Available online at www.sciencedirect.com

ScienceDirect ST 1\K
s Toxicology
ELSEVIER Toxicology in Vitro 20 (2006) 14811487 in Vitro

www.elsevier.com/locate/toxinvit

Genotoxicity analysis of the phenoxy herbicide dicamba
in mammalian cells in vitro

N.V. Gonzalez *, S. Soloneski, M.L. Larramendy

Catedra de Citologia, Facultad de Ciencias Naturales y Museo, Universidad Nacional de La Plata, Calle 64 Nro. 3 esq. 120,
1900 La Plata, Argentina

Received 28 March 2006; accepted 3 May 2006
Available online 11 May 2006

Abstract

The cytogenetic effects exerted by the phenoxy herbicide dicamba and one of its commercial formulations banvel® (57.71% dicamba)
were studied in in vitro whole blood human lymphocyte cultures. The genotoxicity of herbicides was measured by analysis of the fre-
quency of sister chromatid exchanges (SCEs) and cell-cycle progression assays. Both dicamba and banvel® activities were tested within
10.0-500.0 pg/ml doses range. Only concentrations of 200.0 pg/ml of dicamba and 500.0 ug/ml of banvel® induced a significant increase in
SCE frequency over control values. The highest dose of dicamba tested (500.0 pg/ml) resulted in cell culture cytotoxicity. The cell-cycle
kinetics was affected by both test compounds since a significant delay in cell-cycle progression and a significant reduction of the prolifera-
tive rate index were observed after the treatment with 100.0 and 200.0 pg/ml of dicamba and 200.0 and 500.0 pg/ml of banvel®. For both
chemicals, a progressive dose-related inhibition of the mitotic activity of cultures was observed. Moreover, only the mitotic activity statis-
tically differed from control values when doses of both chemicals higher than 100.0 pg/ml were employed. On the basis of our results, the

herbicide dicamba is a DNA damage agent and should be considered as a potentially hazardous compound to humans.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

It is well known that most pesticides in the environment
have a toxic impact in non-target organisms, including
man. Various reports have demonstrated all over the world
that commonly used pesticides have non-desired genotoxic
properties (IARC, 1991). Among these compounds, dica-
mba (3,6-dichloro-2-methoxybenzoic acid) is an herbicide
widely utilized for the control of broadleaf weeds in wheat,
corn, sugar cane, among other crops (IARC, 1991).

Dicamba has been profusely studied on its environmen-
tal aspects as seasonal leaching and biodegradation (Roy
et al., 2001), degradation under anaerobic conditions (Gu
et al., 2001), atmospheric transport and deposition (George
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et al, 2003) and remediation of dicamba-water contami-
nated (Gibb et al, 2004) but the available data on their
molecular mechanisms of genotoxicity and mutagenicity
are so far inconclusive (Perocco etal., 1990; Filkowski
et al, 2003). Moreover, the unique ability of the plants to
detect both double-strand breaks (homologous recombina-
tion) and point mutations provides tremendous potential in
the study of molecular mechanisms of genotoxicity and
mutagenicity of phenoxy herbicides (Filkowski et al., 2003).

Dicamba has been tested in different bioassays. In bacte-
rial systems, it has proved to induce reverse mutations in
several Salmonella typhimurium strains (Plewa et al., 1984)
and DNA damage in Bacillus subtilis rec A and Escherichia
coli pol A (Leifer et al., 1981; Waters et al., 1981). Several
investigations using dicamba and/or the commercial formu-
lation banvel® have been performed on plant assays such as
Arabidopsis thaliana (Filkowski et al., 2003) and Tradescan-
tia sp. (Mohammed and Ma, 1999). The most relevant
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results from these investigations agree in demonstrating
that this phenoxy herbicide has a significant effect on the
frequency of homologous recombination A — G mutation
and induces a dosage-related increase in the micronucleus
frequencies, respectively.

