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Abstract

In this study, twenty hydroxylated and acetoxylated 3-phenylcoumarin derivatives were evaluated as inhibitors of immune complex-stimu-
lated neutrophil oxidative metabolism and possible modulators of the inflammatory tissue damage found in type III hypersensitivity reactions.
By using lucigenin- and luminol-enhanced chemiluminescence assays (CL-luc and CL-lum, respectively), we found that the 6,7-dihydroxylated
and 6,7-diacetoxylated 3-phenylcoumarin derivatives were the most effective inhibitors. Different structural features of the other compounds
determined CL-luc and/or CL-lum inhibition. The 2D-QSAR analysis suggested the importance of hydrophobic contributions to explain these
effects. In addition, a statistically significant 3D-QSAR model built applying GRIND descriptors allowed us to propose a virtual receptor site
considering pharmacophoric regions and mutual distances. Furthermore, the 3-phenylcoumarins studied were not toxic to neutrophils under the

assessed conditions.
© 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Formation and clearance of circulating antigen—antibody
complexes or immune complexes (ICs) are essential processes
in humoral immune defense mechanisms [1]. Deposition of
ICs within tissues triggers an inflammatory reaction called
type III hypersensitivity characterized by large neutrophil
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infiltration. This process has been found in diseases such as
systemic lupus erythematosus, rheumatoid arthritis and auto-
immune vasculitis [2]. Phagocytosis and degranulation, and
the oxidative metabolism, which produces reactive oxygen
species (ROS) are effector functions triggered by IC-activated
neutrophils. These functions are involved in ICs’ digestion,
microbial killing and regulation of the inflammatory process.
However, activated neutrophils also release large amounts of
enzymes and ROS to the extracellular milieu overpowering
the local antioxidant defense systems and contributing to
tissue damage and the amplification of the inflammatory
process [1—4].
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The involvement of neutrophil-derived ROS in the physio-
pathology of many inflammatory diseases has been attracting
interest in the discovery of new compounds with antioxidant
and immunomodulatory properties, which might supplement
the endogenous antioxidant defense system and modulate the
neutrophil respiratory burst [5]. In this context, our research
group has been investigating the biological activities of plant
secondary metabolites such as coumarins, flavonoids and
sesquiterpene lactones and studying their structure—activity
relationships [6—8]. The importance of free hydroxyl groups
for the antioxidant activity in cell-free experimental models
has been highlighted by our data, in agreement with the
literature [9—12]. However, in cell-mediated oxidative and
inflammatory processes, esterification of hydroxyl groups in
phenolic compounds has also been reported as an important
structural feature that increases their immunomodulatory prop-
erties [6,13,14].

Phenylcoumarins constitute a class of plant secondary
metabolites produced by the same biosynthetic pathway of
flavonoids and are also characterized by a C6—C3—C6 chain
[15,16]. Few reports indicate biological activities of this class
of compounds such as antifungal and antibacterial [17].
Recently, our research group reported the action of some phe-
nylcoumarin derivatives as antioxidants and inhibitors of glyc-
eraldehyde-3-phosphate dehydrogenase from Trypanosoma
cruzi and horseradish peroxidase [18,19]. However, the biolog-
ical effects of these compounds on cells in the immune system
are still not well known.

In the present study, we investigated the modulatory effects
of a series of hydroxylated and acetoxylated 3-phenylcoumarin
derivatives on the IC-mediated neutrophil oxidative metabo-
lism, as well as their toxic effect on these cells. Moreover,
the qualitative structure—activity relationships were discussed
and the quantitative aspects were analyzed by 2D- and 3D-
QSAR approaches.

2. Results and discussion

2.1. Inhibition of immune complex-mediated neutrophil
oxidative metabolism

Low-molecular-weight natural coumarins and their synthetic
derivatives are a novel class of potential anti-inflammatory
drugs studied with great interest [20,21]. Kontogiorgis and
Hadjipavlou-Litina [22] recently demonstrated a high anti-
inflammatory effect of coumarin derivatives on carrageenan-
induced paw edema and adjuvant-induced arthritis in rat
models. The authors suggested that this activity might be asso-
ciated with the inhibition of cyclooxygenase and lipoxygenase
pathways and/or to the antioxidant behaviour of the com-
pounds. In a previous study, our research group reported the
inhibitory effect of simple coumarins on neutrophil superoxide
anion generation [6].

In this investigation, the modulatory effects of new hydrox-
ylated and acetoxylated 3-phenylcoumarin derivatives, synthe-
sized as previously described [18,19] (Fig. 1) were evaluated
on the IC-mediated neutrophil oxidative metabolism. In order
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Fig. 1. Chemical structures of quercetin and 3-phenylcoumarin derivatives.

to gain an initial insight as to which steps of the respiratory burst
activation might be affected by the tested compounds, two dif-
ferent chemiluminescent probes, luminol and lucigenin were
used. The production of superoxide anion, the first ROS gener-
ated by the NADPH enzymatic complex can be specifically
measured by lucigenin. The other ROS produced in subse-
quent steps, especially those involved in the myeloperoxidase-
hydrogen peroxide-Cl™ reaction, can be measured by luminol
[23].

The inhibitory effect of 3-phenylcoumarins on the neutro-
phil respiratory burst was first screened at 50 uM (Table 1).
Non-substituted 3-phenylcoumarins 7 and 8 did not show a
significant inhibitory effect on either lucigenin- or luminol-
enhanced chemiluminescence (CL-luc or CL-lum, respec-
tively), whereas compounds 1—4, 9 and 11 inhibited CL-luc
but not CL-lum, under the assessed conditions. The active
compounds showed concentration-dependent inhibitory effects
on the neutrophil function when evaluated in six concentra-
tions (0—50 uM) (data not shown). ICsy values are reported
in Table 1.

Hydroxylated (5) and acetoxylated derivatives 6 and 20
were the most effective inhibitors of the two steps of the
neutrophil respiratory burst investigated. Their ICs, values in
the CL-luc and CL-lum assays were significantly lower than
the ones for the standard compound quercetin, a widely known
inhibitor of neutrophil effector functions [5]. The inhibitory po-
tency of the other compounds was similar to or lower than that
of quercetin. Moreover, the structural features contributing to
inhibition of CL-luc and/or CL-lum were quite different in
the set of 3-phenylcoumarin derivatives here investigated.

