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Metolachlor is one of the most intensively used chloroacetamide herbicides. However, its effects on the
environment and on non-target animals and humans as well as its interference at a cell/molecular level
have not yet been fully elucidated. The aim of this study was: firstly, to evaluate the potential toxicity of
metolachlor at a cell/subcellular level by using two in vitro biological model systems (a strain of Bacillus
stearothermophilus and rat liver mitochondria); secondly, to evaluate the relative sensibility of these
models to xenobiotics to reinforce their suitability for pollutant toxicity assessment. Our results show
that metolachlor inhibits growth and impairs the respiratory activity of B. stearothermophilus at concen-
trations two to three orders of magnitude higher than those at which bacterial cells are affected by other
pesticides. Also at concentrations significantly higher than those of other pesticides, metolachlor
depressed the respiratory control ratio, membrane potential and respiration of rat liver mitochondria
when malate/glutamate or succinate were used as respiratory substrates. Moreover, metolachlor
impaired the respiratory activity of rat liver mitochondria in the same concentration range at which it
inhibited bacterial respiratory system (0.4–5.0 lmol/mg of protein). In conclusion, the high concentration
range at which metolachlor induces toxicity in vitro suggests that this compound is safer than other pes-
ticides previously studied in our laboratory, using the same model systems. The good parallelism
between metolachlor effects on both models and the toxicity data described in the literature, together
with results obtained in our laboratory with other compounds, indicate the suitability of these systems
to assess toxicity in vitro.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction 1974 by Ciba-Geigy Co., Basel Switzerland (Kontchou and Gsch-
Worldwide pesticide usage has dramatically increased during
the last decades, coinciding with changes in farming practices and
the increasingly intensive agriculture. This widespread use of pesti-
cides (65% being herbicides, Stevens et al., 1991) for agricultural
and non-agricultural purposes has resulted in the presence of their
residues in various environmental matrices. The presence of pesti-
cides in soil and water systems has been well documented world-
wide (Huber et al., 2000; Cerejeira et al., 2003) and can cause
serious problems both to the environment and to human health
(Koeman, 1984). Metolachlor [2-chloro-N-(2-ethyl-6-methyl-
phenyl)-N-(2-methoxy-1-methylethyl) acetamide], discovered in
ll rights reserved.
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wind, 1998), is the most intensively used herbicide in the chemical
class of chloroacetamides (see Fig. 1). It is considered a hydrophobic
herbicide, with relatively low solubility in water (530 mg/l at 20 �C)
and high lipophilicity, characterized by its partition coefficient be-
tween octanol/water of 2.9–3.3 at 25 �C (Miller et al., 1997; Weber
et al., 2006). Due to a relatively high stability in aqueous media, the
ability for leaching and a low rate of degradation (Miller et al., 1997;
Accinelli et al., 2006), metolachlor is a potential contaminant of
water networks (Aguilar et al., 1998; Albanis et al., 1998).

Microorganisms are often used as indicators of soil health and
constitute good tools for toxicological characterization of pollu-
tants (Nielsen and Winding, 2002). In our laboratory, a strain of
the thermophilic Gram-positive eubacterium Bacillus stearothermo-
philus has been used as a predictive model for assessing the toxicity
of different compounds. Toxicity tests using B. stearothermophilus
have allowed to establishing toxicity correlations for insecticides
and organometals, regarding effects on energy metabolism and cell
herbicide metolachlor comparative effects on bacterial and mitochondrial
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Fig. 1. Chemical structure of metolachlor.
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viability (Donato et al., 1997; Martins et al., 2003, 2005; Monteiro
et al., 2003). On the other hand, mitochondria are recognized as a
suitable model to evaluate in vitro toxicological actions of several
xenobiotics, providing data well correlated with toxicity parame-
ters derived from cell cultures and whole organisms (Eisenbrand
et al., 2002; Bragadin, 2006). Because of their central role in cell life
and death, as ATP producers, regulators of intracellular Ca2+

homeostasis and generators of intracellular ROS (Duchen, 2004;
Cardoso et al., 2008), mitochondria constitute an important cellular
target for xenobiotic toxic action (Starkov and Wallace, 2002; Scat-
ena et al., 2007; Pereira et al., 2009).