Effect of the dicamba has also been evaluated in different
animals systems. It produces peroxisome proliferation
(Espandiari et al., 1995), loss of phosphorilation capacity in
mitochondria (Peixoto et al, 2003) and has a promoting
activity in two-stage hepatocarcinogenesis in rats (Espand-
iari et al., 1999). Specifically concerning DNA damage, dic-
amba failed to induce structural chromosome aberrations
in rat bone marrow cells (Hrelia et al., 1994) or sex-linked
recessive lethal mutations in Drosophila melanogaster
(Waters et al., 1981) whereas it revealed its potential geno-
toxic hazard, assessed by diverse in vitro-tests (Perocco
et al,, 1990; Hrelia et al,, 1994; Sorensen et al., 2005). In
spite of the amount and variety of results on the genotoxi-
city of dicamba, they are not conclusive.

The aim of the present work was to assess the genotoxic
effect of dicamba and its commercial formulation banvel®
(dicamba 57.71%) on human lymphocytes cultures evaluat-
ing their genotoxic damage by the analysis of the sister
chromatid exchange (James et al., 1997), cell-cycle progres-
sion (CCP) and mitotic index (MI) assays.

2. Materials and methods
2.1. Chemicals

Dicamba (3,6-dichloro-2-methoxybenzoic acid; CAS no.
1918-00-9) was obtained from Riedel-de-Haén (Pestanal®;
Hannover, Germany). Banvel® (57.71% dicamba) was
kindly provided by Syngenta Agro S.A. (Buenos Aires,
Argentina). Dimethyl sulfoxide (DMSQO) was purchased
from Sigma Chemical Co. (St. Louis, MO).

2.2. Blood samples

Blood samples were obtained from three healthy male
non-smoking volunteer donors (age 20-30years) selected
according to previously described recommendations
(Bianchi et al., 1979). Samples of 20 ml of blood were drawn
from each donor by venipuncture immediately prior to cul-
turing.

2.3. Whole blood lymphocyte cultures and herbicide
treatment

Whole blood cultures were set up by seeding 1.0ml of
whole blood in 9.0ml of complete culture medium [90%
Ham'‘s F10 (Gibco, Grand Island, NY), 10% fetal calf serum
(Gibco), 100 U penicillin/ml (Gibco), 10 pgstreptomycin/ml
(Gibco)]. Immediately after seeding, dicamba, dissolved in
DMSO, was diluted in culture medium so such addition of
100 pl to cultures would achieve the desired drug concentra-
tion. Banvel® (57.71% dicamba; excipients c.s.) was diluted

in culture medium only. The final solvent concentration was
<1% for all treatments. Dicamba and banvel® were used at
final concentrations of 10.0, 20.0, 50.0, 100.0, 200.0 and
500.0 pg/ml. For each donor, two negative controls
(untreated and solvent/vehicle-treated cultures, respectively)
were performed and run simultaneously with dicamba- and
banvel®-treated cultures from each donor. Cultures from
each donor were established in duplicate for each treatment.
None of the treatments produced significant pH changes in
the culture medium, even at the highest concentration of
dicamba or banvel®. Immediately after herbicide treatment,
0.3ml of phytohaemagglutinin M (PHA M) (Gibco) and
10 pg BrdUrd/ml (Sigma Chemical Co.) were added to each
culture (0 h). Afterwards, cultures were incubated at 37°C in
a 5% CO, atmosphere for 72 h. During the last 3h of culture
cells were treated with 0.1 pg/ml colchicine (Sigma Chemical
Co.). At the end of the culture period cells were harvested,
exposed to a hypotonic solution (0.075M KCI, 37°C,
17min) and fixed in methanol/acetic acid (3:1). Chromo-
some spreads were obtained using the air drying technique.
The same batches of culture medium, sera and reagents were
used throughout the study.

2.4. Fluorescence-plus-Giemsa ( FPG) staining for sister
chromatid differentiation

Chromosome spreads were stained using the FPG tech-
nique for sister chromatid differentiation as described in
detail by Larramendy and Knuutila (1990). All cytogenetic
slides were coded and scored blind by two cytogeneticists.

2.5. Cell-cycle kinetics and mitotic index

A minimum of 200 metaphase cells were scored per sam-
ple to determine the percentage of cells which had under-
gone one (M), two (M,) or three or more mitoses (M;,).
All those metaphases showing differential staining of sister
chromatids in <25% of the chromosomal complement were
considered to be at the fourth cell cycle. The proliferative
rate index (PRI) was calculated for each experimental point
according to the formula PRI=[(%M,)+2(%M,)+
3(%M3,))/100, which indicated the average number of times
the cells had divided in the medium between the incorpora-
tion of BrdUrd and harvesting (Lamberti et al., 1983). The
mitotic index (MI) was determined by scoring 2000 cells for
each experimental point from each donor and was
expressed as number of mitoses among 1000 nuclei.
Changes in MI were expressed as a factor (f) of the mean
MI of treated cultures (MI,) over the mean MI form con-
trols (ML) (f=MI/MI,) (Miller and Adler, 1989).

