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Chloroanilines (CA) are widely used as chemical intermediates in the synthesis of
herbicides, azo dyes and pharmaceuticals. They are also degradation products of
some herbicides and pesticides. CA may be found in the water environment as
contaminant, which bring danger to growth, development and propagation of
aquatic organisms, furthermore, potential harm to human being (Lucia et al. 1998;
Bozena et al. 1998). Due to their toxicity both to invertebrates and vertebrates and
its high production rate, CA are included in the European Union priority list 1 of
chemicals. Therefore, there is great significance to evaluate the potential toxicity
of these compounds to organisms especial aquatic animals. Quantitative structure-
activity relationship (QSAR) is an important tool to obtain the quantitative
correlation of molecular structure with biological activity and to predict the
biological activities for novel compounds, which is crucial for ecological risk
assess of compounds (Kiyoshi et al. 1999; Yoshiaki et al. 2000).

Free radical formation has been implicated as a contributing factor in the
deleterious effects of many environmental pollutants (Pedrajas et al. 1995). The
toxic effects of organmic compounds are clearly mediated by reactive oxygen
species (ROS) as shown for lipid peroxidation, DNA damage in domesticated
mouse hepatocytes (Klaunig et al. 1995), lipid peroxidation and peroxisomal
changes in fish (pedrajas et al. 1998). Superoxide dismutases (SOD) play a key
role in the defense against the toxic effects of ROS, which can clean up O, to
protect cell from lesions and keep the balance between oxide and anti-oxide. The
activities of antioxidant enzymes in organisms may alter if they are exposed to
contamination. Therefore, the changes of SOD activities may indirectly reflect the
presence of toxic contaminants. SOD, as a biomarker for oxidative stress, was
used to predict the harm of organic contaminants to aquatic organisms (Pedryjas et
al. 1998).
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In this paper, the acute toxicity tests of CA to crucian carp were conducted. These
chemicals were 2-chloro-4-nitroaniline, 4-chloro-3-nitroaniline, 2-chloro-5-
nitroaniline, 2.,4-dichloroaniline, 3,4-dichloroaniline and 2,5-dichloroaniline. The
toxicity of CA was predicted by using 3-D QSAR analysis. Furthermore, crucian
carp were exposed to CA for 48 hr, evaluating the effects of CA on SOD activities
in serum and elucidating the eco-toxicity of CA to antioxidant defenses of aquatic
organisms. The relationship between toxic action model and chemical structure
was discussed. This paper may give some consults for ecological risk assesses of
CA and their analogues.

MATERIALS AND METHODS

2-chloro-4-nitroaniline (A.R.), 4-chloro-3-nitroaniline (A.R.), 2-chloro-5-
nitroaniline (A.R.), 2,4-dichloroaniline (A.R.), 3,4-dichloroaniline (A.R.), 2,5-
dichloroaniline (A.R.) were purchased from Acros (USA). All test chemicals had
a purity of 98% or greater. SOD Diagnostic Kit was purchased from Nanjing
Jiancheng Bioengineering institute (China).

Crucian carp (Carassius auratus 32.519.1 g, 10.2+1.0 cm) were purchased from
Fisheries Research Institute of Jiangsu Province and maintained in de-chloric
water for 7 d before tests.

In acute toxicity tests, the pretest was conducted with water and acetone controls
before five test concentrations were established for each test chemical. For each
treatment and control, ten crucian carp were placed in a 50 L glass tank with 40 L
test solution in two replicates. Half of test solution was changed daily, and the
crucian carp were not fed during the tests. All experiments were conducted at 15
*1 ‘C(water temperature), pH 7.410.3 and 12 /12 hr light/dark. The crucian
carp were observed at exposure times of 24, 48, 72 and 96 hr, and the dead
crucian carp were recorded and removed. 96-hr L.C,, value was calculated using
Trimmed Spearman-Karber Method (version 1.5, from U.S. EPA). 3-D QSAR
(CoMFA) was conducted using SYBYL (version 6.22, from Tripos of U.S.).