In the present work, we evaluated the potential toxicity of met-
olachlor by using B. stearothermophilus and rat liver mitochondria
as biological model systems. These in vitro models were chosen be-
cause they have successfully been used for studying the toxicity of
a wide number of pollutants from the whole organism to the
molecular level. Data provided by both model systems will be com-
pared to evaluate their relative sensibility to xenobiotics and to
highlight their suitability for chemical toxicity screening.
2. Materials and methods

2.1. Chemicals

All chemicals were obtained from Sigma Chemical Company (St.
Louis, MO, USA). Metolachlor 98.2%, dissolved in absolute dimethyl
sulfoxide (DMSO), was stored at �20 �C, in hermetically sealed
glass tubes. At this temperature, precipitation is not observed
and evaporation is minimized. In all experimental procedures, re-
agents of high purity (P95%) were used.

2.2. Bacterial cultures

The strain of B. stearothermophilus was supplied by Mast Labo-
ratories, UK (lot #7953). The conditions of its maintenance and
growth have been previously described (Jurado et al., 1987). Liquid
cultures were started with an early stationary phase inoculum and
grown in 1 L Erlenmeyer flasks containing 200 ml of a complex
growth medium (L-Broth), shaken at 130 rpm in a New Brunswick
water bath shaker, at 65 �C. Metolachlor was added to the growth
medium from a concentrated solution in order to obtain concentra-
tions ranging from 100 to 600 lM. Control cultures were grown in
media without herbicide, but with a volume of DMSO correspond-
ing to the maximum amount of metolachlor solution assayed in
the growth experiment. Growth was monitored by measuring the
turbidity at 610 nm, in a Bausch and Lomb Spectronic 21
spectrophotometer.

2.3. Animals

Male Wistar rats (250–350 g), housed at 22 ± 2 �C under artifi-
cial light for 12-h light/dark cycle and with access to water and
food ad libitum, were used throughout the experiments, carried
out in accordance with the National Requirements for Vertebrate
Please cite this article in press as: Pereira, S.P., et al. Toxicity assessment of the
model systems. Toxicol. In Vitro (2009), doi:10.1016/j.tiv.2009.06.032
Animal Research and the European Convention for the Protection
of Animals used for Experimental and other Scientific Purposes.

2.4. Isolation of bacterial protoplasts

Protoplasts were prepared from bacterial cultures harvested in
the middle of the exponential growth phase, by incubation with
lysozyme, essentially as described by Wisdom and Welker
(1973). The protein content of the protoplasts was determined by
the biuret method, calibrated with bovine serum albumin (Gornall
et al., 1949).

2.5. Isolation of rat liver mitochondria

Rat liver mitochondria were isolated from male Wistar rats
(6 weeks) by differential centrifugation according to conventional
methods (Gazotti et al., 1979). After washing, the pellet was gently
resuspended in the washing medium (250 mM sucrose and
10 mM HEPES-KOH, pH 7.2) at a protein concentration of about
50 mg ml�1. Protein content was determined by the biuret method
(Gornall et al., 1949).

2.6. Measurement of bacterial oxygen consumption

The respiratory activity of the protoplasts was monitored polar-
ographically with a Clark oxygen electrode (Estabrook, 1967) con-
nected to a recorder, in a thermostated water-jacketed closed
chamber (1 ml), with magnetic stirring, at 40 �C. Aliquots of a con-
centrated metolachlor solution were added to the reaction med-
ium (40 mM HEPES, pH 7.5) containing the protoplasts (0.5 mg of
protein), and each preparation was incubated for 30 min, before
the addition of the respiratory substrate. The effects of metolachlor
on oxygen consumption of protoplasts were examined using
10 mM NADH or 10 mM ascorbate plus 600 lM N,N,N0,N0-tetra-
methyl-p-phenylenediamine (TMPD) as respiratory substrates.
For each metolachlor concentration assayed, a control was pre-
pared containing an equivalent volume of the solvent (DMSO).
Oxygen consumption rate in the presence of the herbicide was ex-
pressed as % of the control (0 lM metolachlor).

