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Abstract

The toxic effects of eighteen substituted anilines were determined by means of a short-term in vitro assay, using
submitochondrial particles (SMP) as biosensors. The assay allows for the quantification of the effects of toxicants that act
specifically on mitochondrial respiratory functions, like uncouplers and inhibitors, or non-specifically, by disturbing the
structure and functioning of the inner mitochondrial membrane. The obtained EC50 values range from 72.5 to 1910 Wmol/l.
The type and position of the substituents are of fundamental importance in determining the toxic potency. In general, the
presence of electron-withdrawing substituents produces higher toxic effects, whereas electron-donating groups seem to
reduce the toxicity. Quantitative structure^activity relationships (QSAR) showed that toxicity values were correlated with the
Hammett c constant and with hydrogen bonding capacity descriptors, such as ELUMO, EHOMO and Q�. The results indicate
that toxicity increases with increasing the hydrogen bonding donor capacity of the NH2 group and support the hypothesis of
a mechanism of action based on hydrogen bonding formation between the amino group of anilines and polar groups at the
membrane/water interface. Such an interaction would cause a derangement of the membrane structure and, as a
consequence, a disturbance of its functioning. ß 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Aniline and its substituted derivatives can be in-
troduced into the environment through a number of
sources. Chloro-, nitro- and dimethylanilines (xyli-
dines) are widely used as intermediates for the syn-
thesis of chemicals in the pharmaceutical, agrochem-
ical and pigment industries and can be released into
the environment through industrial discharges [1].
Halogenated anilines can also be formed as a result

of the partial degradation of certain aniline based
pesticides [1,2].

These compounds are known to cause a variety of
toxic e¡ects, whose magnitude and type depend on
the nature of the substituent groups, on their number
and, in addition, on their position in the aromatic
ring. Various studies demonstrated that aniline and
halogenated anilines can induce methaemoglobinae-
mia, as well as renal and hepatic toxicity both in
vitro and in vivo [2^4]. Aminophenols, which are
primary products of aniline metabolism, were also
shown to induce nephrotoxicity [4]; in addition, evi-
dence of recombinagenic activity is reported for these
compounds, and they were shown to be more potent
than aniline itself [5]. para-Aminophenol, in particu-
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lar, is a known nephrotoxin; this compound is a
metabolite of aniline and also of acetaminophen,
an analgesic and antipyretic drug [4].

In Quantitative structure^activity relationships
(QSAR) studies anilines are commonly included in
the class of polar narcotic chemicals, which are sup-
posed to exert their toxic e¡ects by disturbing the
structure and functioning of biomembranes. Besides
the important role played by the lipophilic character
of the compounds, the mechanism underlying the
toxicity of polar narcotics was shown to be related
to their electronic properties and to their hydrogen
bonding capability [6,7].

In a previous study we have investigated the toxic
e¡ects of a series of chlorinated anilines towards mi-
tochondrial respiration, a process of primary impor-
tance for cellular functioning and viability in eucary-
otic organisms [8]. To this purpose, we have utilized
as biosensors submitochondrial particles (SMP),
which are obtained by sonic disruption of beef heart
mitochondria and consist of closed vesicles of inner
mitochondrial membrane. Toxic e¡ects were quanti-
¢ed by means of a short-term assay, based on the
process of reverse electron transfer (RET), which is
induced by ATP and succinate and involves three
membrane-bound enzymatic complexes: succinate
dehydrogenase, NADH dehydrogenase and ATP
synthase [9,10].

As in the case of the physiological mitochondrial
respiration, an essential requirement for a correct
functioning of reverse electron transfer is the integ-
rity of the inner membrane structure. As a conse-
quence, besides speci¢cally acting chemicals, like un-
couplers and inhibitors, the assay is also sensitive to
compounds that elicit their toxic action in a non-
speci¢c manner, by interfering with the structure of
the SMP membrane. The response of the assay,
therefore, could also provide evidence of the e¡ects
of chemicals eliciting a disrupting action on function-
al membranes in general.