Regarding CL-luc, which measures O,*~ generation, it was
observed that only non-substituted 3-phenylcoumarins 7 and 8
were not inhibitory at 50 uM, suggesting that the presence of
hydroxyl or acetoxyl groups is essential for this biological
activity. Increasing the number of total hydroxyl groups in the
molecule did not promote a significant enhancement of inhib-
itory activity (9, 11, 13, 15, 17, 19), except when associated
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Table 1
Inhibitory effects of 3-phenylcoumarins on the immune complex-stimulated
neutrophil oxidative metabolism

Compound®  Inhibition at 50 uM® (%) ICso® (LM)

CL-luc® CL-lum’ CL-luc CL-lum
1 83.5+6.5 232415 56+1.7 >50
2 68.0 0.6 13.7+8.8 54+ 1.6 >50
3 794+ 1.6 17.5+6.8 8.6+ 1.8%%  >50
4 67.1£8.9 79469 7.3 43.5% >50
5 99.6 +0.1 99.840.1 0.7 £ 0.1%* 0.7 +0.2%
6 99.0+0.3 99.4+0.1 0.7 4 0.2 0.7 +0.1%
7 574+4.0 10.1+3.4 >50 >50
8 279+54 9.0+ 6.0 >50 >50
9 835+ 1.3 21.8+5.1 8.04+2.6%%  >50
10 80.540.6 50.5+0.2 74423% 31.2 4 5.2%*
11 94.1+£0.9 31.7+54 52+1.1 >50
12 82.140.1 663+ 2.1 69+1.6 21.7 £4.2%%
13 957404 69.8 +0.6 43+1.0 29.6 4 7.7%%*
14 92.5+0.6 60.3 £ 4.0 40+0.5 27.4 4 5.0%*
15 99.940.1 99.040.1 25405 28402
16 96.5+0.1 94.6 +0.1 26404 29403
17 98.7+0.6 99.240.1 44407 49+05
18 97.5+0.3 92.340.1 1.8 +0.1%* 20+02
19 949409 24+16 52+1.6 13.4 + 1.3%*
20 99.9+0.1 99.9+0.1 0.4 4 0.1+ 0.440.1%
Quercetin 99.9+0.1 99.940.1 47408 24+07

Statistics: p < 0.05(*) and p < 0.01 (**) vs. quercetin (ANOVA and Dunnett’s
post-hoc test).

% Chemical structures shown in Fig. 1.

" Data are means + standard deviation of three independent experiments
with duplicate measurements.

¢ CL-luc: lucigenin-enhanced chemiluminescence.

4 CL-lum: luminol-enhanced chemiluminescence.

with the methylenedioxyl group (1, 3, 5). On the other hand,
the inhibitory activity increased with the number of acetoxyl
groups, and the presence of vicinal acetoxyl groups (6, 18,
20) were also relevant to CL-luc inhibition by this set of com-
pounds. Furthermore, acetylation of the hydroxyl groups of the
mono or dihydroxylated 3-phenylcoumarins (1, 3, 5, 9, 11, 13,
15 vs. 2, 4, 6, 10, 12, 14, 16) did not have a significant effect
on the inhibitory activity of the compounds, but increased the
inhibitory potency of the tri and tetrahydroxylated compounds
(17, 19 vs. 18, 20).

With regard to CL-lum, which measures the overall ROS
production by the activated neutrophils (mainly those involved
in the myeloperoxidase-catalyzed reaction), it was observed that
compounds bearing the 3’,4’-methylenedioxyl group and a free
or esterified hydroxyl group at C-6 or C-7 (1—4) had no signif-
icant inhibitory effect in the highest concentration tested, but
3-phenylcoumarins bearing a 6,7-dihydroxyl or 6,7-diacetoxyl
group (8, 6) had quercetin-similar inhibitory effects. Moreover,
the presence of a hydroxyl group at C-2’ or the 3’,4’-dihydroxyl
group (15, 17) in the 6-hydroxylated compounds led to a signi-
ficant inhibition of CL-lum when compared to other positions;
however, the increase in the total number of hydroxyl groups,
i.e. 6,7,3' 4’-tetrahydroxylation, significantly reduced the inhib-
itory potency (17 vs. 19). Considering the 6-acetoxylated com-
pounds, additional acetoxyl groups at C-2" or C-3/, as well as
the 3’,4’-diacetoxyl group in compounds (12, 16, 18) increased
the inhibitory effect on CL-lum when compared to other

positions. On the other hand, esterification of hydroxyl groups
did not influence the inhibitory activity of 3-phenylcoumarins
bearing one, two or three substituents but significantly in-
creased the inhibitory effect of the tetrahydroxylated compound
(19 vs. 20).

In summary, compounds with similar ICsq values for CL-luc
and CL-lum had the following structural features: (a) one or
two ortho-diacetoxyl groups (6, 18, 20); (b) ortho-dihydroxyl
groups (5, 17); (c) hydroxyl or acetoxyl groups on C-6 and
C-2' (15, 16). These features suggest that the compounds act
on biochemical pathways shared by the O,*~ and other ROS
generation, such as IC recognition by the Fcy receptor on
the neutrophil membrane and activation of protein kinases.
Ursini et al. [24] demonstrated that flavonoids, another poly-
phenolic class with known antioxidant and immunomodula-
tory properties, could also act as unspecific inhibitors of
several kinds of protein kinases.

The structural features of 3-phenylcoumarins that inhibited
CL-luc more than CL-lum were: (a) a single hydroxyl or ace-
toxyl group at C-6 or C-7 (1—4, 9, 10); (b) two hydroxyl or ace-
toxyl groups, one placed at C-6 and the other at C-3" or C-4
(11-14); (c) two ortho-dihydroxyl groups (19). The mecha-
nisms involved in this highly inhibitory effect on CL-luc
when compared to CL-lum seem to be related to a selective ac-
tion of these 3-phenylcoumarin derivatives on O,*~ generating
pathways. This possibility will be assessed in a further study.

Paya et al. [25,26] reported that the presence of ortho-dihy-
droxyl groups increased the free radical scavenger and inhib-
itory effects of simple coumarins on human and rat
neutrophil oxidative metabolism. The results of the present
study are in partial agreement with this observation, since
the 6,7-dihydroxylated 3-phenylcoumarin derivative 5§ was
one of the most effective inhibitors of neutrophil oxidative
burst. However, an additional ortho-dihydroxyl group in the
3-phenyl ring (19) reduced the inhibitory potency on this
cellular function. In addition, the other two 3-phenylcoumarins
inhibiting CL-luc and CL-lum more than quercetin were the
acetoxylated derivatives 6 and 20, where the hydroxyl groups
were acetylated. Interestingly, substitution of the 3’,4’-dihy-
droxyl groups by 3’,4'-methylenedioxyl did not influence the
inhibitory potency of the 6-hydroxylated compound (17
vs. 1) on CL-luc but decreased its inhibitory effect on CL-
lum. This structural modification also increased the inhibitory
effect of the 6,7-dihydroxylated compound (19 vs. 5) on both,
CL-luc and CL-lum. However, substitution of the 3’ 4'-diace-
toxyl group by 3’,4'-methylenedioxyl reduced the inhibitory
effect of the 3-phenylcoumarin bearing a 6-acetoxyl group
(18 vs. 2, p < 0.01) but did not influence the inhibitory effect
of the 6,7-diacetoxylated compound (20 vs. 6) on both CL-luc
and CL-lum. Together, these results suggest that other factors
besides the presence of free hydroxyl groups are involved in
the inhibition of neutrophil oxidative metabolism by the
3-phenylcoumarins tested herein.