2.7. Measurement of mitochondria oxygen consumption

Mitochondria oxygen consumption was monitored at 30 �C with
a Clark-type electrode, using the same system previously described
for protoplasts. Mitochondria (1.5 mg protein) were incubated for
3 min in 1.5 ml of a medium containing 250 mM sucrose, 10 mM
Hepes-KOH (pH 7.2), 20 mM KCl, 5 mM K2HPO4, and 2 mM MgCl2,
supplemented with 2 lM rotenone and different metolachlor con-
centrations, before energization with 10 mM malate/5 mM gluta-
mate or 10 mM succinate. To induce state 3 respiration, adenosine
diphosphate (ADP, 200 lM) was added. Uncoupled respiration was
initiated by the addition of 1 lM p-trifluoromethoxyphenylhydraz-
one (FCCP). O2 consumption was calculated considering that the sat-
uration oxygen concentration was 232 nmol O2 per ml of reaction
medium at 30 �C. Control values are expressed in nmol O2 mg�1 pro-
tein min�1. The respiratory control ratio (RCR) and ADP to oxygen ra-
tio (ADP/O) were calculated according with previously described
methods (Chance and Williams, 1956).
2.8. Measurement of mitochondrial transmembrane potential (Dw)

The mitochondrial transmembrane potential (Dw) was mea-
sured indirectly based on the activity of the lipophilic cation tetra-
phenylphosphonium (TPP+) using a TPP+-selective electrode, as
previously described (Kamo et al., 1979). Mitochondria (1.5 mg
herbicide metolachlor comparative effects on bacterial and mitochondrial
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protein) were incubated for 3.5 min at 30 �C in 1.5 ml of medium
containing 250 mM sucrose, 10 mM Hepes-KOH (pH 7.2), 20 mM
KCl, 5 mM K2HPO4, and 2 mM MgCl2, supplemented with 3 lM
TPP+. Energization was started by adding 10 mM malate plus
5 mM glutamate or 10 mM succinate plus 2 lM rotenone or
5 mM ascorbate plus 0.25 mM TMPD. No correction was made
for the ‘‘passive” binding of TPP+ to the mitochondria membranes
because the purpose of the experiments was to show relative
changes in transmembrane potential rather than absolute values.
As a consequence, we can anticipate some overestimation for the
Dw values. Metolachlor did not affect TPP+ binding to mitochon-
dria membranes or the electrode response.

2.9. Statistical analysis

All the experiments were performed using three or more inde-
pendent experiments with different preparations. The values are
expressed as mean ± standard deviation. Means were compared
using ANOVA with the Student–Newman–Keuls as a post-test. Sta-
tistical significance was set at p < 0.05.

3. Results

3.1. Effects of metolachlor on the bacterial growth

A strain of B. stearothermophilus, currently used in our labora-
tory as a model for studying the cytotoxicity of different groups
of pesticides, was grown in the optimal temperature range
(65 �C) in a complex medium (dilute L-Broth) to which metolachlor
from a concentrated solution was added to obtain concentrations
ranging from 100 to 600 lM. As a control, a culture was grown
in a medium without herbicide but with a volume of DMSO corre-
sponding to the maximal amount of metolachlor solution assayed
in the growth experiment (see Fig. 1).