The ¢ndings obtained for chloroanilines were con-
sistent with the polar narcosis mode of action and
supported the hypothesis of an interaction between
these toxicants and submitochondrial particles at
membrane level [8]. In particular, this interaction
was supposed to involve either the external hydro-
philic region of the membrane or the internal hydro-
phobic one, or both. According to the assumed

mechanism of action, the NH2 group of anilines
could form hydrogen bonds with polar groups at
the membrane/water interface, such as phosphates,
carbonyls, carboxyls and amino groups, whereas
the hydrophobic moiety, i.e., the chlorine substituted
benzene ring, could enter the hydrophobic region of
the membrane. Such an action can lead to disorder
and expansion of the membrane structure, resulting
in a disturbance of its functioning. In the submito-
chondrial particle assay, this will result in a slowing
down or a complete inhibition of reverse electron
transfer.

The present study was aimed at acquiring further
experimental evidence on the importance of the hy-
drogen bonding donor capacity of the NH2 group in
eliciting the e¡ects of substituted anilines towards
mitochondrial respiration. To this purpose, the study
formerly carried out on a congeneric series of ani-
lines, such as the chlorinated ones, was extended to a
heterogeneous group of aniline derivatives, contain-
ing di¡erent substituents on the aromatic ring (Fig.
1). Speci¢cally, we selected a set of anilines with sub-
stituents characterized by a wide di¡erence in the
electron donor-withdrawing capability, whereas hy-
drophobicity, which varied in a narrow range, was
comparable for most compounds. The choice of such
a set of anilines was aimed at emphasizing the con-
tribution to the toxicity due to the electronic proper-
ties and the hydrogen bonding capacity, with respect
to the hydrophobic and steric factors.

The toxic e¡ects of these compounds were assessed
by the submitochondrial particle assay, and the rela-
tionships between the toxicity and physicochemical
and structural properties were investigated by corre-
lating the obtained EC50 values with both classical
molecular descriptors and quantum chemical param-
eters.

2. Materials and methods

2.1. Chemicals

ATP, antimycin A, NAD�, sodium succinate, su-
crose and MgSO4 were purchased from Sigma^Al-
drich (Milan, Italy). The substituted anilines were
purchased from Aldrich (Milan, Italy). They were
dissolved in analytical grade dimethyl sulfoxide
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(DMSO) or absolute ethanol. Antimycin A was dis-
solved in absolute ethanol. All the other chemicals
were dissolved in ultrapure Milli-Q water (Millipore,
Bedford, MA).

2.2. Submitochondrial particle assay

Beef heart mitochondria were prepared following
the method of Lo«w and Vallin [11], with slight mod-
i¢cations. Submitochondrial particles were prepared
according to the method of Hansen and Smith [12].
They were suspended in a medium containing 250

mM sucrose and 10 mM Tris^HCl (pH 7.4) at an
approximate protein concentration of 25 mg/ml and
were stored in a freezer at 320³C.

The test with phosphorylating SMPs was carried
out by determining the e¡ect of toxicants on the
RET process, where exogenous NAD� is reduced
to NADH, which absorbs strongly at 340 nm. The
NADH production rate was measured using a Jasco
V-530 spectrophotometer.

The assay medium contained sucrose (180 mM),
Tris^HCl, pH 7.5 (50 mM), sodium succinate (100
mM), MgSO4 (30 mM), NAD� (1 mM), antimycin A
(0.7 Wg/ml), ATP (2 mM) and submitochondrial par-
ticles (0.06 mg protein/ml). The assay was carried out
at 30³C.

The rate of NADH production in the presence of
subsequent cumulative toxicant doses was recorded
and used to calculate the percent inhibition. The
EC50 values were calculated from the dose^response
curve, by extrapolating the concentration of toxicant
at which the rate of NADH production was dimin-
ished by 50% [10]. The total amount of toxicant so-
lution added to the medium did not exceed 0.5%
(v/v). Equivalent volumes of organic solvent (ethanol
or DMSO) exhibited no observable e¡ects in control
experiments.