The cytotoxic effect of the 3-phenylcoumarin derivatives on
neutrophils was also evaluated, since this could be one of the
mechanisms underlying inhibition of cellular oxidative
metabolism and chemiluminescence production [23]. The
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compounds tested in final concentrations of 50 uM did not
induce significant lactate dehydrogenase release or decrease
in cellular viability when compared to the controls (Table 2)
indicating that they were not toxic to the neutrophils under
the conditions assessed.

2.2. 3D-QOSAR studies

In the present investigation, the inhibitory effects of the 3-
phenylcoumarin derivatives on the IC-mediated neutrophil
oxidative metabolism were investigated by using both lumi-
nol- and lucigenin-dependent chemiluminescence assays
(CL-lum and CL-luc, respectively). In order to analyze a pos-
sible relationship between the activities of the compounds here
investigated and their structures, we focused on a series of
13 structures (5, 6, 10, 12—20 and quercetin) that showed mea-
surable ICsy values for the CL-lum (Table 1). A 3D-QSAR
model using 18 compounds with measurable ICs, values for
the CL-luc was also built but it did not survive the cross-
validation; therefore, it was not considered in this study.

First, suitable 3D structures were obtained for these com-
pounds using molecular mechanics and Hartree-Fock/Density
Functional Theory, as detailed in the Section 4. In the 3D-
QSAR model, biological activity of the compounds has been
indicated by pICs, values. Using this 3D-QSAR approach,
the model can be obtained without the need of a 3D-alignment

Table 2
Neutrophil viability after treatments with quercetin, 3-phenylcoumarin deriv-
atives at 50 uM® and DMSO as control

Compoundh Cell viability® (%) LDH release” (% of total)
DMSO 929+34 124+£2.0
1 93.8+1.9 9.0+ 1.1
2 955+1.9 11.4+0.7
3 943+2.6 11.1£0.8
4 943+£25 13.8 £2.1
5 93.2+4.5 153+1.9
6 95.0+2.6 11.9+£1.0
7 96.0 +£2.0 11.9+0.9
8 90.3+£22 17.1+04
9 923432 10.7 £2.2
10 93.8+1.0 11.3+£0.9
11 93.8 +£0.5 11.2+14
12 940+ 1.8 93+1.6
13 89.5+3.9 183+£23
14 925+24 11.6 £2.0
15 948+ 1.5 9.8+24
16 90.3+3.3 146+£1.3
17 92.8 £4.0 11.9+£25
18 93.3+4.1 9.3+4.0
19 92.0+22 10.5+0.8
20 88.8+4.9 20.7+ 1.8
Quercetin 93.0£4.0 10.9 £2.6

? Cells were treated with DMSO (dimethylsulfoxide), quercetin or the
3-phenylcoumarin derivatives during 30 min at 37 °C. Data are means = stan-
dard deviation of three independent experiments with duplicate measurements.

" Chemical structures shown in Fig. 1.

¢ Determined by the Trypan Blue exclusion test, based on counts of
100 cells.

4 Total cell lysis (100% LDH activity) was achieved with Triton X-100
(0.2% v/v), used as the positive control. LDH: lactate dehydrogenase.

of the structures [27]. In a few words, GRIND starts with the
calculation of molecular interaction fields (MIF) using GRID,
which describes regions where the ligand can produce energet-
ically favorable interactions with probes representing potential
groups of the receptor. Subsequently, GRIND transforms (fil-
ters) a number of these MIF in a small number of variables de-
scribing the existence at a certain distance of pairs of points
representing favorable or unfavorable interactions. These vari-
ables are grouped in blocks (correlograms) and their analysis
allows investigation of the main interactions between the se-
ries of ligands and the receptor. Further details about the
GRIND method can be found in the original reference of
Pastor et al. [27]. Our results were thus interpreted in a conve-
nient pharmacophoric-like model, allowing us to propose a vir-
tual model of the receptor site (VRS) as well as to identify the
structural groups/characteristics that were common to the most
active ligands.

In the final model, a total of 213 descriptors were derived
after variable selection via FFD (fractional factorial design).
Two LVs (latent variables) were found to be significant for
internal validation using cross-validation, and the model ex-
plained a significant amount of variance (75.7%), and survived
model validation (> =0.95; SDEC = 0.14; qfoo =0.76 by
internal validation; SDEP = 0.32).

The PLS (partial least square) scores plot for two LVs and
the experimental vs. calculated Y data plot shown in Fig. 2
prove the high statistical significance and quality of the PLS
model obtained. According to Fig. 2A, PC1 (principal compo-
nent 1) was able to discriminate the most and the least active
compounds, while PC2 (principal component 2) discriminated
hydroxylated and acetoxylated compounds. The PC1 of AL-
MOND descriptors is mainly affected by the hydrogen bond
acceptor capabilities of the molecules, whereas the interactions
with the DRY (hydrophobic) and TIP (shape) probe are related
to the PC2 [28]. In the first analysis, the high inhibitory activity
of some acetoxylated compounds such as 20 and 6 can be
explained by a greater hydrophobicity in comparison to their
corresponding hydroxylated compounds, as well as by their
larger size that allow a better fit into the receptor. On the other
hand, the presence of acetoxyl groups allows them to accept
stronger hydrogen bonds from the receptor. In Fig. 2B, the
molecules can be separated in three clusters according to their
biological activity values (¥'), where the right-hand side con-
tains the most active compounds (largest pICs, values).