The addition of increasing concentrations of metolachlor to the
growth medium induced progressively lower specific growth rates
and bacterial yields, as documented in Table 1. Growth in the pres-
ence of 500 lM metolachlor reduced the specific growth rate by
approximately 50% as compared to the control culture and the cell
yield decayed about 64%. The lag time was also affected by the her-
bicide. In the presence of 600 lM metolachlor, the length of the lag
period was about 10 times higher than that of the control. Addi-
tionally, a very limited growth occurred in these conditions. Plot-
ting the growth parameters documented in Table 1 as function of
the pesticide concentration (data not shown), the concentrations
at which metolachlor increased the lag period, or reduced the bac-
terial yield and the specific growth rate by 50% relatively to the
control (EC50) were determined by interpolation, ranging 400 to
about 500 lM (Table 1).
Table 1
Lag time, specific growth rate and final cell density of cultures of B. stearothermophilus gro
metolachlor. EC50 in lM for the different growth parameters are also shown.

Metolachlor (lM) Lag time (h)a Sp

0 0.12 ± 0.03 2.
100 0.18 ± 0.02n.s 2.
200 0.23 ± 0.02n.s 2.
300 0.34 ± 0.07n.s 1.
400 0.56 ± 0.07*** 1.
500 1.03 ± 0.12***,��� 1.
600 1.12 ± 0.01*** 0.

EC50 (lM) 408 46

a Values of lag time, specific growth rates and final cell densities are means ± standa
performed using one way ANOVA, with the Student–Newman–Keuls as a post-test, for
grown with different concentrations of metolachlor (n.s., not significant; *p < 0.05; **p
culture with the concentration immediately below (n.s., not significant; �p < 0.05; ��p < 0

Please cite this article in press as: Pereira, S.P., et al. Toxicity assessment of the
model systems. Toxicol. In Vitro (2009), doi:10.1016/j.tiv.2009.06.032
3.2. Effects of metolachlor on the oxygen consumption of bacterial
protoplasts

Protoplasts prepared from cells of B. stearothermophilus grown
in the basal medium, in the optimal temperature range (65 �C),
were used to assess the effect of metolachlor on the oxygen con-
sumption rate measured at 40 �C. Protoplasts were incubated with
metolachlor in the concentration range of 0.5–5.0 lmol/mg of pro-
tein, during a period of 30 min prior to the addition of the respira-
tory substrate. The NADH-supported oxygen consumption rate,
expressed in percentage of the control (protoplasts incubated with
a volume of DMSO corresponding to the maximum amount of met-
olachlor solution assayed in the respiration experiment), showed a
progressive decrease with increasing concentrations of the herbi-
cide, as documented in Fig. 2 and Table 2. At a concentration of
1.2 lmol/mg of protein, metolachlor reduces the oxygen consump-
tion by 50% relatively to the control, as determined by interpola-
tion of a plot of the oxygen consumption rate as function of the
herbicide concentration.

When a mixture of ascorbate + TMPD was used instead of NADH
as respiratory substrate, any significant effect was noticed on the
respiratory activity of the protoplasts, in the same metolachlor
concentration range (data not shown). As expected, the oxygen
consumption supported by NADH or ascorbate + TMPD was com-
pletely impaired by the addition of KCN (1 mM), as a consequence
of the complete inhibition of the terminal oxidase (Fig. 2).

3.3. Effects of metolachlor on mitochondrial bioenergetics

The effects of metolachlor on malate/glutamate- and succinate-
supported respiratory rates (state 4 and state 3) of rat liver mito-
chondria are depicted in Fig. 3A. State 4 respiration was progres-
sively stimulated whereas state 3 respiration was inhibited by
increasing concentrations of metolachlor either using malate/glu-
tamate (reducing Complex I) or succinate (reducing Complex II)
as respiratory substrates. In the presence of 800 nmol metalo-
chlor/mg of protein, 22% stimulation of state 4 respiration and
44% inhibition of state 3 respiration were noticed with
malate + glutamate as substrate and 40% stimulation of state 4
and 36% inhibition of state 3 respiration, for succinate-supported
respiration. The FCCP-uncoupled respiration supported by succi-
nate was also significantly inhibited (40%) by 800 nmol metalo-
chlor /mg of protein (data not shown).

