAR equations
by limiting the number of terms in the GFA procedure.
We select the two term equation as the best QSAR mod-
el for further analyses because it has the lowest LOF of
0.510 and the largest F value of 13.647. Although the
third term addition improves the regression coefficient
to 0.926, the three term equation fails in the sequential
F test. The Fs value for the third term S2

y addition is
2.602, which is lower than the 95% significance limit
(4.757). The LOF score of the three term equation is
0.801 and the F value is 12.047.
Table 2. Correlation matrix for the terms of the QSAR equation for the pe

PNSA1 V 2
NCOS lz

PNSA1 1.000

V2
NCOS �0.172 1.000

lz 0.273 �0.249 1.00

F2
H2O �0.135 0.027 �0.21

Sz 0.347 0.369 0.31

% Inhibition 0.838 �0.480 0.12
Eq. 2 shows that AlogP is the primary term and V 2
NCOS

negatively contributes to the in vivo activity. As in the
QSAR model of the percent inhibition, the hydrophobic-
ity is the key factor in QSAR of pED50. The QSAR model
also indicates that the molecular shape of the reference
compound 22 is well optimized and deviation from the
reference structure is unfavorable for the inhibitory activ-
ity. AlogP and V 2

NCOS are well independent as indicated
by the intercorrelation coefficient�0.032. The correlation
coefficients of AlogP and V 2

NCOS with pED50 are 0.793
and�0.434, respectively, which are very close to the coef-
ficients of Eq. 2. The pED50 values predicted by the two
term QSAR equation are listed in Table 1 and are plotted
against the observed activities in Figure 2.

AlogP, PNSA1, and most surface area descriptors cor-
relate strongly with each other and reflect the hydropho-
bicity of the molecule. The hydrophobic descriptors
primarily contribute to the AR inhibitory activities. It
is likely that the hydrophobic character of compounds
has the dual role in both the pharmacokinetic behavior
and the binding affinity to AR. While the contributing
factor for in vitro IC50 is the indicator of the binding
affinity to AR, those for in vivo ED50 and the percent
inhibition play an extra role in the pharmacokinetic
behavior like absorption, membrane transport, and dis-
tribution in the biological system.
rcent inhibition

F 2
H2O Sz % Inhibition

0

1 1.000

0 0.018 1.000

0 �0.296 0.197 1.000
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Figure 2. pED50 of tetrahydropyrrolo[1,2-a]pyrazine-1,3-dione deriv-

atives predicted by the two term QSAR equation are compared to the

assay data.
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Although ED50 is assayed for only active compounds in
the in vitro AR inhibitory assay (pIC50 P 1), there is
substantial variation in the in vivo activity of the 10
training compounds. The correlation coefficient between
pED50 and pIC50 is only 0.503. It suggests that the in vi-
tro affinity for AR is not sufficient but necessary for the
in vivo activity. The hydrophobic descriptors of Eq. 1
and 2 must implicate the ADME profile of the com-
pound as well as the AR binding affinity.

We further considered pKa and cell permeability as fac-
tors establishing the ADME properties of compounds.
The cell permeability is the direct measure for absorp-
tion of the compound. We utilized the pKa DB module
of the ACD/MedChem Advisor program29 to evaluate
the pKa value of the ionizable moiety of the compounds.
The ACD/pKa DB program calculates accurate acid–
base ionization constants at 25 �C and zero ionic
strength in aqueous solutions.29 We also predicted the
Caco-2 cell permeability of each compound by using
the PreADME program, which was implemented with
the back-propagation method on the artificial neural
network.30

pKa value and the Caco-2 cell permeability are evaluated
for 10 tetrahydropyrrolo[1,2-a]pyrazine-1,3-dione deriv-
atives whose pED50 was determined and two acetic acid
derivatives, ponalrestat and tolrestat. The pKa values
and the Caco-2 cell permeabilities are listed in Table 3
along with in vitro and in vivo activities.

While ponalrestat and tolrestat show the similar in vitro
activities as the active spirosuccinimide AR inhibitors,
they have much lower in vivo activities (Table 3). Ponal-
restat and tolrestat have pKa values of 3.360 and 3.486,
respectively, due to the carboxylic moiety and are
expected to be ionized at the physiological pH. The acid-
ic group may act adversely on the membrane transport
to result in poor in vivo activity. On the other hand,
the 1 0 nitrogen in the succinimide ring of spirosuccini-
mide-fused tetrahydropyrrolo[1,2-a]pyrazine-1,3-dione
derivatives yields a pKa of around 10.5 and it maintains
the neutral form at the physiological pH.

