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Abstract—The ability of 4,5-, 4,6-disubstituted and 4,5,6-trisubstituted 3-hydroxyanthranilic acid derivatives to reduce the pro-
duction of the excitotoxin quinolinic acid (QUIN) by inhibition of brain 3-hydroxyanthranilic acid dioxygenase (3-HAO) has been
investigated using molecular connectivity indices (0wv, 1wv, 2wv). The in-vivo inhibition of 3-HAO in rat cortex (pIC50, nM) is used
for this purpose. The regression models obtained suggest that the degree of branching of the compounds under study have a
dominant role in the observed inhibition potency. The data were used to generate quantitative structure–activity relationship
(QSAR) models for estimating the potency of 3-HAO. The information obtained from the correlation should be useful in designing
more potent analogues. # 2001 Elsevier Science Ltd. All rights reserved.

Introduction

The cytostatic, non-haem ferrous (Fe2+) enzyme 3-
hydroxyanthranilic acid dioxygenase (3-HAO) play an
important role in the metabolic transformation of l-
tryptophan to nicotinamide in the kynurenine pathway.
3-HAO seems mainly to be localized to the hepatic tis-
sue, but it was also been observed that the enzyme is
expressed in the brain as well as in inflammatory cells
where the production of quinolinic acid (QUIN) has
been shown to be stimulated by certain cytokines. Bio-
logical and immunological analysis in the rat suggests
that the brain and liver 3-HAO are identical proteins.
Increased QUIN levels, or enhanced kynurenine path-
way activity, have been implicated in inflammatory dis-
eases of the central nervous system (CNS).

Recently Linderberg et al.1 have synthesized several
analogues of 3-hydroxyanthranilic acid (3-HANA) and
reported their ability to reduce the production of QUIN
by inhibition of 3-HAO. The potency of the compounds
to inhibit 3-HAO was assayed in rat brain homogenate.
However, till date, no topological QSAR modeling of
the potency of these compounds has been reported in
the literature.

Molecular connectivity, which is a method of quantify-
ing the molecular structure of a compound, was intro-
duced by Randic2 and extensively developed by Kier
and Hall.3 The method describes the structure of a
molecule by a set of molecular connectivity indices, mwv,
which encode information about size, branching, cycli-
zation, unsaturation, and hetero-atom content of the
molecules. This methodology has been widely used in
QSAR studies with many classes of biologically active
molecules.4 We have, therefore, used valence con-
nectivity indices (0wv, 1wv, 2wv) in the present study and
observed that excellent results are obtained upon intro-
duction of indicator parameters accounting for the sub-
stitutions at R5 and R6 in the series of substituted 3-
HANA (Fig. 1, Table 1).

Results and Discussion

The descriptors (valence connectivity indexes and indi-
cator parameters) used for proposing QSAR models are
presented in Table 2; while the structural details of
substituted 3-HANA and their inhibition potency
(pIC50, nM) are given in Table 1.

A regression analysis of the potency, using the multi-
parametric analysis (MPA) resulted into six bi-para-
metric and three tri-parametric models (Table 4). All
these models (except models 7, 8, 11, 13, 14, 15, 17, 18)
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were statistically significant according to multi-variate
as well as cross-validation methods. The three most sig-
nificant models obtained being models 4, 10 and 16
(Table 5). The important parameters influencing pIC50

(nM) values are 0wv, the size of the R6 substituent, and
the lipophilicity of the R5 substituent. This means that
small electron-withdrawing groups at R6 and lipophilic
electron-withdrawing groups at R5 would increase the
potency of substituted 3-HANA. We now give the
details of these findings.

It is worth mentioning that no degeneracy is observed in
the activity (pIC50, nM), however, degeneracy is
observed in valence connectivity indices used (Table 3).
This is obvious as these indices belong to second gen-
eration topological indices. According to Balaban,5

such indices, inspite of their observed degeneracy, are
found to give excellent QSAR models. The same is
found to be true in the present case also.