2.6. Sister chromatid exchange analysis

For the SCE assay a total of 50 well-spread diploid
metaphases were scored per treatment for each donor in M,
cells. The data were expressed as the mean number of SCEs
per cell + SE.
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2.7. Statistical analysis

The Kuskal-Wallis one way analysis of variance was
used to compare differences among donors and treatments.
The two-tailed Student’s #-test was used to compare SCE
frequencies between treated and control groups. A »? test
was used for cell cycle progression and MI data. The level
of significance chosen was 0.05 unless indicated otherwise.

3. Results

Table 1 shows the frequencies of SCEs obtained in
whole blood cultures for a 72h continuous dicamba and
banvel® treatments. Since no differences in the SCEs were
observed between untreated and DMSO-treated cultures
(negative controls), pooled data are presented for control
cultures.

For dicamba, only the 200.0 pg/ml dose induced a signifi-
cant increase in the SCEs frequency over control values
(donor 1, P <0.01; donors 2 and 3, P <0.05). When a
500.0 pg/ml dose was used, a cytotoxic effect was observed,
not allowing the SCEs frequency evaluation. Instead, ban-
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vel® induced a significant SCEs frequency increase over
control values only when 500.0pg/ml were employed
(P < 0.001). However, for one of the donors (donor 2), the
same dose of the test compound resulted in cellular death
and thus the SCEs frequency could not be determined.
Both test compounds induced cytotoxicity in lympho-
cyte cultures since either a significant delay in cell-cycle
progression or a significant reduction of the PRI were
observed in those dicamba- and banvel®-treated cultures
(Tables 2 and 3, respectively). As shown in Table 2, the
100.0 pg/ml dicamba concentration caused a significant
increase of M, frequency (donor 1, P < 0.001; donors 2 and
3, P < 0.05) in relation to a solely significant M5, decrease
(donor 1, P < 0.01; donor 2, P < 0.001; donor 3, P < 0.05).
When 200.0 pg/ml of dicamba were used, the cell-cycle
alteration for donors 1 and 2 was due to significant
increases of both M, and M, (donor 1, M; and My
P <0.001, donor 2, M;: P <0.001, M,: P<0.01) in rela-
tion to a decrease in M5, (donors 1 and 2, P < 0.001). At
the same dose, donor 3 also showed a significant increase in
M, (P < 0.001) due to a M, significant decrease (P < 0.01).
Furthermore, for the highest dicamba dose tested (500.0

Table 1
Sister chromatid exchange (SCE) frequencies in control and dicamba- and banvel®-treated human lymphocytes®
Dose (png/ml) SCE frequencies®
Dicamba Banvel® (57.71%)
Donor 1 Donor 2 Donor 3 Donor 1 Donor 2 Donor 3
0 744 +£0.52 8.08 + 0.56 7.28 £ 0.46 7.00 + 0.59 6.32+0.51 7.60 £+ 0.53

10 8.56 +0.65 6.72+0.39 7.56 £ 0.51 8.324+0.50 724+ 041 7.724+0.43

50 7.04 +0.41 6.74 £+ 0.70 748 £ 0.64 744 £0.51 6.36 £0.50 6.32+£0.35
100 7.64 +0.52 692+ 049 8.20+0.79 8.24 +0.45 6.92+0.33 6.36 + 0.56
200 10.32 +0.71* 944 + 040* 8.78 £ 0.57* 7.80 +0.70 6.40 £ 0.50 8.52 4+ 0.60
500 No cell division No cell division No cell division 11.95 £ 0.86*** ND 10.64 + 047
ND, not determined.

@ Lymphocytes were treated with dicamba and banvel® immediately after stimulation with PHA and harvested 72 h later.

b Results are expressed as mean SCE/cell + SE.

* P <0.05.