Fig. 3B shows that metolachlor, in the concentration range of
400–1000 nmol/mg of protein, significantly depressed RCR (from
about five in the absence of herbicide, using DMSO as vehicle con-
trol, to less than two) with both respiratory substrates. The ADP/O
ratio was also decreased by metolachlor, in the same concentration
range, from about 3 (without herbicide) to 2.2 when respiration
wn in a basal medium (L-Broth) without (control) or with different concentrations of

ecific growth rate (h�1)a Final cell density (% of control)a

48 ± 0.16 100
26 ± 0.14n.s 100 ± 1.31n.s

08 ± 0.18n.s 72.77 ± 2.77n.s

87 ± 0.31* 69.89 ± 2.41***

47 ± 0.24*** 47.63 ± 4.56***,���

28 ± 0.15*** 35.83 ± 6.82***

4849 ± 0.13***,� 28.21 ± 1.04***

3 406

rd deviation from three or more independent experiments and comparisons were
the following paired observations: control culture (0 lM metolachlor) vs. cultures
< 0.01; ***p < 0.001); cultures grown with different metolachlor concentrations vs.
.01; ���p < 0.001).

herbicide metolachlor comparative effects on bacterial and mitochondrial
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Fig. 2. Effects of metolachlor in the oxygen consumption of B. stearothermophilus
protoplasts supported by 10 mM NADH. Concentrations of the herbicide (lmol/mg
protein) and of KCN are displayed in the figure.

Table 2
Effects of metolachlor on the oxygen consumption rate of B. stearothermophilus
protoplasts using NADH as substrate, expressed as % of the control. EC50 in lmol/mg
protein is also shown.

Metolachlor (lmol/mg protein) O2 consumption rate (% of the control)a

0.00 100.00
0.50 73.19 ± 4.00***

1.00 49.44 ± 1.51***,���

2.00 28.83 ± 1.83***,���

3.00 19.85 ± 1.40***

5.00 8.97 ± 0.20***,�

EC50 (lmol/mg protein) 1.20

a Results are means ± standard deviation of at least three independent experi-
ments and comparisons were performed using one way ANOVA, with the Student–
Newman–Keuls as a post-test, for the following paired observations: protoplasts
incubated with different concentrations of metolachlor vs. control protoplasts (n.s.,
not significant; *p < 0.05; **p < 0.01; ***p < 0.001) or protoplasts incubated with dif-
ferent concentrations of metolachlor vs. protoplasts with the concentration
immediately below (n.s., not significant; �p < 0.05; ��p < 0.01; ���p < 0.001).

Fig. 3. Effects of metolachlor on malate/glutamate- and succinate-supported
respiratory activity and phosphorylation rate of rat liver mitochondria. (A)
Comparison of metolachlor effects on malate/glutamate- (open circles) and
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was supported by malate/glutamate and from about 2 to 1.2, when
succinate was used as substrate.