The predicted Caco-2 cell permeability, the last column
of Table 3, clearly demonstrates that the absorption
characteristic strongly correlates with the in vivo activi-
ty. While the Caco-2 cell permeability of ponalrestat and
tolrestat is 0.464 and 1.343, respectively, it is greater
than 3.0 for the spirosuccinimide derivatives, except
for compound 17. The Caco-2 cell permeability of com-
pound 17 is 0.210 due to the polar p-NO2 group.

Figure 3 graphically shows the dependence of pED50 on
the Caco-2 cell permeability. The correlation coefficient
of pED50 and the Caco-2 cell permeability is 0.638 includ-
ing the outlier compound 8. Excluding the outlier, it is
0.863. The in vivo activity of candidate compounds de-
pends on both the affinity to the AR active site and the
pharmacokinetic property. Although we included only
10 active compounds in the QSAR analysis, we observed
high correlation between pED50 and the Caco-2 cell per-
meability. The polarization states as well as the hydro-
phobicity of AR inhibitors are very important for the
potent agent to prevent sorbitol accumulation in vivo.
3. Conclusion

The quantitative structure–activity relationship of spiro-
succinimide type AR inhibitors was investigated for two
sets of in vivo inhibitory activities, the percent inhibition
with 22 compounds and ED50 with 10 compounds. As
the compounds were assayed as the racemate, it is advan-
tageous to employ physicochemical descriptors incorpo-
rating the contribution of each enantiomer. The racemic
RS-descriptor, the simple arithmetic mean of R-descrip-
tor and S-descriptor, turned out to be suitable for the
in vivo QSAR as it did for the in vitro QSAR.

The resultant in vivo QSAR equations show that the
hydrophobicity is the major factor for inhibition of sorbi-
tol accumulation and that compound 22 is well optimized
for the AR inhibitory activity. The same holds true for the
in vitro IC50 QSAR analysis performed previously. The
hydrophobic character is desired for both absorption at
the cell membrane and binding affinity at the AR active
site. The QSAR models by themselves do not discriminate
the hydrophobic interaction for AR binding from that for
pharmacokinetic ADME properties.

We also evaluated pKa and the Caco-2 cell perme-
ability for 10 active spirosuccinimide-fused tetrahy-
dropyrrolo[1,2-a]pyrazine-1,3-dione derivatives and
compared them to those of two well-known AR
inhibitors, ponalrestat and tolrestat. Low in vivo effi-
cacy of ponalrestat and tolrestat is due to low pKa

and the low Caco-2 cell permeability of the com-
pounds. Spirosuccinimide compounds have pKa well



Table 3. pKa and the Caco-2 cell permeability evaluated for AR inhibitors

N

N

HN

O

O

O

O

1

2

3

4

5

6

R1

*

Compound R1 pIC50
a pED50

b pKa
c Caco-2 celld (· 106cm/s)

6 2-F 1.215 5.419 10.484 5.928

8e 2-Cl 1.432 4.790 10.485 7.503

9 3-Cl 1.456 4.974 10.487 3.869

10 4-Cl 1.420 5.378 10.487 3.869

13 4-Br 1.328 5.923 10.487 4.557

17 4-NO2 0.959 4.533 10.481 0.210

19 2,4-F2 1.143 4.823 10.483 3.313

20 3,4-Cl2 1.638 5.815 10.482 5.923

21 2-F,4-Cl 1.387 5.706 10.482 4.530

22 2-F,4-Br 1.347 6.146 10.482 5.254

Ponalrestat
N

N

O

Br

F

COOH

1.678 4.441 3.360 0.464

Tolrestat

CF3

O

NS COOH

1.824 4.166 3.486 1.343

a pIC50 = �log (IC50), where the IC50 value is in lM.
b pED50 = �log(ED50), where the ED50 value is in mol/kg/day.
c pKa values were evaluated with the ACD/MedChem Advisor program.29

d These values were calculated by using the PreADME program.30

e The outlier.
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above the physiological pH and maintain the neutral
state suitable for the membrane transport. The high
correlation between ED50 and the Caco-2 cell perme-
ability indicates that the hydrophobic character of
spirosuccinimide type AR inhibitors warrants in vivo
efficacy.
4. Materials and methods