The PLS coefficients for a model of two components were
represented as a bar diagram to identify and select the variables
that strongly correlated with the Y variable (Fig. 3). In this plot,
a positive value of a coefficient corresponds to a direct correla-
tion with the Y, whereas negative values indicate an inverse
correlation. The same plot also pointed out the impact of the
variables on Y, where large values mean a strong impact and
low values mean a weak impact on the biological activity. Every
peak in this plot indicates that the VRS contains two regions sep-
arated by a distance corresponding to the abscissa of the peak
(short distances appear on the left-hand side and greater dis-
tances on the right-hand side). The height of the peak expresses
the product of the intensity of the field on both nodes [27].
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Fig. 2. In (A), the scores plot of a PLS discriminant analysis including a data set of 13 3-phenylcoumarin derivatives. PC1 is able to discriminate between the most and
the least active compounds. Additionally, PC2 is able to discriminate between hydroxylated (inside the ellipse) and acetoxylated compounds (inside the rectangle). In
(B), the plot of the experimental vs calculated Y data. Compounds are clustered regarding to their biological activity values: in red, the most active; in green, medium
activity, and in blue, the less active compounds (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

In Fig. 3, each block (or correlogram) of variables corre-
sponds to a type of interaction between a couple of nodes. D
(DRY) nodes indicate hydrophobic groups of the VRS,
whereas O nodes indicate hydrogen bond acceptor groups,
N (N1) nodes indicate hydrogen bond donor groups and
T (TIP) nodes point out the shape of the virtual receptor
site. Our PLS coefficients plot contains 10 correlograms
derived from the four probes used, where DD, OO, NN, TT
are auto-correlograms and DO, DN, DT, ON, OT and NT are
cross-correlograms.

A first inspection of the coefficients plot in Fig. 3 enabled us
to select some X variables with the highest impact on the
Y variable. The largest peaks were related to the N1 probe (cor-
relograms NN, NT and DN), which represent hydrogen bond
donor groups of the VRS, as well as the TIP probe (correlo-
grams NT and TT). Weak relationships with the activity were
related to the O probe, suggesting that in a preliminary analysis
the presence and orientation of hydrogen bond groups in this
class of compounds, as well as the size and shape of the mole-
cules were crucial for the biological activity here investigated.
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of a coefficient indicate a direct correlation to the Y, and negative ones indicate an inverse correlation to the Y, whereas large values mean a strong impact, and low

values mean a weak impact.

Variable NT-46 explained the largest pICs, values mea-
sured for 5, 6 and 20 but not for 19 (Fig. 4). Our 3D-QSAR
model indicated an optimum distance between N1 and TIP no-
des that was crucial to the biological activity of compounds 5§,
6 and 20. This distance (18.4 A) was calculated from the cor-
responding variable sequential number (46) multiplied by the
grid spacing (0.5 A) and the smoothing window (0.8). Com-
pound 19 was not as large as the three most active compounds
above described, despite having two pairs of vicinal hydroxyl
groups that could accept a hydrogen bond from the VRS. On
the other hand, compounds 5, 6 and 20 bear two vicinal car-
bonyl or hydroxyl groups that can accept this hydrogen bond
of the VRS, and were placed at an optimum distance from
the opposite extremity of the molecule. In addition, inverted
orientations of 6 and 20 inside the VRS were observed after
analysis of the graphical representations corresponding to
the correlogram NT, and reinforced by analysis of correlo-
grams DN and TT.

Variable DN-39 indicated a significant distance of 15.6 A
between DRY and N1 nodes that were crucial to the biological
activity (Fig. 5). Regarding the VRS, it must have a hydropho-
bic group able to bind the benzodioxole ring of 5 and 6 in ad-
dition to the hydrogen bond donor group previously discussed.
The significant distance between DRY and N1 was also found
in the graphical representation of this variable for compound
20, and was related to the distance between the methyl of
the acetoxyl group of its coumarinic system and the carbonyl
groups of the two acetoxyl groups present in its benzene ring.

The significant distance found between the N1 node and the
small DRY node (due to the interaction with the methyl of
the acetoxyl group of 20 joined to the results obtained with
this variable for 5 and 6) highlighted the importance of both
hydrophobic and hydrogen bond acceptor groups inversely at
C-7 and C-3 position, and also indicated the ideal size of the
ligand.

Variable TT-40 indicated an inverse relationship between
this variable and the biological activity of the set of 3-
phenylcoumarins. The negative impact on Y observed in the
auto-correlogram TIP—TIP for this variable can be explained
by an inadequate shape (i.e. an inverse orientation) of one
acetoxyl group of 5, whereas the input conformation of 20
was correct (Fig. 6). Despite the fact that GRIND is indepen-
dent of the input conformations of the compounds, and hence
of the 3D-alignment, this method is not insensible to the dif-
ferent conformers that can be used to build a 3D-QSAR model
[27]. This result obtained with the variable TT-40 strongly
suggests the importance of two vicinal groups capable of ac-
cepting a hydrogen bond from the receptor, reinforcing the re-
sults obtained with the variable NT-46 that pointed out the
positive impact on the biological activity due to two vicinal
acetoxyl or hydroxyl groups in the benzene ring of these
compounds.

The auto-correlogram TIP—TIP also indicated a significant
distance of 9.6 A in the VRS due to the variable TT-24, where
the strong and positive peak explained the high activity of 20
through the largest fit within the active site (Fig. 7). Although
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Compound §

-.3'.g

Compound 19

Fig. 4. Graphical display of GRIND variable 46 of the N1—TIP cross-correlogram for selected 3-phenylcoumarin derivatives. A significant distance of 18.4 A (red
line) connecting a couple of filtered nodes and corresponding to a positive impact on the biological activity was found only for the most active compounds 5, 6 and
20 (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

compound 6 did not bear groups that fit the VRS in a similar
position, its high activity can be explained by the presence of
a hydrophobic group (benzodioxole ring) at C-7 position
(Fig. 5).

Finally, the most important descriptors in our PLS model
can be arranged to obtain an approximate pharmacophore
valid for the class of compounds here studied. This resulting
pharmacophore, in which MIF are considered as pharmaco-
phoric regions, consists of a hydrogen bond acceptor group
and one hydrophobic group at C-7 position, and the size of
the ligand also plays an important role for the ligand—receptor
interaction (Fig. 8).

2.3. 2D-QSAR studies

Although sometimes taken as a criterion, prediction is not
the primary goal of QSAR analyses. If it results from interpo-
lation, it is often trivial; if extrapolation goes too far outside
the included parameter space, it usually fails. QSAR helps
to understand structure—activity relationships in a quantitative
manner and to find the borders of certain properties.

