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Summary
The effects of the herbicides 1,10-dimethyl-4,40-bipyridylium dichloride (paraquat),
3,6-dichloro-2-metoxybenzoic acid (dicamba) and 2,4-dichlorophenoxyacetic acid
(2,4-D) on cell growth of non-green potato tuber calli are described. We attempted
to relate the effects with toxicity, in particular the enzymes committed to the
cellular antioxidant system. Cell cultures were exposed to the herbicides for a
period of 4 weeks. Cellular integrity on the basis of fluorescein release was strongly
affected by 2,4-D, followed by dicamba, and was not affected by paraquat.
However, the three herbicides decreased the energy charge, with paraquat and
2,4-D being very efficient. Paraquat induced catalase (CAT) activity at low
concentrations (1 mM), whereas at higher concentrations, inhibition was observed.
Dicamba and 2,4-D stimulated CAT as a function of concentration. Superoxide
dismutase (SOD) activity was strongly stimulated by paraquat, whereas dicamba and
2,4-D were efficient only at higher concentrations. Glutathione reductase (GR)
activity was induced by all the herbicides, suggesting that glutathione and
glutathione-dependent enzymes are putatively involved in the detoxification of
these herbicides. Paraquat slightly inhibited glutathione S-transferase (GST),
whereas 2,4-D and dicamba promoted significant activation. These results indicate
that the detoxifying mechanisms for 2,4-D and dicamba may be different from the
mechanisms of paraquat detoxification. However, the main cause of cell death
induced by paraquat and 2,4-D is putatively related with the cell energy charge
decrease.
& 2008 Elsevier GmbH. All rights reserved.
Elsevier GmbH. All rights reserved.
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Introduction Materials and methods
Large amounts of herbicides are released into the
environment every year as a consequence of weed
control in agriculture technologies. It is therefore
important to know the biochemical cytotoxicity
exerted by herbicides in metabolic activities. Three
herbicides belonging to different representative
chemical families were investigated in this study:
1,10-dimethyl-4,40-bipyridylium dichloride (para-
quat), 2,4-dichlorophenoxyacetic acid (2,4-D) and
3,6-dichloro-2-metoxybenzoic acid (dicamba).
A considerable amount of these compounds is
absorbed via roots and aerial parts and retained
by plants. Paraquat affects photosynthesis, being
reduced by light reaction I (Cremlyn, 1991).
Because it is absorbed from the foliage, but not
from the roots, it was expected of to exert low
toxicity on non-green cells.

Cell cultures of callus from potato roots (Solanum
tuberosum L.) have been used as a model to
evaluate the phytotoxicity and the metabolism of
several herbicides (Sandermann et al., 1984). The
absence of a complex structural organization and a
more efficient exposition to environmental stress
are advantages of this sensitive model for toxicity
evaluation (Smeda and Weller, 1991).

Oxidative stress induced by several herbicides
(Farrington et al., 1973; Lambert and Bondy, 1989;
Nordquist et al., 1994) through active oxygen
species may disrupt the membrane integrity as a
consequence of lipid peroxidation. Further, DNA,
proteins and pigments are also targets of the
oxidation stress (Carbonera and Azzone, 1988;
Davies et al., 1987; Mishra and Choudhuri, 1999;
Pamplona et al., 1999; Scandalios, 1993). Aerobic
organisms have developed complex protection
systems against oxidative stress (Sies, 1993).
Plants, as a consequence of photosynthesis, con-
centrate the highest level of cellular oxygen
compared with other organisms. Therefore, plants
are particularly challenged with oxidative stress
and oxidation disturbance (Scandalios, 1993).

When the steady state of prooxidants and
antioxidants is disrupted, a misbalance in favor of
the prooxidants follows, which may severely affect
metabolic activities, with eventual disruption of
cellular homeostatic control, resulting in loss of
cell viability.

Here, we compared the cytotoxic effects of the
widely used herbicides paraquat, 2,4-D and dicam-
ba on cell cultures of callus from potato roots
(S. tuberosum L.), with respect to cell growth,
total synthesized protein, cellular integrity, ade-
nine nucleotides contents and several antioxidant
enzymes.
Please cite this article as: Peixoto FP, et al. Comparative effects
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Chemicals

Sources of herbicides were as follows: paraquat (purity
98%) was a gift of ICI Agrochemicals, UK; dicamba and
2,4-D were purchased from FLUKA. Adenosine nucleo-
tides were obtained from Sigma (St Louis, Mo., USA).
HPLC-grade methanol was from Merck. All other chemi-
cals were of the highest purity commercially available.