4.1. Molecular structure

All spirosuccinimide congeners have a chiral center as
shown in Table 1. We separately built the (R)-enantio-
mer and (S)-enantiomer molecular structures of 22
training compounds using Cerius2 program on Silicon
Graphics Octane R10000 workstation.31 The lowest
energy conformation of (R)-enantiomer was obtained
by thorough conformational search and energy minimi-
zation. A set of conformers of a compound was generat-
ed by the grid search method and the molecular energy
was minimized using the Merck Molecular Force Field.
The energy minimization was performed with the adopt-
ed basis Newton Raphson method until the root mean
square of energy gradients reached 0.001 kcal/mol-Å.
As the optimized (R)-enantiomer molecular structure
of compound 22 was close to that of AS-3201 bound
at the active site of AR,32 it was set to be the reference
molecular frame. All other (R)-enantiomer structures
were aligned to the reference structure through the flex-
ible docking procedure.32 With the (R)-enantiomer
structure determined, the initial structure of (S)-enantio-
mer was built by rotating the spirosuccinimide ring of
the optimized and aligned (R)-enantiomer structure by
180� and was optimized by the same minimization
protocol.

4.2. Molecular descriptors

The physicochemical descriptors for each enantiomer
were calculated using the QSAR+ module of the Cerius2
program package.31 These descriptors include conforma-
tional, electronic, spatial, structural, thermodynamic,
and molecular shape analysis descriptors. Atomic partial



4.0

4.5

5.0

5.5

6.0

6.5

0 1 2 3 4 5 6 7

Caco-2 cell permeability

pE
D

50

r = 0.863 

Figure 3. Correlation of observed pED50 and the predicted Caco-2 cell

permeability of 10 active spirosuccinimide AR inhibitors, ponalrestat

and tolrestat. Compound 8 is excluded as the outlier.

3096 K. Ko et al. / Bioorg. Med. Chem. 14 (2006) 3090–3097
charges were assigned to the optimized molecular struc-
tures using the charge equilibration method,33 which were
used to calculate the charge-dependent molecular descrip-
tors such as dipole moment and polar surface area.

The Cerius2 program yielded two sets of descriptors: the
R-descriptors for (R)-enantiomers and the S-descriptors
for (S)-enantiomers. All the spirosuccinimide congeners
were prepared as the racemic mixture, and subsequent
biological activity assays were carried out with the race-
mates. We took the respective arithmetic mean value of
R-descriptors and S-descriptors to generate the ‘race-
mic’ descriptor set, RS-descriptors. As shown previously
for the in vitro QSAR model, the RS-descriptors were
also checked to be suitable for in vivo QSAR analyses.

The RS-descriptor set included 78 physicochemical
descriptors. All descriptor values and the activity data
are normalized so that the coefficients of the resultant
QSAR equation indicate the contribution of the descrip-
tor to the activity. In order to remove interdependency
among descriptors, we closely examined the correlation
matrix of total 78 descriptors and searched for pairs of
descriptors with the intercorrelation coefficient above
0.7. From the pair of highly correlated descriptors, we
removed the one less correlated with the dependent var-
iable, i.e., the in vivo percent inhibition activity. The
percent inhibition and pED50 strongly correlate with
the correlation coefficient of 0.835 for the 10 active com-
pounds used for the ED50 assay. Thus, the screened set
of RS-descriptors was used for both the percent inhibi-
tion and pED50 QSAR analyses.

4.3. QSAR analyses

We employed the GFA technique25 to derive the set of
QSAR equations for the in vivo activities. The GFA
algorithm allows the construction of high-quality pre-
dictive models by evolving random initial models using
a genetic algorithm.25 Both linear and quadratic terms
of descriptors were allowed in the independent variable
set. The constructed models were evaluated with the
LOF score and the model with the lowest LOF score
was selected as the best one of the generation. We per-
formed the GFA procedure with 20,000 genetic opera-
tions. A new term was added with the probability of
50%. The resultant QSAR equations were evaluated
with the regression coefficient and the LOF score. The
sequential F test was also performed to check if an addi-
tional term improved the QSAR model.
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