* P <0.01.
P < 0.001.
Table 2
Cell-cycle progression and proliferative rate index (PRI) values in control and dicamba-treated human lymphocytes in vitro
Dose (pg/ml) Cell-cycle progression®

Donor 1 Donor 2 Donor 3
M, M, M;, PRI M, M, M;, PRI M, M, M;, PRI
0 12 32 56 244 10 38 52 242 18 41 41 223

10 13 42 45 2.32 12 32 56 244 18 29 53 235

50 17 27 56 2.39 8 38 44 2.16 19 33 48 2.29
100 20 37 34+ 2.05* 33* 31 36 2.03* 27* 47 26* 1.99
200 39%* S 10%** 1717 38 56** 6 1.68*** 46*** 22%* 32 1.86*
500 No cell division ND No cell division ND No cell division ND

ND, not determined.

# The proportion of cells in first (M), second (M,), and third or subsequent cell divisions (M3,) were determined in 300 mitoses for each experimental

point.

* P <0.05.
* P <001
P < 0.001.
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Table 3
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Cell-cycle progression and proliferative rate index (PRI) values in control and banvel®-treated human lymphocytes in vitro

Dose (pg/ml) Cell-cycle progression®
Donor 1 Donor 2 Donor 3
M, M, M, PRI M, M, M, PRI M, M, M, PRI
0 21 39 40 2.19 16 46 38 222 18 42 40 222
10 19 47 34 2.15 10 44 46 2.36 17 31 52 2.35
50 15 37 48 2.33 12 58 30 2.18 16 46 38 222
100 13 40 47 2.34 14 40 46 2.38 19 41 40 221
200 30* 42 28* 1.98 340 30* 36 2.02 19 55* 26" 2.07
500 76*** 24* 0*** 1. 24w 98*** Qe 0*** 102*** 58*** 36 6*** 148***

ND, not determined.

# The proportion of cells in first (M), second (M,), and third or subsequent cell divisions (M3, ) were determined in 300 mitoses for each experimental

point.

* P <005
= P <00l
P <0.001.

Table 4

Mitotic indices (MI) and proliferative factors (f) in control, dicamba- and banvel®-treated human lymphocytes®

Dose (pg/ml) Cell-cycle progression
Dicamba Banvel® (57.71%)
Donor 1 Donor 2 Donor 3 Donor 1 Donor 2 Donor 3
MI f MI f MI f MI f MI f MI f
0 93 1.00 71 1.00 120 1.00 110 1.00 80 1.00 112 1.00
10 94 1.01 78 1.10 137 1.10 90 0.82 97 1.21 105 0.94
50 104 1.12 58 0.82 140 0.82 127 1.15 97 1.21 120 1.07
100 71" 0.76 44+ 0.62 122 0.62 89* 0.81 57* 0.71 102 0.91
200 19 0.20 16*** 0.23 T4 0.23 437 0.39 55 0.69 85* 0.76
500 ND ND ND ND ND ND 16" 0.15 2 0.03 62" 0.55

ND, not determined.

4 Lymphocytes were treated with dicamba and banvel® immediately after stimulation with PHA and harvested 72 h later.

* P <005
** P <0.01.
= P < 0.001.

pg/ml), cytotoxicity was observed since a complete cellular
death was found. In regard to the PRI analysis, a significant
reduction was observed with respect to control values for
100.0 (donors 1 and 2) and 200.0 pg/ml (donors 1-3) of dic-
amba doses (Table 2, donors 1 and 2: P <0.05 and
P < 0.001; donor 3: P>0.05 and P < 0.05). Treatment with
commercial banvel® yielded similar results (Table 3). At
200.0 pg/ml dose a significant increase in M; (donor 1,
P < 0.05; donor 2, P < 0.001) concomitantly with a signifi-
cant decrease of M, and M, for donor 1 and 2, respectively
were found (P < 0.05). In donor 3, the M, increase was
related only to a significant decrease in the proportion of
M;, (P < 0.05). Conversely to the effect found for the high-
est dose of the pure compound, 500.0 pg/ml of banvel® did
not result in cell death. For this concentration a significant
M, increase associated to a significant decrease in the fre-
quencies of M, and M,,, was observed for all donors
(donor 1, P <0.05 and 0.001; donors 2 and 3, P < 0.001).
Likewise, the 500.0 ug/ml banvel® concentration induced a
significant diminution of the PRI over control values
(donor 3, P < 0.001).