Throughout the whole experiment the SMP stock
suspension was maintained in ground ice, in order to
minimize the activity loss. The repeatability of the
SMP response during a 12-h experimental period
was evaluated by executing eight replicates of the
EC50 determination, using the same toxicant solution
and the same SMP stock suspension. The repeatabil-
ity was within a relative 95% con¢dence interval of
7%, as calculated by applying the Student's t distri-
bution to the EC50 values.

2.3. Quantitative structure^activity relationships
(QSAR)

The EC50 values obtained by the SMP assay were
expressed as the logarithm of the inverse molar con-
centration (log 1/EC50). The hydrophobicity of sub-
stituted anilines was described by the octanol/water
partition coe¤cient (log Kow). The values of this pa-
rameter were experimentally measured and were re-
trieved from the on-line version of the LOGKOW
program of the Syracuse Research Corporation

Fig. 1. Structures of the 18 substituted anilines.
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(http://esc-plaza.syrres.com/interkow/kowdemo.htm).
For 4-methylthioaniline and 2,4-dinitroaniline, since
the experimental data were not reported, log Kow

values estimated using the LOGKOW program
were used. The Hammett c constant was used to
describe electronic e¡ects. The c values for the
meta and para substituents were taken from Hansch
et al. [13]. For strong electron withdrawing substitu-
ents (COCH3, CN, NO2), the nucleophilic c3

p was
used, which takes into account the so-called `through
resonance' e¡ect, present when these groups are con-
jugated with an electron-donating group, such as
NH2 in anilines [14]. As concerns the ortho substitu-
ents, which can exert proximity e¡ects, c constants
are not univocally de¢ned. In the present study, the
co values taken from the compilation of Charton and
derived from the hydroxyl chemical shift of ortho-
substituted phenols were used [15]. Regarding the
disubstituted anilines, the summation of the single
substituent constants was used.

Besides these classical descriptors, the following
quantum chemical parameters were used to establish
QSARs: EHOMO (the energy of the highest occupied
molecular orbital), ELUMO (the energy of the lowest
unoccupied molecular orbital), Q3 (the most nega-
tive partial charge on any non-hydrogen atom) and
Q� (the most positive partial charge on any hydro-
gen atom). EHOMO and Q3 are used as descriptors
for hydrogen bonding acceptor capacity, which in-
creases with increasing EHOMO and decreasing Q3.
The hydrogen bonding donor capacity is described
by ELUMO and Q�, and increases with a decrease in
ELUMO and an increase in Q� [16^18].

Molecular orbital energies were calculated using
the Spartan program package [19] running on an
Indy workstation. Geometry optimization was per-
formed using the semiempirical PM3 procedure,
and energies and partial charges (Mulliken) were re-
calculated at the ab initio 6^31 G level.

Moreover, molecular volumes (Vmc) were used to
evaluate the in£uence of the steric properties of sub-
stituted anilines. These parameters were calculated
using the HyperChem 6.01 program [20].

2.4. Statistical analysis

QSARs were developed by using linear regression
analysis. The quality of the models was estimated by

means of the coe¤cient of determination (R2 and
R2

adj), the standard error of estimate (s) and the anal-
ysis of variance (ANOVA) ratio for regression (F). A
cross-validation procedure (the leave-one-out method
[21]) was used to evaluate the predictive power of the
established QSAR models; the obtained R2

cv values
are reported in the results.

3. Results and discussion

3.1. EC50 determination

The EC50 values determined by means of the SMP
assay are presented in Table 1, together with the
parameters used to develop QSARs. It can be seen
that the EC50 values for monosubstituted anilines
vary by more than one order of magnitude, from a
minimum of 72.5 WM for 4P-aminoacetophenone to
1910 WM for 2-aminophenol. These results point out
the importance of substituent type in determining
substituted aniline e¡ects on reverse electron trans-
fer. In general, anilines containing electron-donating
groups show a lower toxicity, whereas the presence
of electron withdrawing substituents produces in-
creased toxic e¡ects.

As can be argued from the data obtained for dini-
troanilines, the addition of a second electron with-
drawing substituent on the benzene ring signi¢cantly
increases the toxicity; these compounds are, in fact,
the most toxic in the whole examined series, with
EC50 values in the range 25.7^60 WM. On the other
hand, 3,4-dimethylaniline presents an EC50 value of
1140 WM, which is slightly higher than that of
4-methylaniline (921 WM). For electron donating
groups, therefore, the addition of a further substitu-
ent has a lower in£uence and even seems to decrease
the toxicity.