In deriving Egs. (1) and (2) we have used the following o}
values: —OH: 0.29; —OAc: 0.33 [29] and the —OCH,0O—
grouping has been assimilated to two —OCHj; groups (oy:
0.27) [30] in the 3’ and 4’ carbon atoms, because the gy value
of the methylenedioxy group is unknown. The following

hydrophobic substituent constants have been used for
Eq. (2): —OAc: —0.64 [31]; the —OCH,O— moiety was
substituted by a —OCHj; group (w: —0.02) [31] at position
C-3’; H— (m: 0.00), and —OH (m: —0.67) [31]. We have
obtained the two following equations, where the subscripts
refer to the position of the substituents:

PICs0 cLotue = 4.21 +2.92(2£0.66) 1R + 1.94(£0.52)01R,
+1.53(£0.73)01Ry + 0.26(£0.52) 0 1Ry
+0.79(£0.52)01Ry

n=18, s=0243, 12 =0.745, Fs,, = 7.02, & < 0.005 (1)

where pICsq = —log ICsq of the lucigenin-dependent chemilu-
minescence (CL-luc), bearing in mind that the higher the value
of pICs the more potent is the compound, # is the number of
compounds, 2 is the correlation coefficient, s is the standard
deviation, data within parentheses are standard errors of
estimate, and oj is the field-inductive substituent constant.
The Fisher test (F) is highly significant here (o < 0.001).
The F value indicates the probability that the equation is
a true relationship between the results, or merely coincidence.
If the experimental figure exceeds the limiting value, the
relationship is a true one, within the given probability level.
Consultation of a table for 0.005 points [32] of the F distribu-
tion gives Fs 1, =6.07 (o < 0.005); therefore, the probability
of Eq. (1) representing an aleatory relationship is lower than



L.M. Kabeya et al. | European Journal of Medicinal Chemistry 43 (2008) 996—1007 1003

Compound 20

Fig. 5. Graphical display of GRIND variable 39 of the DRY—NI cross-corre-
logram for selected 3-phenylcoumarin derivatives. A significant distance of
15.6 A (red line) connecting a couple of filtered nodes and corresponding to
a positive impact on the biological activity was found for the most active com-
pounds 5, 6 and 20 (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).

1 in 200 and higher than 199 in 200, indicating that the results
obtained are truly related in the manner given. As can be seen
in Eq. (1) the term o7 Ry was not reliable because its standard
error is higher than its coefficient. We then decided to investi-
gate if the influence of the R3y was hydrophobic and Eq. (2)
was obtained:

4. ¢

'\16/\

Compound 6

Compound 20

Fig. 6. Graphical display of GRIND variable 40 of the TIP—TIP auto-correlo-
gram for the two most active 3-phenylcoumarin derivatives. A significant dis-
tance of 16 A (red line) connecting a couple of filtered nodes and
corresponding to a negative impact on the biological activity was found for
the second most active compound (6), suggesting an inadequate shape for
its acetoxyl group (inside the blue circle) in the conformation input (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article).

PICso cLote = 4.26 + 2.79(£0.51) 1R + 1.96(£0.51) 1R,
+1.50(£0.70)a1Ry + 0.16(+0.31)7*Ry
+0.84(£0.52) 0 1Ry

n=18,5=0242, > =0.746, Fs;, = 7.05, a < 0.005 (2)

where 7 is the substituent hydrophobic constant.

The Fisher tests for Egs. (1) and (2) were significant
(a < 0.005). The quality of the two Egs. (1) and (2) was
almost identical. Nevertheless, Eq. (2) was preferred since it
has a slightly better standard deviation than Eq. (1). The
significance of 7 in QSAR equations of some ligand-enzyme
interactions has being interpreted with the help of 3D struc-
tures. These investigations showed that substituents modelled
by = bind in a hydrophobic space [33,34].

Egs. (1) and (2) are referred to CL-luc. The values of
compounds 7 and 8 were not included because their pICs, values

96 A

Fig. 7. Graphical display of GRIND variable 24 of the TIP—TIP auto-correlo-
gram for the two most active 3-phenylcoumarin derivatives. A significant dis-
tance of 9.6 A (red line) connecting a couple of filtered nodes and
corresponding to a positive impact on the biological activity was found for
20 but not for 6 (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).
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156 A

18.4 A

limit of the
receptor site
or ideal size

156 A

+«—— 96A

limit of the
receptor site
or ideal size

Fig. 8. Resulting pharmacophore for 3-phenylcoumarin derivatives that are bi-
ologically active. The depicted molecule (6) is one of the most active com-
pounds of the series. The coloured areas around the molecule represent the
groups of the virtual receptor site (VRS): HBd, hydrogen bond donor; Hyd,
hydrophobic. The green trapezium represents the limits of the VRS (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article).

were not known with accuracy; on the other hand, quercetin was
not included because it is a chroman-4-one, whilst the other
compounds are all chroman-2-ones. Table 3 shows the com-
pounds arranged according to decreasing CL-luc.

Table 3
Structure, parameter values and chemiluminescence® for compounds

Compound 0']R6 (7]R7 (TIRz/ 0']R3/ TI'R3/ G]R4/ pICSOb pICSOC
CL-luc CL-lum

20 033 033 000 0339 —064° 033% 644 641
6 033% 033 000 027" —002° 027° 616 618
5 0.29¢ 029¢ 000 027° —0.64° 027" 614  6.14
18 0.33¢ 000 000 033 —0.64° 033 575 5.69
15 029 000 029* 000 000 000 560 555
16 0.33¢ 000 033 000 000 000 559 554
14 033 0.00 000 000 000 033 540 456
13 029¢ 000 000 000 000 029 536 453
17 029 000 000 029 —0.67° 029 535 5.31
11 0.29¢ 000 000 0299 —0.67° 000 528 -8
19 0.29¢ 029* 000 029 —0.67° 029* 528 487
2 0.33¢ 000 000 0277 —0.02° 027" 527 —&
1 029¢ 000 000 027° —0.02° 027" 525 —&
12 033 0.00 000 033% —0.64° 000 516  4.66
4 0.00 033* 000 0277 —0.02¢ 027" 514 ¢
10 033 0.00 000 000 000 000 513 451
9 029 0.00 000 000 000 000 510 —£
3 000 029° 000 027" —0.02° 027" 507 —&
7 0.00 000 000 027° —0.02¢ 027" -¢ —&
8 0.00 0.00 000 000 000 000 -2 —

& pICso = —logICs, bearing in mind that the higher the value of pICs the
more potent is the compound.
CL-luc: lucigenin-dependent chemiluminescence.
¢ CL-lum: luminol-dependent chemiluminescence.
¢ See Ref. [29].
¢ See Ref. [31].
" See Ref. [30].
€ It cannot be accurately calculated because ICsq > 50 uM.

o

When compound 19 was not included in deriving Eq. (1)
(because there was a great difference between the experimen-
tal and theoretical pICs, values), the result was Eq. (3):

PICs0 CLotue = 4.07 + 3.35(+0.37)01Rg + 2.45(40.30) R,
+ 1.54(40.40)0(Ry + 0.28(£0.29) 1Ry
+0.82(4+0.29)0 Ry
n=17,5=0.134, r> = 0.927, Fs;, = 28.28,a < 0.001 (3)

On the other hand, Eq. (4) resulted when compound 19 was
not considered in Eq. (2):

PICso cL-te = 4.124-3.05(£0.30) (R + 2.42(£0.22) R,
4+ 1.67(40.29)a1Ry + 0.43(+0.13)7°Ry
+0.91(+0.22)a Ry
n=17,5=0.101, 7 = 0.959, Fs,; = 51.80, « < 0.001 (4)

Interestingly, Eq. (4) showed an inverted parabola in relation
to the substituent constant 7: the coefficient with the 7
term is positive. That is, as lipophilicity increased, activity first
decreased to a minimum and then increased with further
increment in the calculated w. Similar inverted parabolas
have been associated with allosteric interactions for enzymes
and receptors [35,36].