Plant materials

Potato tuber calli were obtained from segments of
adventitious roots developed from spouts of potato
(S. tuberosum L.) tubers. The segments were excised
and cultured on Murashige and Skoog solid medium
supplemented with 2mg/L 2,4-D. In about 4 weeks,
callus tissue was obtained and kept under suitable
experimental conditions by subculturing every 4–6 weeks
(Montezuma-de-Carvalho and Guimarães, 1976). Callus
tissue was grown on media with differing concentrations
of different herbicides.

Membrane integrity

The amount of fluorescein released by cells into the
culture medium was measured as an index of membrane
integrity, according to the modified method of Persidsky
and Baillie (1977). Cells (1 g) were inoculated for 72 h on
Murashige and Skoog liquid medium supplemented with
different concentrations of herbicides. Fluorescein re-
lease was estimated from the absorbance at 485 nm. Full
fluorescein release was established with heat-killed cells
(60 1C, 10min) and corresponds to an A of 0.36170.018.

Quantification of nucleotides

Adenine and pyridine nucleotides were extracted using
an acidic extraction procedure and were separated by
reverse-phase liquid chromatography, as described pre-
viously by Stocchi et al. (1985). Briefly, acidic extraction
was performed as follows: 1 g of cells was added to 1mL
ice-cold 0.6M HClO4. After 5min, the mixture was
vortexed, centrifuged for 2min at 10,000 rpm in an
Eppendorf bench centrifuge at 0 1C and the pellet was
discarded. The supernatant was neutralized with 3M KOH
and centrifuged again (10,000 rpm, 2min) in order to
precipitate all the KClO4 produced. The supernatant fluid
was filtered through Millipore filters (0.22 mm diameter)
and stored at �80 1C for further chromatographic
analysis. All extraction procedures were carried out at
0–4 1C to minimize degradation of nucleotides. The
chromatographic apparatus was a Beckman System-Gold,
consisting of a binary pump and a 166 variable UV
detector, controlled by a computer. The detection
wavelength was 254 nm and the column used was a
Lichrospher 100 RP-18 (5 mm) from Merck (Darmstadt,
Germany). During each run, an isocratic elution with
100mM potassium phosphate buffer pH 6.5 and 1%
of the herbicides dicamba, 2,4-D and paraquat on non-green
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Figure 1. Concentration dependence of paraquat
(white), dicamba (gray) and 2,4-D (black) inhibitory
effects on the cell growth of non-green potato callus.
Approximately 0.1 g cells were incubated for 30 d in a
solid Murashige and Skoog medium, as described in the
Methods section. *Po0.05, compared with the control.
Data shown represent the mean7SD of 10 independent
experiments.

Comparative effects of the herbicides dicamba, 2,4-D and paraquat 3
methanol for 10min, followed by a 5min linear gradient
up to 10% methanol was performed with a flow rate of
1.25mL/min. The time required for each analysis was
5min. The detection limit for each analyte ranged from 3
to 5 pmol.

Enzyme assays

Enzymes were assayed in crude extracts of callus tissue
growth on different concentrations of herbicides. Callus
tissue was ground in liquid nitrogen to a fine powder in a
mortar and pestle. Proteins were extracted (at 0–4 1C) by
additional grinding with 5mL of extraction buffer
containing 50mM Tris–HCl (pH 7.0), 20% glycerol, 1mM
ascorbate, 1mM DTT, 1mM Na2-EDTA, 1mM GSH and 5mM
MgCl2. For catalase (CAT), the medium was supplemented
with 1% polyvinylpolypyrrolidone. The homogenate was
centrifuged for 6min at 12,000g. The supernatant was
centrifuged for 20min at 26,000g. The clear supernatant
was used for assays of CAT, superoxide dismutase (SOD),
glutathione reductase (GR) and glutathione S-transferase
(GST).