These results are in accordance with the ¢ndings
achieved previously for chloroanilines and are con-
sistent with the hypothesized mechanism of action
[8]. In anilines, the lone pair associated with the ni-
trogen atom is conjugated with the electron cloud of
the benzene ring. The result of the e¡ect of electron
withdrawing substituents will be a reduction in elec-
tron density at the N atom and, in turn, an attraction
of the electron clouds associated with the NH2 hy-
drogen atoms. Electron withdrawal thus leads to an
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Table 1
Toxicity values obtained for substituted anilines by the SMP assay and molecular descriptors used to develop QSARs

Substituted aniline Substituent SMP EC50

(WM)
SMP log 1/EC50

(M)
log Kow c EHOMO

(Hartree)
ELUMO

(Hartree)
Q� (a.u.) Q3 (a.u.) Vmc (Aî 3)

4-Methylaniline CH3 921 3.04 1.39 30.17 30.31097 0.14495 0.348123 30.861574 421.07
3,4-Dimethylaniline CH3 1140 2.94 1.84 30.24 30.28031 0.14600 0.352739 30.869141 462.33
4-Ethoxyaniline OCH2CH3 701 3.15 1.24 30.24 30.29957 0.14103 0.347370 30.861574 503.32
4-(Methylthio)aniline SCH3 876 3.06 1.68 0.00 30.28905 0.13647 0.349868 30.861087 474.66
2-Aminophenol OH 1910 2.72 0.62 30.41 30.30506 0.13884 0.349293 30.832184 389.02
3-Aminophenol OH 604 3.22 0.21 0.12 30.29478 0.14974 0.358335 30.869817 387.91
4-Aminophenol OH 1040 2.98 0.04 30.37 30.30301 0.13784 0.347546 30.860794 390.67
2P-Aminoacetophenone COCH3 133 3.88 1.63 1.06 30.33811 0.09300 0.358734 30.871710 495.96
3P-Aminoacetophenone COCH3 230 3.64 0.83 0.38 30.30508 0.09600 0.357638 30.865102 468.19
4P-Aminoacetophenone COCH3 72.5 4.14 0.83 0.84 30.33712 0.08984 0.354940 30.860430 472.56
2-Aminobenzonitrile CN 150 3.82 1.40 1.18 30.34778 0.08932 0.361723 30.849960 423.43
3-Aminobenzonitrile CN 499 3.30 1.07 0.56 30.31904 0.08643 0.362692 30.866539 423.10
2-Nitroaniline NO2 223 3.65 1.85 1.20 30.36015 0.06173 0.360479 30.812037 427.31
3-Nitroaniline NO2 178 3.75 1.37 0.71 30.32576 0.05485 0.365544 30.864830 427.21
4-Nitroaniline NO2 106 3.98 1.39 1.27 30.36710 0.05590 0.360454 30.857954 431.47
2,4-Dinitroaniline NO2 35.5 4.45 1.84 2.47 30.39730 0.02229 0.380462 30.834819 485.94
2,6-Dinitroaniline NO2 60.0 4.22 1.79 2.40 30.39624 0.02361 0.381547 30.791581 480.84
3,5-Dinitroaniline NO2 25.7 4.60 1.89 1.42 30.35534 0.02069 0.373031 30.862420 489.95

B
B

A
M

E
M

78185
14-12-01

E
.

A
rgese

et
al./B

iochim
ica

et
B

iophysica
A

cta
1558

(2002)
151^160

155



increased polarity of the N^H bond in the amino
group and, as a consequence, in an increased
strength of the N^HmA hydrogen bond, where A
indicates, in general, an electronegative atom in the
biomembrane.

The results in Table 1 also show that the position
of the substituent has an in£uence on toxicity. In the
case of electron withdrawing groups, such as COCH3

and NO2, the substitution at the para position seems
to cause a higher toxicity, whereas for aminophenols
the meta isomer was found to be the most toxic. In
addition, for both mono and dinitroanilines, as well
as for aminophenols, the substitution in the ortho
position seems to be associated with a lower toxicity.