SOD activity in serum of crucian carp was determined using the SOD Diagnostic
Kit. Utilizing an identical design and conditions to that of the acute toxicity test
described earlier, 20 crucian carp were exposed to each chemical test
concentration. For each test chemical, the nominal concentrations were treated as
the following: 2-chloro-4-nitroaniline (3.3, 6.7, 10.0 mg/L), 4-chloro-3-
nitroaniline (0.5, 1.0, 1.5 mg/L); 2-chloro-5-nitroaniline (1.0, 5.0, 10.0 mg/L), 2,4-
dichloroaniline (0.5, 2.5, 4.5 mg/L), 3,4-dichloroaniline (1.5, 2.5, 3.5 mg/L), 2,5-
dichloroaniline (0.5, 1.3, 2.0 mg/L). After 48 hr exposure, the blood of crucian
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carp was collected into Eppendorf cuvette using the Watson Method (Watson et al.
1989), and the serum was separated from blood by 10000 rpm for 7 min at 4°C.

SOD activity unit is defined as: the SOD quantum in 1 mL solution, which
includes serum sample, response solution and indicator, is looked as 1 nitrite unit
(NU) when the inhibiting ratio of SOD is to 50% (Ji et al. 1991). SOD activity
was calculated using the following formula:

SOD activity (NU/mL)= (control ODs,— test ODs)+ (control ODs,,) —+50%
X diluting multiple

All data were checked using statistical analysis. The differences between control
group and treated groups were determined (t-test) using STATGRAPHIC with
95% confidence limits. Data represented as mean &= SD.

RESULTS AND DISCUSSION

96-hr LCy, values of six CA to crucian carp were shown in Table 1. Based on 96-
hr 1.C,, values, the rank order of chemicals from most toxic to least toxic was: 4-
chloro-3-nitroaniline > 2,5-dichloroaniline > 3,4-dichloroaniline > 2-chloro-4-
nitroaniline > 2 4-dichloroaniline > 2-chloro-5-nitroaniline. Compared to water
control, acetone had no significant effect of toxicity on CA. 3-D QSAR analysis
of these chemicals was conducted to study the relationships between molecular
structure and biological activity (toxicity). For 3-D QSAR analysis, toxicity was
transformed to negative logarithmic form in mM/L for each chemical. Table 2 was
obtained from the CoMFA analysis of 6 compounds, in which the actual values
were obtained by using Trimmed Spearman-Karber Method mentioned above, and
the calculated values were obtained from the CoMFA analysis. The relationship
between actual 96-hr LC,, values and the main component index was shown in
Figure 1 (y = 0.287 x + 1.447, R*= 0.919), and the actual 96-hr LC, values were
close to the calculated LC,, values (R?=0.907), as shown in Figure 2. The result
showed that it was feasible to predict the toxicity (LC,, value) of chloroanilines by
using 3-D QSAR analysis.

Table 1. 96-hr LC,, of compounds to crucian carp
LCs(mg/L) -1gLCop(mM/L)

2-chloro-4-nitroaniline 6.99 (6.21~7.86) 1.39(1. 34~1.44)
4-chloro-3-nitroaniline 2.58(2.20~3.03) 1.82(1.76~1.89,
2-chloro-5-nitroaniline 8.63 (7.68~9.71) 1.30(1.25~1.35)
2,4-dichloroaniline 7.79 (6.60~9.19) 1.32(1.25~1.39)
3,4-dichloroaniline 6.08 (4.71~ 7.84) 1.43(1.32~1.54)
2,5-dichloroaniline 5.23 (4.44~6.15) 1.49(1.42~1. 56)
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Figure 1. The relationship between Figure 2. The relationship between
—IgLC,, and the main component actual —1gLC,,and calculated —1gLC,,

index.

Table 2. CoMFA correlation statistics for 6 compounds

Component Actual  Calculated  Residual

2-chloro-4-nitroaniline -0.191 1.39 1.39 -0.0024

4-chloro-3-nitroaniline 1.230 1.82 1.80 0.03

2-chloro-5-nitroaniline -0.675 1.30 1.25 0.05
2,4-dichloroaniline -0.099 1.32 1.42 -0.10
3,4-dichloroaniline -0.219 1.43 1.38 0.05
2,5-dichloroaniline -0.045 1.49 143 0.06

Standard Error of Estimate 0.060; % Variance 0.919; R squared 0.919;
F values (n1=1, n2=4) 45.551; Prob.of R2=0 (n1=1, n2=4) 0.003