CAT activity was determined by monitoring the
disappearance of H2O2 according to the method of Beers
and Sizer (1952). Total SOD activity was measured by
determining the amount of enzyme required to produce
50% inhibition of the reduction of cyt c by superoxide
generated by xanthine oxidase, as described by Forman
and Fridovich (1973). GR activity was determined by
monitoring the glutathione-dependent oxidation of
NADPH, as described by Schaedle (1977). GST activity
was measured spectrophotometrically at 340 nm using 1-
chloro-2,4-dinitrobenzene (CDNB) as substrate (Habig
et al., 1974). Assays (3mL) contained the following
final concentration of reagents: 0.17M K-phosphate
buffer pH 7.5, 3.3mM GSH and 1mM CDNB, and were
incubated at 25 1C.

Protein assays

Proteins were measured by the method of Bradford
(1976) with bovine serum albumin as standard.
Results

Among the herbicides studied (paraquat, 2,4-D
and dicamba), paraquat exerted the highest cyto-
toxicity, followed by 2,4-D and dicamba (Figure 1).
In the presence of 0.5 mM herbicide, paraquat
inhibited the cellular growth of non-green potato
tuber callus by 20%, in contrast with the other
tested herbicides, which were not inhibitory at that
concentration. Inhibition of cellular growth by
about 20% was reached with 5 mM 2,4-D and 20 mM
dicamba. Total growth inhibition occurred at
50 mM paraquat, 100 mM 2,4-D and 250 mM dicamba
(Figure 1). This strong effect of paraquat is
Please cite this article as: Peixoto FP, et al. Comparative effects
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surprising, as the photosynthetic apparatus is
generally assumed to be the main toxicity target
in plant cells (Cremlyn, 1991).

The herbicides 2,4-D and dicamba increased the
protein/cellular weight ratio, in contrast with
paraquat, which did not induce a significant
alteration ratio (Figure 2). This is putatively related
with the integrity of the cell membrane affected by
2,4-D and dicamba, but not paraquat.

The effect of the three herbicides on the integrity
of the cellular membrane was examined through
measurement of fluorescein release (Persidsky and
Baillie, 1977). Concentrations inhibiting cell growth
by 20% (0.5mM paraquat, 5mM 2,4-D and 20mM
dicamba) and 50% (5mM paraquat, 20mM 2,4-D and
50mM dicamba) were used. Full fluorescein release
(100%) was assigned to cells submitted to 60 1C for
60min. For controls, herbicides alone were tested
for spectroscopic interferences of fluorescein mea-
surement at 458 nm, and no effects were detected
(data not shown).

Figure 3 illustrates our finding that 2,4-D induced
the highest fluorescein release, followed by dicam-
ba. Paraquat, at the concentrations used, induced
no significant fluorescein release. Concentrations
of paraquat, which significantly affect cell growth
in a sustained exposure for 30 d, induced no
immediate effects on cells. This likely relates to
the insensitivity of cell membrane integrity to
paraquat, in contrast with 2,4-D and dicamba.
Paraquat studies on potato tuber mitochondrial
of the herbicides dicamba, 2,4-D and paraquat on non-green
.12.013

dx.doi.org/10.1016/j.jplph.2007.12.013


ARTICLE IN PRESS

0

0.2

0.4

0.6

0.8

1

0

Concentration (μM)

E
ne

rg
y 

C
ha

rg
e

∗

** **
**

∗

**

**
∗∗

1 5 20 50 200

Figure 4. Effects of paraquat (white), 2,4-D (black) and
dicamba (gray) on energy charge. Cell growth of non-
green potato callus. Approximately 0.1 g cells were
incubated for 30 d in a solid Murashige and Skoog medium
in the presence of different concentrations of the
herbicides, as described in the Methods section. Energy
charge was calculated as ([ATP]+0.5[ADP])/([ATP]+[ADP]+
[AMP]) according to Atkinson (1977). Vertical bars
indicate the standard error of the mean (SEM) for five
independent experiments. **Po0.01; *Po0.05, com-
pared with the control.
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Figure 2. Effects of paraquat (white), 2,4-D (black) and
dicamba (gray) on the relationship between total protein
and cell growth of non-green potato callus. Asterisks
indicate a significant difference (Student’s t-test,
Po0.001) relative to the control (herbicide absence).
Vertical bars indicate the standard error of the mean
(SEM) for seven independent experiments. **Po0.01;
*Po0.05, compared with the control.
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Figure 3. Cell membrane disruption (fluorescein release)
promoted by paraquat (white), 2,4-D (black) and
dicamba (gray). Vertical bars indicate the standard error
of the mean (SEM) for seven independent experiments.
**Po0.01; *Po0.05, compared with the control.