The higher toxicity of 4-nitroaniline and 4P-amino-
acetophenone can be ascribed to the concomitant
¢eld/inductive (I) and mesomeric (M) e¡ects exerted
by the NO2 and COCH3 groups, respectively. When
these groups are placed in the para position, they are
conjugated with the mesomeric electron-donating
NH2 group of anilines; therefore, the overall magni-
tude of electron-withdrawal is greater than in the
case of the meta-substituted isomers, where the reso-

nance e¡ect is negligible. This is also con¢rmed by
the values of the Hammett cp of the NO2 and
COCH3 groups, which are signi¢cantly higher than
the corresponding cm.

As concerns aminophenols, OH is an electron-
withdrawing group by induction, whereas it is a
strong mesomeric electron-donating group. In 3-ami-
nophenol, where the OH group is not conjugated
with NH2, the ¢eld/inductive electron withdrawing
e¡ect prevails, as shown by the positive value of
the Hammett cm. This leads to a higher polarity of
the N^H bond, which could account for the higher
toxicity of this isomer. Conversely, in 4-aminophenol
the +M and 3I e¡ects of the OH group are opposed,
resulting in a lower electron withdrawing e¡ect and,
as a consequence, a lower toxicity.

The lower toxicity presented by the ortho substi-
tuted aminophenol and nitroanilines gives further
support to the hypothesis of the involvement of hy-
drogen bonding in the toxic interaction between ani-
lines and submitochondrial particles. In fact, in these
compounds an intramolecular hydrogen bond is
probably formed between the hydrogen of the NH2

group and the oxygen atom of OH and NO2, respec-
tively [22] (Fig. 2); as a consequence, the formation
of intermolecular hydrogen bonding between NH2

and polar groups in the membrane is less favoured
and, as a consequence, the disrupting action on the
biomembrane would be reduced. However, 2P-amino-
acetophenone, which could also form an intramolec-
ular hydrogen bond, would seem to be an exception.

3.2. Quantitative structure^activity relationships

Quantitative structure^activity relationships were

Table 2
Results of regression analysis between EC50 values and QSAR parameters

Parameter R2 R2
adj R2

cv a b F s n

c 0.81 0.80 0.76 3.20 þ 0.08 0.57 þ 0.07 69 0.25 18
c (excluding outliers) 0.91 0.90 0.88 3.16 þ 0.05 0.53 þ 0.05 136 0.16 16
EHOMO 0.71 0.69 0.65 30.83 þ 0.71 313.4 þ 2.1 39 0.31 18
EHOMO (excluding outliers) 0.84 0.82 0.74 30.30 þ 0.47 311.7 þ 1.4 66 0.20 15
ELUMO 0.82 0.81 0.78 4.62 þ 0.13 311.0 þ 1.3 72 0.25 18
ELUMO (excluding outliers) 0.86 0.85 0.83 4.58 þ 0.12 311.0 þ 1.2 90 0.22 17
Q� 0.67 0.65 0.59 312.2 þ 2.8 44.0 þ 7.7 33 0.39 18
Q� (excluding outliers) 0.77 0.75 0.70 313.1 þ 2.4 46.2 þ 6.5 50 0.28 17

n is the number of data; a and b are the regression coe¤cients for the equation:log (1/EC50) = a+b X, where X represents the molecu-
lar descriptor. The statistical parameters are described in Section 2. Outliers are indicated in the text.

Fig. 2. Structure of 2-nitroaniline, showing the intramolecular
hydrogen bond.
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developed in order to get a deeper insight into the
dependence of the toxicity of substituted aniline on
their structures and properties, and to con¢rm the
hypothesized mechanism of toxic action.