The effect of metolachlor on the mitochondrial membrane po-
tential (Dw) was also studied (Fig. 3C and Table 3). Mitochondria
in the control conditions (in the absence of herbicide and using
DMSO as vehicle control) developed a Dw between 210 and
215 mV (negative inside) upon substrate addition. A progressive de-
crease of the potential was observed upon incubation with increas-
ing concentrations of metolachlor (from 400 to 1000 nmol/mg of
protein). This alteration showed the same magnitude when ma-
late/glutamate or succinate were used as the respiratory substrate
(e.g. a decrease of 7% in the presence of 800 nmol metolachlor/mg
of protein). Metolachlor also depressed the phosphorylation rate
for both substrates (Fig. 3C). A depression of about 40% was
observed in the presence of 800 nmol metolachlor /mg of protein.
succinate-supported (filled circles) O2 consumption in state 4 (e, �) and in state
3 (s, d) respiration. Control values expressed in nmol O2 mg�1 protein min�1:
state 4 = 4.64 ± 0.38 or 8.12 ± 0.77; state 3 = 24.803 ± 3.8 or 36.8 ± 4.5 for malate/
glutamate- or succinate-supported respiration, respectively. The results corre-
spond to the mean ± standard error of the mean of three experiments obtained
from different mitochondrial preparations. *p < 0.05; **p < 0.01 vs. control (DMSO).
(B) Comparison of metolachlor effects on the respiratory indices RCR (h, j), and
ADP/O (D, N), using malate/glutamate – (open symbols) or succinate (filled
symbols) as respiratory substrate. The results correspond to the mean ± standard
error of three experiments obtained from different mitochondrial preparations.
*p < 0.05; **p < 0.01 vs. control (DMSO). (C) Comparison of metolachlor effects on
malate/glutamate – (O) and succinate-dependent (.) phosphorylation rates.
Control values expressed in nmol ADP mg protein�1 min�1: malate/glutamate =
115.7 ± 5.20; succinate = 114.67 ± 5.34. The results correspond to the mean ± stan-
dard error mean of three experiments obtained from different mitochondrial
preparations.
4. Discussion

Metolachlor is one of the most intensively used chloroacet-
amide herbicides. Although generally considered a relatively safe
pesticide, a full elucidation of its environmental effects as well as
its action on non-target animals and humans is missing. In the
present work, we studied the potential toxicity of metolachlor by
using two in vitro models (a strain of B. stearothermophilus and
rat liver mitochondria), which have provided toxicological param-
eters (Donato et al., 1997; Eisenbrand et al., 2002; Martins et al.,
2005; Fernandes et al., 2008) well correlated with toxicity indices
(LD50 or LC50) for mammals or fishes.
Please cite this article in press as: Pereira, S.P., et al. Toxicity assessment of the herbicide metolachlor comparative effects on bacterial and mitochondrial
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Table 3
Effects of metolachlor on the transmembrane potential (DW of rat liver mitochondria,
in a concentration range of 0–1000 nmol/mg protein.

Metolachlor (nmol/mg protein) Dw (mV)a

Malate/glutamate Succinate

0 �211 ± 2.1 �213 ± 2.6
400 �205 ± 3.6 �206 ± 3.6*

600 �202 ± 3.7* �203 ± 2.3*

800 �196 ± 4.3* �197 ± 3.9*

1000 �193 ± 1.5** �195 ± 4.5*

a Values are means ± standard error of the mean of three different mitochondrial
preparations. *p < 0.05; **p < 0.01 vs. control (DMSO).
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Due to metolachlor low solubility in water and its high partition
coefficient in octanol/water (Miller et al., 1997; Weber et al., 2006),
a significant incorporation of this herbicide into biological mem-
branes is predictable. Microorganisms, including the strain of B.
stearothermophilus used in this work, have revealed themselves
as suitable models to study membrane-mediated drug toxicity, re-
flected in growth inhibition and perturbations of membrane-
dependent cell functions (Jurado et al., 1987; Silver, 1996; Donato
et al., 1997; Rosa et al. 2000; Nielsen and Winding, 2002; Luxo
et al., 2003). Our results show that metolachlor inhibits growth
of B. stearothermophilus at concentrations ranging from 100 to
600 lM (Table 1). However, the effective concentrations to reduce
growth parameters by 50% (in the 400–500 lM range) are signifi-
cantly higher than those for other pesticides, e.g. the organochlo-
rine DDT (Donato et al., 1997) or the organotin TBT (Martins
et al., 2005). Consistently, metolachlor’s EC50 for oxygen consump-
tion of bacterial protoplasts elicited by NADH (1.2 lmol/mg of pro-
tein, Table 2) is also much higher (two to three order of magnitude)
than those found for DDT (Donato et al., 1997) and TBT (Martins
et al., 2005). When a mixture of ascorbate and TMPD was used
as respiratory substrate, the oxygen consumption rate was not sen-
sitive to the presence of metolachlor in the range of 0.5–5.0 lmol/
mg of protein. Therefore, metolachlor impairs the respiratory activ-
ity of B. stearothermophilus exerting its action upstream the cyto-
chrome c oxidase segment. This finding concurs with studies
with other pesticides whose effects on the activities of respiratory
complexes were evaluated in membranes isolated from bacterial
cells (Donato et al., 1997; Monteiro et al., 2005). However, further
clarification of the effects of pesticides on the respiratory system of
B. stearothermophilus is technically difficult, since inhibitors for the
different segments of the respiratory system of this bacterium are
not known, excepting CN- (an inhibitor of the cytochrome c oxi-
dase). Thus, we carried out additional studies using rat liver mito-
chondria, as a suitable model to assess bioenergetics-mediated
toxicity of xenobiotics.