F.P. Peixoto et al.4
fractions (Vicente et al., 2001) previously showed
no sensitivity of swelling dependent on permeabi-
lization to H+ (even with 30mM paraquat), in
contrast with H+ permeabilization induced by
2,4-D and dicamba (Peixoto et al., 2004). These
results indicate the capability of 2,4-D and dicamba
to disrupt the membrane integrity, probably as a
consequence of perturbation of membrane struc-
ture upon partition of the herbicides. In contrast,
Please cite this article as: Peixoto FP, et al. Comparative effects
potato tuber calli. J Plant Physiol (2008), doi:10.1016/j.jplph.2007
paraquat is not soluble on the cell membrane. This
explains its lack of effect on fluorescein release
even at concentrations inhibiting cellular growth
by 50%.

The decrease in the intracellular content of
adenosine nucleotides is an indicator of inhibitory
effects on the energetic metabolic pathways
(Palmeira et al., 1994a). The results on adenosine
nucleotide content yield information regarding the
action of these herbicides on oxidative phosphor-
ylation, glycolysis and pentose pathways.

Exposure of callus tissue cultures to 2,4-D,
dicamba and paraquat results in a decrease of
intracellular ATP content. The decrease in ATP was
reflected by a simultaneous increase in intracellu-
lar ADP and AMP. Paraquat induced ATP and ADP
depletion more effectively together with an in-
crease of AMP. Further, dicamba was the least
efficient of the three herbicides (data not shown).
The energy charge alteration informs our under-
standing of the effect of herbicides on adenosine
nucleotides as a whole (Figure 4). Paraquat and
2,4-D (up to 20 and 50 mM) were very efficient in
decreasing the cell energy charge. Conversely, even
at 200 mM, dicamba decreased the energy charge
only by a maximum of about 26%.

The NAD+/NADH ratio increased as a measure of
cellular redox state decrease, reflecting degradative
of the herbicides dicamba, 2,4-D and paraquat on non-green
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effects on cellular processes. The cellular redox
state was strongly decreased by low concentrations
of paraquat (20mM); similar results were observed
with 50mM 2,4-D (Figure 5). Dicamba decreased
cellular redox state by the same level only at
concentrations of about 200mM.

The gene expression of antioxidant enzymes can
be activated and regulated during oxidative stress.
Antioxidant enzyme activities are frequently re-
lated to mechanisms of herbicides toxicity and
resistance (Allen et al., 1997). Therefore, we
evaluated the effect of paraquat, 2,4-D and
dicamba on the activity of several antioxidant
enzymes, namely, SOD, CAT, GR and GST (Figure 6).

CAT activity is stimulated by 1 mM paraquat, but
significantly inhibited at higher concentrations
(Figure 6A). 2,4-D and dicamba increase CAT
activity as a function of concentration, with higher
efficiency for 2,4-D. The stimulation level induced
by 50 mM 2,4-D is 100% higher than the stimulation
induced by dicamba (Figure 6A).

SOD was also affected by the herbicides. SOD
activity increased approximately 25% with dicamba
and about 50% with 2,4-D (Figure 6B). Paraquat,
however, was the most efficient, inducing 150%
stimulation.

GR, responsible for the redox cycling of GSH/
GSSG, was stimulated by the three herbicides in a
way similar to that observed with SOD (Figure 6C).
Using a concentration of 50 mM, the greatest
increase (�300%) was promoted by paraquat,
followed by 2,4-D (250%) and dicamba (180%).
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Figure 5. Effects of paraquat (white), dicamba (black)
and 2,4-D (gray) on cellular redox state. Cell growth of
non-green potato callus. Approximately 0.1 g cells were
incubated for 30 d in a solid Murashige and Skoog medium
in the presence of different concentrations of the
herbicides as described in the Methods section.
**Po0.01; * Po0.05, compared with the control.
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GST, in contrast with the other antioxidant
enzymes, was not stimulated by paraquat. How-
ever, 2,4-D and dicamba also significantly increased
this enzyme, with 2,4-D again being the most
effective (Figure 6D). At 50 mM, the activity of GST
increased by about 280% with 2,4-D and 180% with
dicamba.
Discussion

Examination of callus tissue cultures is an
alternative plant model for the evaluation of
herbicide toxicity, especially in studies examining
herbicide metabolism (Mumma and Davidonis,
1983). With tissue cultures, the barrier to the
penetration and translocation of herbicides im-
posed by the cellular wall is abolished, allowing a
more controlled study in the plant metabolic
pathways (Magalhães et al., 1989; Nellessen and
Fletcher, 1993). Thus, cell cultures have been
established and used in ecotoxicological evalua-
tions, and also as a means to study herbicide
metabolism in plants (Eding et al., 1984; Harms,
1992).