A perusal of Tables 4 and 5 shows that out of the six bi-
parametric models, the model-4 is found to be an excel-
lent model for modeling pIC50 (nM). This model-4 is
found as under:

pIC50 ðnMÞ ¼ � 1:0617 ð�0:0903Þ 0�v

þ 1:3269 ð�0:1779ÞIp5 þ 5:6907

n ¼ 16; Se ¼ 0:3472; R2
A ¼ 0:9150; R2 ¼ 0:9264;

R ¼ 0:9625; F ¼ 81:758; p ¼ 4:330� 10�8

Here, and thereafter, n is the number of compounds; Se,
standard error of estimation; R2

A, adjustable R2; R2,
coefficient of determination; R, correlation coefficient;
F, F-ratio, and p, probability.

This model for the set of 16 data points containing only
two correlating parameters (0wv and Ip5 ) is an excellent
situation.6

The R2
A value for the aforementioned correlation is

found to be the highest among all the six bi-parametric
models (Table 5). R2

A is a measure of% explained var-
iation in the dependent variable, pIC50, nM in the pre-
sent case, that takes into account the relationship
between the number of cases (compounds used) and
number of independent variables, topological indices
and indicator parameters used in the regression model;
whereas R2 will increase when an independent variable
is added. Decrease of R2

A in remaining bi-parametric
models in our case indicates that the corresponding
added variable does not reduce the unexplained varia-
tion in enough to offset the degree of freedom.

It is important to record that the parameters used in
models 5 to 16 are some combination of 1wv, 2wv, Ip5,
and Ip6. The valence connectivity index 1wv distin-
guishes the degree of unsaturation and the presence of
hetero-atoms, while 2wv gives more information about
branching and degree of unsaturation. Hence, the lower
qualities of these models (except for 10 and 16) com-
pared to model-4 may be attributed to these factors.

Table 2. Molecular valence connectivity indices and indicator para-

meters for substituted 3-hydroxy-anthranilic acid derivatives

Compd no. Ip5 Ip6
owv 1wv 2wv

1 0 0 5.913 3.040 2.162
2 0 0 5.913 3.040 2.162
3 0 0 5.913 3.040 2.162
4 1 0 7.951 4.156 2.638
5 1 0 6.213 3.145 2.638
6 1 0 6.835 3.456 2.478
7 1 0 6.213 3.145 2.268
8 1 0 6.213 3.145 2.268
9 0 1 6.213 3.145 2.283
10 0 1 7.244 3.569 2.503
11 0 1 6.213 3.145 2.283
12 0 1 9.222 5.247 3.570
13 1 1 8.586 5.086 3.611
14 1 1 7.758 3.879 3.006
15 1 1 7.136 3.568 2.605
16 0 1 6.835 3.456 2.526

Table 1. Substituted 3-hydroxy-anthranilic acid derivatives and their

inhibition potency against 3-HAO

Compd no. R4 R5 R6 pIC50 (nM)

1 Cl H H �0.778
2 Br H H �0.301
3 F H H �1.380
4 Br OEt H �1.748
5 Br Bt H 0.532
6 Br Me H �0.363
7 Cl Br H 0.585
8 Cl Cl H 0.583
9 Br H Br � 0.763
10 Br H MeO �2.079
11 Cl H Cl �1.004
12 Cl H Ph �4.041
13 Cl (CH2)2 (CH2)2 �2.301
14 Cl Me Me �0.914
15 Cl Me Cl �0.643
16 Cl H Me �0.892

Figure 1. Substituted 3-HANA used in the present study (see Table 1
for details).