As can be seen from the data in Table 1, substi-
tuted anilines with comparable log Kow values exhibit
very di¡erent toxic e¡ects, and a clear relationship
between this parameter and the toxic potency cannot
be identi¢ed (R2 = 0.22). A comparison with the re-
sults of other studies is not straightforward, since the
data sets used and the involved toxicity endpoints
often present signi¢cant di¡erences. In various
QSAR studies, log Kow, though not always su¤cient
on its own as a descriptor or predictor of polar nar-
cotic toxicity, is found to be one of the most impor-
tant parameters [17,23^26]. Conversely, Kaiser [27]
found a low correlation (R2 = 0.19) between log P
and the toxicity of 23 para-substituted anilines in
the Microtox assay. Cronin and Schultz as well did
not obtain a signi¢cant relationship when trying to
model the toxicity of polar narcotic phenols to Vibrio
¢sheri using log P [28].

Our previous ¢ndings on chloroanilines showed
that log Kow was a signi¢cant descriptor of toxicity
towards submitochondrial particles [8] ; however, the
compounds included in that study contained one to
¢ve chlorine substituents and log Kow values ranged
from about 2 to 5. In this study, instead, the inves-
tigation was focused mainly on monosubstituted
compounds, except for the three dinitroanilines; log

Fig. 5. Regression of log (1/EC50) versus Q�. The statistical
outliers are identi¢ed by the symbol E and are not included in
the regressions. The dotted lines represent 95% con¢dence lim-
its.

Fig. 4. Regression of log (1/EC50) versus ELUMO. The statistical
outliers are identi¢ed by the symbol E and are not included in
the regressions. The dotted lines represent 95% con¢dence lim-
its.

Fig. 3. Regression of log (1/EC50) versus the Hammett c. The
statistical outliers are identi¢ed by the symbol E and are not in-
cluded in the regressions. The dotted lines represent 95% con¢-
dence limits.
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Kow values, as already mentioned, varied in a narrow
range and were always lower than 2. In addition, for
chloroanilines it was di¤cult to distinguish the con-
tribution to toxicity of interactions di¡erent from the
hydrophobic ones, since most of the other QSAR
descriptors were highly correlated with log Kow.

The set of compounds examined in the present
study, on the contrary, was designed with the pur-
pose of pointing out the in£uence of other kinds of
interactions, mainly the electronic ones.

As shown in Table 2 and Fig. 3, the descriptor that
gives the highest quality QSAR is just the electronic
parameter Hammett c. The prevalent importance
of c as a descriptor of substituted aniline toxicity

underlines the remarkable role played by electronic
interactions. Speci¢cally, the obtained QSAR equa-
tion con¢rms the trend towards increasing toxicity
by increasing the electron-withdrawing e¡ects of the
substituents.

Two compounds, 3,5-dinitroaniline and 4P-amino-
acetophenone, were found to be outliers and were
excluded from the regression; their elimination sig-
ni¢cantly improved the quality of the model, as in-
dicated by the statistical parameters in Table 2. One
explanation of the excess toxicity exhibited by these
compounds could be related to the possibility of the
NO2 and COCH3 groups to form further hydrogen
bonding by acting as acceptors.

The results in Table 2 also point out the in£uence
of hydrogen bonding descriptors. In particular, sig-
ni¢cant correlations are found when using the de-
scriptors for hydrogen bonding donor capacity,
that is ELUMO and Q� (Figs. 4 and 5). In both cases,
the results are improved by excluding from the re-
gressions the statistical outlier 4P-aminoacetophe-
none.

In the QSAR equations including ELUMO and Q�,
the values of the slopes, negative and positive respec-
tively, indicate that toxicity increases with an in-
crease in the hydrogen bonding donor capacity, as
expected on the basis of the supposed mechanism of
toxic action of anilines in submitochondrial particles.

In addition, EHOMO (Fig. 6) also results as a sig-
ni¢cant descriptor, though a more modest correla-
tion is obtained. Three compounds were found to
be statistical outliers, that is 3,5-dinitroaniline,
4P-aminoacetophenone and 2-aminophenol. The
slope of the regression line has a negative value, in-
dicating that toxicity increases when decreasing the
hydrogen bonding acceptor capacity of the mole-

Table 3
Correlation matrix showing correlation coe¤cients among the di¡erent molecular descriptors

log Kow c EHOMO ELUMO Q� Q3 Vmc

log Kow 1.00 0.56 30.49 30.54 0.49 0.31 0.63*
c 1.00 30.95* 30.92* 0.92* 0.54 0.42
EHOMO 1.00 0.90* 30.83* 30.64* 30.29
ELUMO 1.00 30.90* 30.46 30.37
Q� 1.00 0.49 0.33
Q3 1.00 0.02
Vmc 1.00

The values indicated with an asterisk are signi¢cant at the level P6 0.01.