Paraquat was the most effective on the cell
growth, followed by 2,4-D, and then by dicamba.
Growth was fully inhibited at concentrations higher
than 50, 100 and 250 mM, respectively, for para-
quat, 2,4-D and dicamba (Figure 1). The ratio
between total protein content and cellular weight
(Figure 2) did not correlate with all antioxidant
enzymes. However, the data showed a strong
correlation with fluorescein release (Figure 3).
The observed increase in the protein/cell weight
ratio, through treatment with 2,4-D and dicamba,
was likely the result of a loss of water and
electrolytes from the cell rather than an increase
of the protein synthesis. This agrees with the
observation of an increased number of cells per g
of callus, indicating a decrease of cell volume.
Consequently, cells become harder and dark-
brownish with increasing herbicide concentrations.

From the herbicides under study, only paraquat
favored lipid peroxidation (Bus et al., 1974;
Kornbrust and Mavis, 1980; Sata et al., 1983).
Dicamba and 2,4-D were unable to induce lipid
peroxidation resulting from the production of ROS.
However, both herbicides have high hydrophobic
partition, and can therefore be incorporated into
the membrane, affecting its integrity. From the
fluorescein release by callus tissue treated with
paraquat, 2,4-D and dicamba (Figure 3), we
conclude that the cell membrane is severely
disrupted by 2,4-D, followed by dicamba. Paraquat,
of the herbicides dicamba, 2,4-D and paraquat on non-green
.12.013
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Figure 6. Enzymatic antioxidant activities (catalase (A), superoxide dismutase (B), glutathione reductase (C) and
glutathione S-transferase (D)) in cell cultures of callus from potato roots exposed to paraquat (white), dicamba (gray)
and 2,4-D (black). Approximately 0.1 g cells were incubated for 30 days in a solid Murashige and Skoog medium in the
presence of different concentrations of the herbicides as described in the Methods section. Asterisks indicate significant
differences (Student’s t-test, **Po0.01; *Po0.05) relative to the control (herbicide absence). Vertical bars indicate the
standard error of the mean (SEM) for five independent experiments.

F.P. Peixoto et al.6
however, did not exert a significant effect on
cell membrane integrity under the tested condi-
tions. Thus, toxicity of paraquat was not related
to membrane permeability effects, in contrast
with 2,4-D, which strongly disturbed membrane
integrity.

Because non-green callus tissue was used, the
ATP produced in the cell is generated by glycolysis
and oxidative phosphorylation. Therefore, herbi-
cide-induced ATP depletion could be related to
interference with the mitochondrial or glycolytic
energy pathways. The cytotoxic effects of paraquat
are believed to be a consequence of reduction of
free radical metabolites and subsequent autoox-
idation with superoxide generation. The reduction
undergoes a cyclic process (DeGray et al., 1991).
Please cite this article as: Peixoto FP, et al. Comparative effects
potato tuber calli. J Plant Physiol (2008), doi:10.1016/j.jplph.2007
Therefore, a small amount of paraquat acts as a
catalyst for the oxidation of substantial amounts of
reduction equivalents, with the concomitant for-
mation of stoichiometric amounts of superoxide
(Klimek, 1988). This redox cycling has also been
described for quinones and related compounds.

Our earlier studies comparing the effect of
paraquat in plant and animal mitochondria have
shown that this herbicide strongly decreases the
bioenergetic capacity in animal mitochondria, as a
result of oxidative stress promoted by paraquat
(Vicente et al., 2001). Furthermore, it has also
been shown that plant mitochondria are better
protected at the antioxidant level, but still
susceptible to paraquat toxicity (Vicente et al.,
2001; Peixoto et al., 2004).
of the herbicides dicamba, 2,4-D and paraquat on non-green
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All the herbicides tested deplete ATP and ADP
with a correspondent increase of AMP (data not
shown). Decreased availability of ATP may explain
cytotoxicity through reduced ion translocation,
nutrient import and metabolite export (Smith and
Bryce, 1992). Therefore, the inhibition of growth
and death of the cells observed for paraquat, 2,4-D
and dicamba were correlated with the cell energy
charge decrease (Figure 4). These findings are in
agreement with earlier results on nucleotides
depletion of cell cultures of hepatocytes exposed
to these types of herbicides (Palmeira et al.,
1994a). Figure 5 shows that the paraquat effect
on the redox state was much more pronounced than
the effects of 2,4-D and dicamba, with a stronger
effect on the pyridine nucleotides than on adenine
nucleotide content. Thus, the cell redox state is
preferentially disturbed.