Much information can be derived from Egs. (3) and (4); Eq.
(4) was slightly better than correlation (3) regarding s,  and F.
The probability level is invariably 0.05 for QSAR [37]. The
number of degrees of freedom (DF) is (n — m), where 7 is the
number of sets of data (17 in our case) and m is the number
of variables [5 in Eq. (4)]. DF is therefore 12, which gives a
Student’s ¢ value of 2.179 for a probability of 0.05 [32]. The
t value was less than the ratio 0.43/0.13, which is the term con-
fidence obtained by dividing the coefficient by its standard
error. Therefore, it indicated that the term in 7 is significant.
The same test rejected the o7 Ry term in Eq. (3).

The predictive ability of the models was assessed on the 17
compounds in the training set using the cross-validation ap-
proach and measured in terms of a ¢* values. Eq. (4) gave
a good ¢ value of 0.958. A model is considered significant
when ¢* > 0.3 [38]. Regarding the CL-lum and following
the same strategy explained for the CL-luc, the following
equations were found after removing compound 19 due to
the above-mentioned reasons:

PICs0 CLotum = 3.53 + 2.48(+4.65)01Rs + 3.70(£0.67) 1R,
+4.00(40.98) 1Ry + 1.26(40.46) 7Ry
+1.45(40.80) Ry

n=11,5=0283, 2 =0.922, F,s=11.74, « < 0.01 (5)

The term 2.48(£4.65)01Rs was not significant and, when the
influence of the Rg group was considered to be hydrophobic
(through 7, and 7%), the corresponding correlations did not
improve the statistics of Eq. (5); therefore, after removing
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the influence of the Rg group, the relationship (6) was
obtained:

pICso CL-lum — 4.34 + 374(i066)01R7 + 388(i089)01R21
+1.22(£0.43)7Ry + 1.35(40.73)01Ry
n=11, s=0265, > =0.917, F46 = 16.58, a < 0.005 (6)

The success of QSAR predictions is highly dependent on the
number of results from which they are derived, the greater
the number, the more reliable the correlation. Four to five
biological results for every variable on the right-hand side of
the correlation equation is generally regarded as a minimum
acceptable level, and the more this figure is exceeded, the
better [39]. For this reason, Eq. (6) that takes into account
the CL-lum is worse than Eq. (4), which is related to the
CL-luc. On comparing Egs. (5) and (6) the larger coefficient
of the term 7r2R3/ in Eq. (6) than in Eq. (5) draws the attention,
and the following hypothesis could be stated: the influence of
the hydrophobic interactions is much more important to the
CL-lum than to the corresponding CL-luc.

3. Conclusions

In summary, the modulatory action of the investigated
3-phenylcoumarins on IC-mediated neutrophil effector func-
tions seems to require specific structural features, with regard
to the number and position of hydroxyl and acetoxyl groups.
The structure—activity relationships discussed in this report
allowed the identification of new and relevant structural fea-
tures for selective modulation of the different steps of acti-
vation in neutrophil oxidative metabolism, the initial one
involving O, generation (measured by CL-luc) or the subse-
quent involving myeloperoxidase participation (measured by
CL-lum).

Although the data set was not very large, we have built
a 3D-QSAR model with high statistical significance, which
allowed us to propose a virtual receptor site considering
both qualitative (pharmacophoric regions) and quantitative
aspects (mutual distances). GRIND has shown a high ability
to explain the relationships between the structural features of
the 3-phenylcoumarin derivatives and their biological activity,
independent of but not invariant to the conformations input of
the ligands, which was decisive to suggest the possible orien-
tations of the ligands inside the virtual receptor site. The re-
sulting MIF-based pharmacophore suggested the importance
of both hydrophobic and hydrogen bond acceptor groups
inversely at C-7 and C-3 positions, and also indicated the ideal
size of the ligand.

The 2D-QSAR results provided a better correlation for the
CL-luc than for the CL-lum. The influence of R¢, R7, Ry and
R, was inductive, whilst that of Ry was hydrophobic through
the substituent constant squared in the CL-luc. Although the
effects of the R;, Ry, Ry, and Ry groups for the CL-lum
were similar to these moieties for the CL-luc, the hydrophobic
contribution for the former was much more important, whilst

the R substituent did not contribute, either electronically or
hydrophobically, to the CL-lum.

Furthermore, since formation and release of different ROS
by neutrophils is involved in the development of chronic
inflammatory diseases, mediated or not by ICs, the present
study could contribute to the development of new molecules
to control inflammation and free radical-mediated tissue

injury.
4. Experimental
4.1. Chemicals

The 3-phenylcoumarin derivatives were synthesized and
characterized as previously described [18,19] (Fig. 1).
Lucigenin (bis-N-methylacrilidinium nitrate), luminol (5-
amino-2,3-dihydro-1,4-phthalazinedione), quercetin (3',4',3,
5,7-pentahydroxyflavone), ovalbumin and Trypan Blue were
purchased from Sigma Chemical Co. (St. Louis, MO, USA).
Dimethylsulfoxide (DMSO; Hohenbrunn, Germany), gelatin
(Difco Laboratories, Detroit, MN, USA), Triton X-100 (Union
Carbide, Houston, TX, USA) and LDH Liquiform (Labtest
Diagnostica; Lagoa Santa, MG, Brazil) were the other chemi-
cals used.

4.2. Animals

Adult female New Zealand white rabbits (weight around
3kg) were used for blood collection and anti-ovalbumin
antibody production. Animals were handled according to the
instructions of The Laboratory Animal Care and Use Ethics
Committee from the University of Sao Paulo, Campus of
Ribeirao Preto (Ribeirao Preto, SP, Brazil) and the experimen-
tal procedures were approved under protocol number
05.1.1050.53.9.

4.3. Isolation of neutrophils

Blood was collected from the central artery in rabbit’s ear
into Alsever solution (v/v) as anticoagulant and neutrophils
were isolated by the method of Lucisano and Mantovani
[40]. Cell pellets were suspended in Hank’s balanced salt
solution pH 7.2 (HBSS) containing 0.1% (w/v) gelatin. Cell
preparations contained 80—90% neutrophils and viability
higher than 95% as established by exclusion with Trypan Blue.