The MI and f data for both dicamba- and banvel®-
treated cultures are presented in Table 4. For dicamba, a
dose-dependent inhibition of mitotic activity was observed
when 100.0 and 200.0 pg/ml were used. The 100.0 pg/ml pure
compound concentration produced a significant decrease
of lymphocytes mitotic activity over control values only for
donors 1 and 2 (f=1.00) by a mean f of 0.69. For donor 3
no significant differences were found at 100 pg/ml of dica-
mba (P >0.05). Likewise, the 200.0 pg/ml pure compound
dose caused a significant reduction in the lymphocytes pro-
liferation (P < 0.001) over control values for all donors
(f=1.00) by a mean f of 0.22 (range 0.20-0.23).

For the commercial formulation, the mitotic activity in
treated lymphocytes showed an overall decrease in the
100.0-500.0 pg/ml dose range. The 100.0 pg/ml technical
formulation concentration produced a significant mitotic
activity reduction of cultures over control values solely for
donors 1 and 2 (f=1.00) by a mean f of 0.76. For donor 3
no significant differences were found at 100 pg/ml of ban-
vel® (P>0.05). The 200.0 ug/ml banvel® concentration
resulted in a significant mitotic activity reduction over
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control values (f=1.00) by a mean f of 0.61 [f=0.39
(P <0.001), f=0.69 (P < 0.01), and f=0.76 (P < 0.05), for
donors 1, 2, and 3, respectively]. Similar results were
observed for the 500.0 png/ml banvel® dose over control val-
ues (f=1.00); when this concentration was employed, the
lymphocyte mitotic activity decreased significantly
(P <0.001) by a mean f of 0.24 (range 0.03-0.55) over con-
trol values (f=1.00).

4. Discussion

In the present report, the genotoxicities of herbicide dic-
amba and the dicamba containing commercial formulation
banvel® were evaluated in in vitro cultures of human lym-
phocytes using different genetic end-points, namely, the fre-
quency of SCEs in second mitosis, mitotic index, and the
kinetics of cell cycle progression. The results demonstrate
that dicamba at a 200.0 ug/ml concentration induced a sig-
nificant increase in the frequency of SCEs whereas the high-
est dose tested (500.0 ug/ml) resulted in cell culture
cytotoxicity. On the other hand, the commercial formula-
tion banvel® was observed to display genotoxic effects by a
significant enhancement of SCEs frequency only for the
500 pg/ml dose. When not cytotoxic, both chemicals altered
the cell cycle progression in the 100.0-500.0 ug/ml dose
range.

Reports on the in vitro effect on dicamba are scarce and
have focused mainly on the genotoxicity aspects assessed
by unscheduled DNA synthesis, sister-chromatid exchanges
in human peripheral blood lymphocytes, structural chro-
mosome aberrations in rat bone marrow (Hrelia et al.,
1994) and more recently by single cell gel electrophoresis
assay on Chinese hamster ovary (CHO) cells (Sorensen
et al,, 2005). As an alternative approach we used the kinet-
ics of cell cycle-progression as another end-point for the
first time in order to quantify genotoxicity. Doses of 100.0
and 200.0 pg/ml of dicamba resulted in the alteration of the
cell-cycle progression or a significant decrease of the PRI.
The PRI values changes were related to a varied combina-
tions of first, second or third reduction and/or increases for
the different donors. Similarly, for the same pure compound
doses the MI and f factor revealed a valuable reduction.
Such results remind that lymphocyte proliferation is an
extremely complex system influenced by many factors as
previously reported (Bianchi et al, 1979; Holland et al.,
2002) and, at the same time, suggest that some individuals
might be more sensitive to dicamba exposure than others.
Particularly, we have previously assumed that different cul-
ture conditions including type of culture medium and sera,
different response to the stimulation with PHA could be the
cause of the inter-individual variability observed (Bianchi
et al,, 1979). However, this explanation can be ruled out for
since the same batches of culture medium, sera and
reagents were used throughout our study. Recently, Nor-
ppa (2004) proposed that the presence of genetic polymor-
phisms in same genes, e.g., GSTMI, GSTTI, CYPIAI,
NAT?2 can affect cytogenetic biomarkers such as chromo-