It has previously been demonstrated that some
environmental agents can stimulate a plasmatic
membrane oxidase (Rasmasarma, 1982), producing
H2O2, which can act as a second messenger and
induce a protective response (Foyer et al., 1997;
Rasmasarma, 1982). Cell treatment with paraquat
induced a significant increase of SOD activity,
unlike treatments with 2,4-D and dicamba, which
did not induce statistically significant alterations
(Figure 6A). These data are in agreement with
data showing reactive oxygen species promoted by
paraquat, namely superoxide anion (DeGray et al.,
1991).

CAT is located primarily in peroxisomes and is
responsible for the reduction of hydrogen peroxide
produced through the metabolism of long-chain
fatty acids in peroxisomes. In callus tissue treated
with paraquat, CATwas significantly increased only
at lower concentrations (1–5 mM).

The inhibition of CAT activity observed at para-
quat concentrations higher than 5 mM may be
attributed to the particularly high sensitivity of
this potato CAT to hydrogen peroxide (Beaumont
et al., 1990). Furthermore, the increase of SOD
activity results in rapid production of hydrogen
peroxide, causing its accumulation, since the SOD
activity is strongly increased and the SOD turnover
is 100% higher than the CAT turnover (Halliwell and
Gutteridge, 1999). These findings are consistent
with earlier results in tobacco plants resistant to
paraquat, which showed an SOD activity increase,
with CATand peroxidase inhibited (Furusawa et al.,
1984).

Treatment with dicamba induced a less pro-
nounced effect on CAT activity compared to 2,4-D
(50 mM), which strongly stimulated CATactivity with
no obvious metabolic meaning. Cellular metabolism
and the cell viability would be strongly compro-
Please cite this article as: Peixoto FP, et al. Comparative effects
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mised by 2,4-D, perhaps increasing H2O2 and the
consequent CAT activity.

The maintenance of ascorbate and glutathione in
the reduced form is very important for efficient
protection against ROS. Among the enzymes re-
sponsible for the maintenance of these antioxidants
on the reduced state, GR has been the best studied.
The detoxification of ROS and hydroperoxides
requires the oxidation of GSH to GSSG by glu-
tathione peroxidase. GSSG is then reduced
to GSH by GR at the expense of NADPH oxidation
to NADP+, which is recycled by the pentose
phosphate pathway. Nevertheless, if generation
of GSSG is higher than the reduction back to
GSH by GR, GSSG accumulates and is translocated
outside the cell by specific carriers (Kaplowitz
et al., 1996; Keppler et al., 1997). GR activity
was increased in callus tissue cultures treated with
all the tested herbicides (Figure 5C). Paraquat
promotes GSH oxidation, as has been noted
previously by other authors (Burke et al., 1985;
Galvani et al., 2000; Palmeira et al., 1994b).
Therefore, the GR activity stimulation may occur
as a cellular response to an intracellular decrease
of GSH.

Glutathione transferase activity was stimulated
by dicamba and 2,4-D treatment, but not by
paraquat (Figure 6D). GST catalyzes the conjuga-
tion of electrophilic herbicides with the tripeptide
glutathione, and it has been reported in many plant
species (Hatton et al., 1998) as a determinant
enzyme for the herbicide detoxification. Our
results demonstrate that the GST may be involved
in dicamba and 2,4-D detoxification (Hatton et al.,
1998), a pattern contrasting with paraquat.

In light of the possible mechanism of paraquat
toxicity and the results obtained for GR and
glutathione transferase activities, it is clear that
the increased activity of these enzymes is exclu-
sively related to the non-enzymatic oxidation of
GSH. For dicamba and 2,4-D, the stimulation of GR
may also result from an increase of GST, which
could drive a decrease in the GSH/GSSG ratio, as
GST is involved in detoxifying these herbicides in
plant cells.
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