4.4. Preparation of immune complexes

Immune complexes (ICs) were prepared by mixing ovalbu-
min and polyclonal rabbit anti-ovalbumin IgG at equivalence,
as determined on the basis of quantitative precipitin curves
[41,42]. ICs were then washed twice with cold 0.15 M NaCl
(12,000 g, 15 min, 4 °C), and suspended in the same medium.
Total protein concentration in the precipitates was determined
by absorbance readings at 280 nm and expressed as pg/mL.
ICs were diluted in HBSS pH 7.2 for use.
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4.5. Cellular chemiluminescence assay

The assay was performed according to Lucisano-Valim
et al. [43]. Concentration of each component in the reaction
medium (0.8 mL) is indicated in parentheses below. Lucige-
nin, luminol, quercetin and 3-phenylcoumarins stock solutions
were prepared in DMSO. The chemiluminescence probe [luci-
genin (0.15 mM) or luminol (0.28 mM)] and test-compound
solutions (0—50 uM) or DMSO (control) were added to
neutrophil suspensions (1 x 10° cells/mL) and the reaction
mixture incubated for 3 min at 37 °C. After addition of IC
(60 pg/mL), the reaction tubes were carefully transferred to
the luminometer measuring chamber (Autolumat LB953,
EG&G Berthold, Germany). The luminol- or lucigenin-
enhanced chemiluminescence (CL-lum and CL-luc, respec-
tively) was measured during 30 min at 37 °C. The integrated
areas of CL-luc or CL-lum were determined and used to cal-
culate the inhibition percentage promoted by each concentra-
tion of the compound tested. ICs, values were used to compare
their relative activities.

4.6. Cytotoxicity evaluation

Cytotoxic effects of 3-phenylcoumarins on neutrophils were
evaluated as described by Lucisano-Valim et al [43]. Briefly,
aliquots of cell suspension (10° cells/mL) were incubated for
30 min at 37 °C, in the presence of 3-phenylcoumarin solutions
(50 uM) or DMSO (control). After centrifugation, cell pellets
were immediately suspended in HBSS and cellular viability
estimated by the Trypan Blue exclusion test, based on counts
of 100 cells. The activity of cytosolic lactate dehydrogenase
released into the supernatant was calculated after measuring
the decrease of absorbance at 340 nm at 37 °C (Beckman
DU-70 spectrophotometer). The LDH Liquiform Kit was
used for these measurements. Total cell lysis (positive control)
was achieved with 0.2% (v/v) Triton X-100.

4.7. 3D-OSAR procedures

Grid-independent descriptors (GRIND) were generated, an-
alyzed and interpreted using ALMOND 3.3 [27], as imple-
mented in the SYBYL 7.3 package [44]. For a data set
containing 13 compounds 570 descriptors have been obtained,
using 4 GRID probes: DRY (which represent hydrophobic in-
teractions), O (sp> carbonyl oxygen, representing H-bond ac-
ceptor), N1 (neutral flat NH, like in amide, H-bond donor),
and the TIP probe (molecular shape descriptor). The grid spac-
ing was set to 0.5 A and the smoothing window to 0.8. The
number of filtered nodes was set to 100, with 35% relative
weights.

4.8. 2D-OSAR procedures

Statistical analysis of the relationships between CL-luc and
substituent properties was performed by the partial least-
squares algorithm using the QSAR module of SYBYL 7.3
package [44].

4.9. Modelling of the 3D structures

Three-dimensional structures of the 13 compounds investi-
gated by QSAR were first generated and minimized in Spartan
06 [45], using MMFF force field parameterized in gas-phase.
A subsequent conformational search was performed using
the MONTE CARLO method with the MMFF molecular
mechanics model. The resulting structures were then fully
optimized at B3LYP/6-31G* level of calculation.

Acknowledgements

The authors thank Mr. Alcides Silva Pereira and Mrs. Nadir
Mazzucato (Faculdade de Ciéncias Farmacéuticas de Ribeirao
Preto, Universidade de Sao Paulo, Ribeirao Preto-SP, Brazil)
for helpful technical assistance, and the Brazilian agencies
Conselho Nacional de Desenvolvimento Cientifico e Tecnol6-
gico (CNPq, grant 140462/2003-1), Fundacao de Amparo a
Pesquisa do Estado de Sao Paulo (FAPESP, grants 02/06800-4
and 98/14107-0), and Coordenacao de Aperfeicoamento de
Pessoal de Nivel Superior (CAPES) for financial support.

References

[1] J.A. Schifferli, R.P. Taylor, Kidney Int. 35 (1989) 993—1003.

[2] S. Jancar, M.S. Crespo, Trends Immunol. 26 (2005) 48—55.

[3] B.M. Babior, Am. J. Med. 109 (2000) 33—44.

[4] K.J.A. Davies, IUBMB Life 50 (2000) 279—289.

[5] E. Middleton Junior, C. Kandaswami, T.C. Theoharides, Pharmacol. Rev.
52 (2000) 673—751.

[6] L.M. Kabeya, A. Kanashiro, A.E.C.S. Azzolini, FM. Soriani,
J.L.C. Lopes, Y.M. Lucisano-Valim, Res. Commun. Mol. Pathol.
Pharmacol. 111 (2002) 103—114.

[7] A. Kanashiro, L.M. Kabeya, A.C.M. Polizello, N.P. Lopes, J.L.C. Lopes,
Y.M. Lucisano-Valim, Phytother. Res. 18 (2004) 61—65.

[8] A. Kanashiro, L.M. Kabeya, C.EF. Grael, C.O. Jordao,
A.E.C.S. Azzolini, JL.C. Lopes, Y.M. Lucisano-Valim, J. Pharm.
Pharmacol. 58 (2006) 853—858.

[9] W.-S. Chang, C.-C. Lin, S.-C. Chuang, H.-C. Chiang, Am. J. Chin. Med.
24 (1996) 11—17.

[10] S.Martin-Aragén, J. Benedi, A. Villar, Phytother. Res. 10 (1996) 75—78.

[11] B. Limasset, T. Ojasoo, C. Le Doucen, J.-C. Dore, Planta Med. 65 (1999)
23-29.

[12] O. Vajragupta, P. Boonchoong, Y. Wongkrajang, Bioorg. Med. Chem. 8
(2000) 2617—2628.

[13] Y.-C. Chen, S.-C. Shen, W.-R. Lee, W.-C. Hou, L.-L. Yang, T.J.F. Lee,
J. Cell Biochem. 82 (2001) 537—548.