Fig. 6. Regression of log (1/EC50) versus EHOMO. The statistical
outliers are identi¢ed by the symbol E and are not included
in the regressions. The dotted lines represent 95% con¢dence
limits.
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cules. The correlation of toxicity with Q3, instead, is
not signi¢cant (R2 = 0.07).

The molecular volume (Vmc) is also not a signi¢-
cant descriptor (R2 = 0.27), showing that the di¡er-
ences in the steric hindrance are of minor importance
in with respect to electronic properties in describing
the toxic activity of the examined compounds.

In an e¡ort to improve the quality of the obtained
QSAR models, multiple regression analysis was per-
formed. It must be noticed that a high degree of
correlation exists between some parameters, as
shown in the correlation matrix in Table 3, and
this was taken into account when carrying out the
multiple regression analysis.

The addition of the hydrophobicity descriptor, log
Kow, does not produce an improvement in any of the
QSAR models. On the other hand, the addition of
Q3 as a second independent variable in the regres-
sion that includes c, signi¢cantly enhances the qual-
ity of the model. The following equation is obtained:

log�1=EC50� � 0:68��0:07�c38:4��2:7�Q334:0��2:3�

with R2 = 0.89, R2
adj = 0.87, s = 0.20, F = 59, n = 18.

The exclusion of the identi¢ed statistical outliers,
which are the same as in the simple regression that

includes c (3,5-dinitroaniline and 4P-aminoacetophe-
none), further improves the regression quality and
yields the equation:

log�1=EC50� � 0:61��0:04�c35:9��1:7�Q331:9��1:4�

with R2 = 0.95, R2
adj = 0.94, s = 0.12, F = 130, n = 16.

The observed versus predicted toxicity values are
shown in Fig. 7. By comparing Figs. 3 and 7, it
can be seen that the QSAR that includes both c
and Q3 seems to give a better estimate of the toxicity
of some compounds, in particular the ortho substi-
tuted ones, for which c alone would give an over-
estimate of toxicity.

As concerns the other descriptors, multiple regres-
sion analysis did not yield improved results.

4. Conclusion

The determination of EC50 values by means of the
submitochondrial particle assay and the development
of quantitative structure^activity relationships al-
lowed for the achievement of a deeper insight into
the mechanism of toxic action of substituted anilines.
The inclusion in the study of a series of anilines
containing substituents covering a wide range of elec-
tron donor-withdrawing capability gave the possibil-
ity to point out the importance of electronic interac-
tions in determining aniline toxicity. In addition, the
investigation on quantitative structure^activity rela-
tionships showed that the hydrogen bonding donor
capacity of substituted anilines also plays an impor-
tant role. Conversely, the narrow range of variation
of log Kow values did not allow us to point out the
importance of this parameter as a descriptor of the
toxicity of the examined compounds. In fact, a low
degree of correlation was found between log Kow and
EC50 values.

These ¢ndings are consistent with the results ob-
tained previously for chlorinated anilines, supporting
the hypothesis of a mechanism of toxic action based
on hydrogen bonding between the NH2 group of
substituted anilines and polar groups at the mem-
brane/water interface. These interactions may lead
to a disorder in the membrane structure and, as a
consequence, to a disturbance of its functioning.

Submitochondrial particles have therefore proved

Fig. 7. Plot of observed versus predicted log (1/EC50) values,
on the basis of the multiple regression including the Hammett
c and Q3 as independent variables. The dotted lines represent
95% con¢dence limits.
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suitable biosensors for detecting and investigating the
toxic e¡ects of compounds that cause a derangement
of the lipid bilayer of functional membranes, in£u-
encing negatively the processes that take place there-
in.
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