Table 3. Correlation matrix for inter-correlation of molecular para-

meters and their correlation with the activity

pIC50(nM) owv 1wv 2wv Ip5 Ip6

pIC50 (nM) 1.0000
0wv �0.7818 1.0000
1wv �0.7171 0.8772 1.0000
2wv �0.7122 0.9222 0.7414 1.0000
Ip5 0.3773 0.2182 0.0408 0.2652 1.0000
Ip6 �0.5289 0.5101 0.5331 0.4687 �0.2500 1.0000
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Furthermore, models 7, 8, 11, 13, 15, 17, and 18 suffer
from the statistical defect in that the coefficient of Ip6
term is smaller than its standard deviation. Such models
are not allowed statistically.

Furthermore, bi-parametric models involving Ip6 as one
of the correlating parameter are found to be less sig-
nificant. Thus, the substituents at R6 have negative role
in exhibiting the activity.

The step-wise regression analysis resulted into nine tri-
parametric models (Table 4). The quality of these
regression models as presented in Table 5 indicated that
the models 10 and 16 are the most significant models for
modeling the activity. These models are found as under:

Model 10;

pIC50ðnMÞ ¼ � 1:3468 ð�0:1846Þ0�v

þ�0:4144ð�0:2389Þ1�v

þ 1:4243 ð�0:1748ÞIp5 þ 6:0887

n ¼ 16; Se ¼ 0:3231; R2
A ¼ 0:9264; R2 ¼ 0:9411;

R ¼ 0:9701; F ¼ 63:928

Model 16;

pIC50ðnMÞ ¼ � 1:1512 ð�0:1084Þ0�v

þ�1:4397ð�0:2389ÞIp5

þ 0:2974 ð�0:2163ÞIp6 þ 6:1027

n ¼ 16; Se ¼ 0:3359; R2A ¼ 0:9205; R2 ¼ 0:9363;

R ¼ 0:9677; F ¼ 58:867

The remaining tri-parametric models were discarded on
the grounds that in their cases the coefficient of Ip6 term

is considerably smaller than its corresponding standard
deviation, making them statistically insignificant.

The aforementioned results and discussion indicated
that models 4, 10 and 16 are the only appropriate mod-
els for modeling the inhibition potency. Which out of
these three models is the best, is deduced by calculating
quality factor7,8 (Q=R / Se). The Q-values for models 4
10 and 16 are found as 2.7722, 3.0025, and 2.8809
respectively suggesting that the model-10 is the best
model for modeling the activity.

In order to confirm our findings we have opted cross-
validation method and calculated cross-validation
parameters for models 4, 6, 10, 12, 16 and 18 and are
presented in Table 6. The highest r2CV value and the
lowest values of SPRESS and PSE obtained for model-10
again indicate it to be the most appropriate model for
modeling the inhibition potency.

It is worth recording that SPRESS is found to be the same
as that of respective values of standard error of estima-
tion (Se). This means that both Se and SPRESS are not
good parameters for deciding quality of regression.
Hence, it is PSE which establishes quality as well as
predictive ability of the proposed models.

Final conclusion is obtained by calculating pIC50 values
from models-4, 10 and 16 and comparing them with
the observed values of pIC50. Such a comparison is
made in Table 7 and demonstrated in Figure 2. The
predictive correlation potential (R2=0.941) is in favour
of model-10.

Conclusion

From the aforementioned results and discussion we
conclude that both geometrical and electronic structural
features of the substituted 3-HANA play an important
role in the inhibition potency and that currently avail-
able topological methods such as valence connectivity
are capable of probing these features in detail.