SOD activities in serum were measured after crucian carp were exposed to six CA
for 48 hr, as shown in Table 3. There were some changes for SOD activities of
treated groups compared to the control group. 3,4-dichloroaniline and 2,5-
dichloroaniline had more significant influence on SOD activities than the other
four CA. Free radicals play an important role in toxicity of environmental
chemicals. Some pesticide chemicals may induce oxidative stress leading to
generation of free radicals and alteration in antioxidants or oxygen free radical
(OFR) scavenging enzyme system. Lipid peroxidation had been suggested as one
of the molecular mechanisms involved in pesticide-induced toxicity (Banerjee et
al. 1999). Oxygen free radical enzymatic scavengers like superoxide dismutase
(SOD), glutathione peroxidase (GSH-Px), catalase (CAT) etc., may protect the
system from adverse effect of OFR¢ (Khrer 1993). This research result showed
that six CA could affect SOD activities in serum of crucian carp, which indicated
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that CA could participate in redoxcycling in organisms.

Table 3. Effects of CA on SOD activities in crucian carp serum

Concentrations SOD activities
{mg/L) (NU/mL)
Water control 98.71+8.2

Acetone control 98.6+11.7
33 101.0+9.5 *

2-chloro-4-nitroaniline 6.7 943+4.0*
10.0 88.4+6.5 **

0.5 100.6+2.9 *

4-chloro-3-nitroaniline 1.0 96.2+8.7 *
1.5 89.4+5.5 **

1.0 101.6+99 *

2-chloro-5-nitroaniline 5.0 96.4+11.7 *
10.0 85.81+12.6 **
0.5 106.0+13.3 *

2,4-dichloroaniline 2.5 959+48*

4.5 93.8+84 *
1.5 80.8£17.5 **
3,4-dichloroaniline 2.5 64.0£10.3 **
3.5 88.14+9.8 **
0.5 69.81+12.6 **
2,5-dichloroaniline 1.3 65.11+13.7 **
2.0 64.1+11.9 **

Crucian carp did not die in the course of tests, n =20;

There is no statistical difference between water control and acetone control;
* No-statistical difference (P>0.05) from control group;

** Statistical difference (P<C0.05) from control group.

This research showed that the effects of 2-chloro-4-nitroaniline, 4-chloro-3-
nitroaniline and 2-chloro-5-nitroaniline on SOD activities in crucian carp serum
were similar, as shown in Table 3. Namely, under the low concentrations (3.3, 0.5,
1.0 mg/L), SOD activities were slightly induced, and with the concentration
increasing, activities decreased step by step, and at the high concentrations (10.0,
1.5 10.0 mg/L) SOD activities were inhibited most. 2,4-dichloroaniline had
similar effects on SOD activities compared to the three chloro-nitroanilines
mentioned above.

The effects of 2,5- dichloroaniline and 3,4-dichloroaniline on SOD activities were
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similar, and SOD activities were significantly (P<C0.05) inhibited at different
exposing concentrations, as shown in Table 3. 2,4-dichloroaniline had different
effects on SOD activities compared to 3,4-dichloroaniline and 2,5-dichloroaniline,
which was related to the acute toxicity of these three dichloroanilines. In this
research, the acute toxicity test showed that the toxicity order of three
dichloroanilines was: 2,5-dichloroaniline > 3,4-dichloroaniline > 2.4-
dichloroaniline. Among these three dichloroanilines, 2,5-dichloroaniline was the
most toxic in acute toxicity assay, and its inhibition on SOD activities was also the
most significant (P<C0.05).

Crucian carp were exposed to chlorobenzene, 1,3-dichlorobenzene, 1,4-
dichlorobenzene, p-chlorotoluene for 96 hr and 168 hr, and SOD activities in liver
did not show a distinct change compared to the control group (Yin et al. 2000). In
another research, the SOD activities in the liver of Boleophthalmus pectinirostris
were significantly induced under the exposure of 30 ug/L benzo(a) pyrene(BaP)
for 7 d (Feng et al. 2000).

These research results showed that SOD, as a sensitive indicator, could be used to
indicate different bio-response on organisms of chemicals.

In this research, SOD activities in crucian carp serum were affected significantly
after being exposed to five CA for 48 hr, and the bio-response was quick and
sensitive. 2,4-dichloroaniline was an exception, and no significant inhibition was
observed at all concentrations in this research. Instead of liver, kidney,spleen,
serum was used as the research tissue, because it presented advantages such as
easiness and quickness of collection, no need to mill and freeze. Therefore, it is
effective for SOD, as a sensitive biomarker, to indicate contaminants’ oxidative
stress on aquatic organisms in water environment.
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