[14] A. Kumar, B.K. Singh, R. Tyagi, S.K. Jain, S.K. Sharma, A.K. Prasad,
H.G. Raj, R.C. Rastogi, A.C. Watterson, V.S. Parmar, Bioorg. Med.
Chem. 13 (2005) 4300—4305.

[15] P. McCue, K. Shetty, Crit. Rev. Food Sci. Nutr. 44 (2004) 361—367.

[16] C.M.O. Simoes, E.P. Schenkel, G. Gosmann, J.C.P. de Mello,
L.A. Mentz, P.R. Petrovick, Farmacognosia: da planta ao medicamento,
fifth ed. Editora da UFRGS/Editora da UFSC, Porto Alegre/Floriandpo-
lis, 2004.

[17] A.K. Waffo, G.A. Azebaze, A.E. Nkengfack, Z.T. Fomum, M. Meyer,
B. Bodo, F.R. Van Heerden, Phytochemistry 53 (2000) 981—985.

[18] A.A.de Marchi, M.S. Castilho, P.G.B. Nascimento, F.C. Archanjo, G. Del
Ponte, G. Oliva, M.T. Pupo, Bioorg. Med. Chem. 12 (2004) 4823—4833.

[19] L.M. Kabeya, A.A. de Marchi, A. Kanashiro, N.P. Lopes, C.H.T.P. da
Silva, M.T. Pupo, Y.M. Lucisano-Valim, Bioorg. Med. Chem. 15
(2007) 1516—1524.



L.M. Kabeya et al. | European Journal of Medicinal Chemistry 43 (2008) 996—1007 1007

[20] AN. Garcia-Argaez, T.O.R. Apan, H.P. Delgado, H. Velazquez,
M. Martinez-Vazquez, Planta Med. 66 (2000) 279—281.

[21] M. Ghate, D. Manohar, V. Kulkarni, R. Shobha, S.Y. Kattimani, Eur.
J. Med. Chem. 38 (2003) 297—302.

[22] C.A. Kontogiorgis, D.J. Hadjipavlou-Litina, J. Med. Chem. 48 (2005)
6400—6408.

[23] K. Van Dyke, V. Castranova, Cellular Chemiluminescence, CRC Press,
Boca Raton, 1987.

[24] F. Ursini, M. Maiorino, P. Morazzoni, A. Roveri, G. Pifferi, Free Radic.
Biol. Med. 16 (1994) 547—553.

[25] M. Paya, M.L. Ferrandiz, F. Miralles, C. Montesinos, A. Ubeda,
M.J. Alcaraz, Arzneimittel Forschung — Drug Res. 43 (1993) 655—658.

[26] M. Paya, P.A. Goodwin, B. Heras, J.R.S. Hoult, Biochem. Pharmacol. 48
(1994) 445—451.

[27] M. Pastor, G. Cruciani, I. McLay, S. Pickett, S. Clementi, J. Med. Chem.
43 (2000) 3233—3243.

[28] F. Fontaine, M. Pastor, H. Gutierrez-de-Teran, J.J. Lozano, F. Sanz, Mol.
Divers. 6 (2003) 135—147.

[29] R.W. Taft, E. Price, L.LR. Fox, I.C. Lewis, K.K. Andersen, G.T. Davis,
J. Am. Chem. Soc. 85 (1963) 3146—3156.

[30] S.K. Dayal, S. Ehrenson, R.-W. Taft, J. Am. Chem. Soc. 94 (1972)
9113—-9122.

[31] D.H. McDaniel, H.C. Brown, J. Org. Chem. 23 (1958) 420—427.

[32] J.M. Blaney, C. Hansch, in: C. Hansch, P.G. Sammes, J.B. Taylor (Eds.),
Comprehensive Medicinal Chemistry. vol. 4. The Rational Design,
Mechanistic Study and Therapeutic Application of Chemical
Compounds, Pergamon Press, Oxford, 1990, pp. 459—496.

[33] C. Hansch, J.M. Blaney, in: J.K. Seydel, K.-J. Schaper (Eds.), Chemische
Struktur und biologische Aktivitdit von Wirkstoffen. Methoden der
Quantitativen Struckutr-Wirkung-Analyse, Verlag Chemie, Weinheim,
1979, pp. 185—208.

[34] C. Hansch, R. Garg, A. Kurup, Bioorg. Med. Chem. 9 (2001)
283—289.

[35] R. Garg, A. Kurup, S.B. Mekapati, C. Hansch, Bioorg. Med. Chem.
11 (2003) 621—628.

[36] H.J. Smith (Ed.), Smith and Williams’ Introduction to the Principles of
Drug Design, second ed. John Wright, London, 1988.

[37] L. Sachs, Applied Statistics. A Handbook of Techniques, second ed.
Springer-Verlag, New York, 1984.

[38] C.G. Wermuth, The Practice of Medicinal Chemistry, second ed. Elsevier
Academic Press, London, 2003.

[39] ED. King, Medicinal Chemistry. Principles and Practice, The Royal
Society of Chemistry, Cambridge, 1994.

[40] Y.M. Lucisano, B. Mantovani, J. Immunol. 132 (1984) 2015—2020.

[41] J.L. Fahey, J. Wunderlich, R. Mishell, J. Exp. Med. 120 (1964) 223.

[42] E.A. Kabat, M.M. Mayer, Experimental Immunochemistry, second ed.
Thomas, Springfield, 1961.

[43] Y.M. Lucisano-Valim, L.M. Kabeya, A. Kanashiro, E.M.S. Russo-
Carbolante, A.C.M. Polizello, A.E.C.S. Azzolini, S.C. Silva,
J.L.C. Lopes, C.A. Oliveira, B. Mantovani, J. Pharmacol. Toxicol.
Methods 47 (2002) 53—58.

[44] SYBYL 7.3, Tripos, Inc., USA, 2006.

[45] Spartan "06 full, Tutorial and User’s Guide, Wavefunction, Inc., USA,
2006.



	Inhibition of immune complex-mediated neutrophil oxidative metabolism: A pharmacophore model for 3-phenylcoumarin derivatives using GRIND-based 3D-QSAR and 2D-QSAR procedures
	Introduction
	Results and discussion
	Inhibition of immune complex-mediated neutrophil oxidative metabolism
	3D-QSAR studies
	2D-QSAR studies

	Conclusions
	Experimental
	Chemicals
	Animals
	Isolation of neutrophils
	Preparation of immune complexes
	Cellular chemiluminescence assay
	Cytotoxicity evaluation
	3D-QSAR procedures
	2D-QSAR procedures
	Modelling of the 3D structures

	Acknowledgements
	References