Table 4. Proposed models for modeling the activity

Model No. Parameters used Regression expression

1 0wv pIC50=�0.9148 (�0.1950) 0wv+5.3409
2 1wv pIC50=�1.1121 (�0.2889) 1wv+3.1086
3 2wv pIC50=�1.7638 (�0.4646) 2wv+3.4735
4 0wv, Ip5 pIC50=�1.0617 (�0.0903)0wv+1.3269 (�0.1779)Ip5+5.6907
5 1wv, Ip5 pIC50=�1.1379 (�0.2436)1wv+0.9393 (�0.3623)Ip5+2.7335
6 2wv, Ip5 pIC50=�2.1639 (�0.2740)2wv+1.4048 (�0.2552)Ip5+3.7790
7 0wv, Ip6 pIC50=�0.8098 (�0.2283)0wv�0.4057 (�0.4499)Ip6+4.8194
8 1wv, Ip6 pIC50=�0.9428 (�0.3432)1wv�0.4725 (�0.5109)Ip6+2.7238
9 2wv, Ip6 pIC50=�1.4736 (�0.5181)2wv�0.5767 (�0.4826)Ip6+3.0307
10 0wv, 1wv, Ip5 pIC50=�1.3468 (�0.18461)0wv+0.4144 (�0.2389)1wv+1.4243 (�0.1748)Ip5+6.0887
11 0wv, 1wv, Ip6 pIC50=�0.7390 (�0.4272)0wv�0.1147 (�0.5755)1wv�0.3860 (�0.4779)Ip6+4.7418
12 1wv, 2wv, Ip5 pIC50=�0.3444 (�0.2449)1wv�1.7317 (�0.4054)2wv+1.3189 (�0.2536)Ip5+3.9962
13 1wv, 2wv, Ip6 pIC50=�0.5449 (�0.4408)1wv�0.9255 (�0.6742)2wv�0.3840 (�0.4981)Ip6+3.5518
14 0wv, 2wv, Ip5 pIC50=�0.8565 (�0.2287)0wv�0.4780 (�0.4900)2wv+1.3568 (�0.1808)Ip5+5.4637
15 0wv, 2wv, Ip6 pIC50=�0.8710 (�0.5423)0wv+0.1401 (�1.1170)2wv�0.4054 (�0.4680)Ip6+4.8880
16 0wv, Ip5, Ip6 pIC50=�1.1512(�0.1084)0wv+1.4397 (�0.1907)Ip5+0.2974(�0.2163)Ip6+6.1027
17 1wv, Ip5, Ip6 pIC50=�1.0906(�0.3057)1wv+0.9041 (�0.3969)Ip5�0.1293(�0.4688)Ip6�2.6422
18 2wv, Ip5, Ip6 pIC50=�2.2384 (�0.3460)2wv+1.4533 (�0.2940)Ip5+0.1205(�0.3209)Ip6+3.8829
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Experimental

Pharmacology

As stated earlier the inhibition potency (IC50, nM) were
adopted from the literature1 and were converted into
their log (pIC50) units. According to ref 1 the com-
pounds were tested for their ability to inhibit 3-HAO
homogenates of rat brain tissue according to the
method of Faster et al.9 The details can be found in ref
1.

The molecular connectivity indices

The connectivity index w=w(G) of a graph G is defined
by Randic2 as under

� ¼ �ðGÞ ¼
X

ij

½di dj	
�0:5

ð1Þ

where di is the valence of a vertex i, equal to the number
of bonds connected to the atom i, in G, representing the
graph of a compound. Meaning of dj is analogous.

In the case of hetero-systems the connectivity is given in
terms of valence delta values div and djv of atoms i and j
and is denoted by wv. This version of the connectivity
index is called the valence connectivity index and
defined as3,4 under:

�v ¼ �vðGÞ ¼
X

ij

½�vi �vj 	
�0:5

ð2Þ

where the sum is taken over all bonds i–j of the mole-
cule. Valence delta values are given by

�vi ¼
Zv
i �Hi

Zi � Zj � 1
ð3Þ

Table 6. Cross-validation parameters

Cross-validation parameters

Model no. PRESS SSY PRESS
SSY r2CV SPRESS PSE

4 1.5672 19.7129 0.0795 0.9205 0.3472 0.3130
6 3.1482 18.1319 0.1736 0.8264 0.4921 0.4436
10 1.2531 20.2801 0.0618 0.9382 0.3231 0.2798
12 2.7028 18.5773 0.1455 0.8545 0.4746 0.4110
16 1.3540 19.9261 0.0680 0.9321 0.3359 0.2909
18 3.116 18.1685 0.1713 0.8287 0.5092 0.4410