The results presented in this study show that metolachlor (up to
1.0 lmol/mg of protein) interferes with mitochondrial bioenerget-
ics, inhibiting state 3 respiration (Fig. 3A) and FCCP-uncoupled res-
piration (data not shown), energized by either malate/glutamate or
succinate. In agreement with these results, RCR index and ADP/O
ratio were depressed (Fig. 3B). These results demonstrate that both
Complexes I and II of the mitochondrial respiratory chain are sen-
sitive to metolachlor. Accordingly, metolachlor-induced Dw dissi-
pation and depression of the phosphorylation rates (Fig. 3C and
Table 3) can be explained by the inhibitory action of the herbicide
exerted in Complexs I and II of the respiratory system. This
assumption is supported by the parallel depressive effect on state
3- and FCCP-respiration dependent on both malate/glutamate
and succinate (Fig. 3A) and the absence of effects when a mixture
of ascorbate + TMPD was used as substrate (data not shown). The
low stimulatory effect of state 4 respiration (Fig. 3A), suggesting
a low ability of the compound to induce inner membrane perme-
Please cite this article in press as: Pereira, S.P., et al. Toxicity assessment of the
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abilization, excludes a significant involvement of cations gradient
on Dw dissipation and on depression of the phosphorylation rates
promoted by metolachlor. Therefore, the toxicological effects of
metolachlor on rat liver mitochondrial bioenergetics, expressed
by its inhibitory action on mitochondrial respiratory chain for
Complexes I and II, may be relevant to understand the mechanism
responsible for its toxic action. However, it is needed to emphasise
that metolachlor effects on mitochondria bioenergetics were de-
tected at concentrations notably higher than other pesticides
(Moreno and Madeira, 1991), as above referred for B. stearothermo-
philus, and in the same concentration range of carbaryl (Moreno
et al., 2007), an insecticide of the group of carbamates that is gen-
erally considered a relatively safe compound.

It was also demonstrated that metolachlor affected the respira-
tory activity of B. stearothermophilus and the bioenergetics of rat li-
ver mitochondria at the same concentration range (0.4–5 lmol/mg
of protein), indicating a similar sensibility of these models for
chemical toxicity.

In conclusion, by using B. stearothermophilus and rat liver mito-
chondria as in vitro biological models, our studies showed that
metolachlor is less toxic than other pesticides, at cellular and sub-
cellular levels. This conclusion is in quite agreement with available
toxicological data (Stevens et al., 1991; Kontchou and Gschwind,
1998; Extoxnet) showing that this herbicide is slightly toxic for hu-
mans and non-toxic or moderately toxic for other organisms. The
good parallelism observed between metolachlor data provided by
these two experimental models and those reported in the litera-
ture are in accordance with the results of previous studies per-
formed with other compounds (Donato et al., 1997; Monteiro
et al., 2003, 2008). Taking into account these achievements, we
suggest that these biological systems are good tools for chemical
toxicity screening, reducing costly animal experimentation and
alleviating associated ethics issues.
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