somal aberrations. Furthermore, for some chemicals, it has
been documented a genotype-dependent response to
in vitro lymphocytes chemical treatment (Norppa et al.,
1995; Wiencke etal,, 1991). This plausible explanation
could also be responsible for the variability observed in the
mitotic indices found among the donors we included in the
present study. Following the observations of Norppa
(2004), it could be suggested that gene/genes involved in the
in vitro activation of dicamba could also being affected by
genetic polymorphism/s responsible for the differential
response of different donors to dicamba. So far, no gene/s
have been found to be responsible for the activation of dic-
amba. Whether some of the aforementioned genes were
polymorphic in all or some of the donors we studied is still
an open question.

Previous investigations on dicamba reveal its potential
genotoxic effect on human lymphocytes. Perocco et al.
(1990) and Hrelia et al. (1994), evaluated the genotoxic
properties of dicamba in human whole blood and purified
leukocyte cultures with and without the presence of the S-9
fraction. According to their findings, it has been suggested
that dicamba does not require metabolic activation to exert
its deleterious effects of lymphocytes in culture. Conse-
quently, our experiments were carried out without the pres-
ence of the S-9 fraction during the culture period. Thus, it
can be assumed that the genotoxic effect reported in the
aforementioned studies as well as our results is exerted
most probably by dicamba itself and not by any metabo-
lites or any other subproducts of the compound generated
during metabolic activation.

The scarce in vitro genotoxic knowledge on the dicamba
properties extends to its technical formulation banvel®.
Only its highest dose employed induced an increase of the
SCE:s frequencies whereas PRI, MI and ffactor also showed
a reduction. Although it is not available to us which are the
excipients involved in the commercial formulation rather
than 57.71% dicamba, our results clearly showed that any of
them possesses any genotoxic effects, at least with the bioas-
says employed in the present study. Finally, our results
demonstrated that both tested compounds were able to
exert cytotoxicity effect, at least with doses higher than
100 pg/ml in the culture conditions we employed.

In our experiments both the effects of dicamba and ban-
vel®, were assessed in whole blood lymphocyte cultures to
exploit the metabolic capability of whole blood compared
to other erythrocyte-free system like purified lymphocyte
cultures (Norppa et al., 1980; Abdel-Fadil et al., 1982; Sol-
oneski et al., 2001, 2002). Previous reports have suggested a
protective role for the erythrocytes contained in whole
blood cultures against the induction of genotoxic damage
(Ray and Altenburg, 1978; Norppa etal, 1983; Larr-
amendy and Reigosa, 1986; Soloneski et al., 2001, 2002). All
these authors agree in demonstrating that the protective
effect exerted by red blood cells, when present in culture
media, is being most probably due to the antioxidant
enzymes contained in these cells (Ray and Altenburg, 1978;
Altenburg et al., 1979). From these observations, taking



1486 N.V. Gonzdlez et al. | Toxicology in Vitro 20 (2006) 1481-1487

into account the type of culture we employed in our experi-
ments, it could be hypothesized that the genotoxic effect
induced by dicamba, at least by using the end-points we
have employed, could be accounted for active oxygen spe-
cies delivered in vitro. However, further experiments are
required to be performed in order to prove or discard this
plausible explanation.

Chlorophenoxylic compounds like 2,4-dichlorophenoxy-
acetic acid (2,4-D) have been proved to cause lipid peroxi-
dation in bacterial cellular envelope (Balague et al., 2001)
and in human erythrocyte membranes (Duchnowicz and
Koter, 2003). Dicamba also belongs to the chlorophenoxy-
lic herbicide group and as far as it is known, the pesticide
induces tissue damage and cell death in cleavers (Galium
aparine L.) by lipid peroxidation (Grossmann et al., 2001).
These facts lead to a strong suggestion for the dicamba
damage mechanism by lipid peroxidation.

Dicamba has not been referenced as a carcinogen
according to available sources and actually it is placed into
group 3—not classifiable as to its carcinogenicity in
humans—(EPA, 1974). The present study provides addi-
tional information on dicamba and banvel® genotoxicity
and further analyses are required in order to achieve a bet-
ter knowledge of the possible mechanism/s through these
phenoxy compounds exert their genotoxic effects and to
evaluate their mutagenicity/carcinogenicity in mammalian
cells.
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