Table 5. Quality of regression models presented in Table 4

Model no. Se R2
A R2 R F P

1 0.7688 — 0.6112 �0.7818 22.006 3.470�10�4
2 0.8597 — 0.5143 �0.7171 14.822 1.768�10�3
3 0.8655 — 0.5072 �0.7122 14.410 1.966�10�3
4 0.3472 0.9150 0.9264 0.9625 81.758 4.330�10�8
5 0.7239 0.6306 0.6798 0.8245 13.802 6.094�10�4
6 0.4921 0.8293 0.8521 0.9231 37.436 4.032�10�6
7 0.7740 0.5778 0.6341 0.7693 11.263 1.453�10�3
8 0.8637 0.4742 0.5443 0.7378 7.764 6.044�10�3
9 0.8525 0.4877 0.5560 0.7457 8.139 5.105�10�3
10 0.3231 0.9264 0.9411 0.9701 63.928 1.191�10�7
11 0.8042 0.5491 0.6353 0.7970 6.967 5.721�10�3
12 0.4746 0.8412 0.8730 0.9343 27.493 1.162�10�5
13 0.8357 0.5077 0.6061 0.7786 6.156 8.903�10�3
14 0.3478 0.9147 0.9318 0.9653 54.631 2.869�10�7
15 0.8050 0.5432 0.6345 0.7966 6.945 5.787�10�3
16 0.3359 0.9205 0.9363 0.9677 58.667 1.892�10�7
17 0.7511 0.6023 0.6819 0.8257 8.573 2.592�10�3
18 0.5092 0.8172 0.8538 0.9240 23.350 2.681�10�5

Table 7. Comparison of experimental and calculated inhibition

potency pIC50 (nM) using models 4, 10 and 16

Compd. No. pIC50(nM) Exp. Calculated pIC50 (nM) from

Model-4 Model-10 Model-16

1 �0.778 �0.587 �0.615 �0.704
2 �0.301 �0.587 �0.615 �0.704
3 �1.380 �0.587 �0.615 �0.704
4 �1.748 �1.425 �1.473 �1.610
5 0.532 0.423 0.448 0.390
6 �0.363 �0.242 �0.260 �0.326
7 0.585 0.423 0.449 0.390
8 0.583 0.423 0.449 0.390
9 �0.763 �0.906 �0.976 �0.752
10 �2.079 �1.999 �2.188 �1.939
11 �1.004 �0.906 �0.976 �0.752
12 �4.041 �4.099 �4.157 �4.216
13 �2.301 �2.099 �1.943 �2.045
14 �0.914 �1.221 �1.328 �1.091
15 �0.643 �0.501 �0.619 �0.375
16 �0.892 �1.566 �1.094 �1.468
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where Zi is the atomic number of atom i, Zi
v is the

number of valence electron of the atom i and Hi is the
number of hydrogen atoms attached to atom i. the
div values are available in the books of Kier and
Hall.3,4

Recall that nowadays the connectivity and the valence
connectivity indices expressed by eqs (1) and (2) are
termed as first-order connectivity and first-order
valence connectivity index respectively. Lower or
higher order indices are also possible which are defined
analogously.

Indicator parameters

Two indicator parameters Ip5 and Ip6 are used for sub-
stitutions at R5 and R6 respectively and their values are
taken as unity. In absence of substituition at these pla-
ces both Ip5 and Ip6 take the value of zero.

Statistical analysis

All statistical analysis6,10,11 were performed by least
squares linear regression program namely Regress-1
software supplied by Professor I. Lukovits, Hungarian
Academy of Sciences, Budapest, Hungary.
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