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Mutagenicity study of butachlor and its metabolites using
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Butachlor is the most commonly used herbicide in Taiwan and many other countries. It has been reported to be an
indirect mutagen and carcinogen in various in vitro assay systems. Previous investigation has also demonstrated
that butachlor stimulates cell proliferation, transforms normal embryonic cells, and induces stomach tumors in
Spraque-Dawley rats. However, the mechanism of butachlor carcinogenicity is still not clear. In order to clarify the
toxicologic and carcinogenic properties of butachlor, we proposed a metabolic pathway, and synthesized the
authentic metabolites by chemical methods. In addition, we tested the mutagenicity of butachlor and these
metabolites on Salmonella typhimurium. The results indicate that butachlor might manifest its carcinogenicity via
the mutagenicity of its metabolic products. Although the molecular mechanism of butachlor-induced cellular toxicity
is still not clear, it is likely that the cellular transformation ability of butachlor is partly associated with its mutagenicity.
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Butachlor (2-chloro-2',6'-diethyl-N-[butoxymethyl]
acetanilide) is a pre-emergence herbicide belonging to
the chloroacetanilide family and iswidely used to control
grassesin therice producing countries of Asiaand South
America [1]. More than 8000 tons of butachlor are
being used every year in Taiwan, and much morein other
Asian countries [2]. The structure of this compound
issimilar to that of alachlor (2-chloro-2',6'-diethyl-N-
[methoxymethyl] acetanilide), another chloroacetanilide
herbicide that has also been used in large quantity to
control weeds, primarily in agricultural cropsincluding
corn and soybeans in the United States [3]. These 2
herbicides differ only in having abutoxyl and methoxyl
group, respectively, on the N-methyl moiety. Alachlor
isapotential human carcinogen inducing lung tumor in
mice and stomach, thyroid, and nasal turbinate tumors
in rats [3]. Butachlor is not used in the United States
and little information on itstoxicology is available.
Butachlor has been reported to be an indirect
mutagen. Its mutagenicity on Salmonella typhimurium
strain TA 100 requires the addition of rat liver extract
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(S9) [4]. It aso requires S9 to induce chromosome
aberrations in Chinese hamster ovary cells [5]. More-
over, butachlor causes sister chromatid exchanges in
rat tracheal epithelial cells [6]. Previous findings have
suggested that butachlor stimulates cell proliferation and
transforms normal embryonic cells [7]. In addition,
butachlor has also been reported to induce stomach
tumors in Spraque-Dawley rats [8,9]. All of these
findings suggest that butachlor is similar to alachor
not only in chemical structure but also in properties.
Thus, butachlor isvery possibly acarcinogeninasimilar
way to alachlor. Although previous investigations have
al demonstrated that butachlor may be a carcinogen,
it isstill very popularly used for weed control in Asia
countries [10,11]. Previous investigations have revealed
that there are detectable level s of butachlor in soil during
the spring application period [12]. Despite the high rates
of butachlor application, and possible environmental
contamination from it, there is still little toxicologic
information available about it.

Previously, we have demonstrated that butachlor can
be metabolized through the mercapturic acid pathway
to form butachlor acetylcysteine conjugate (BACC) [13].
Both alachlor and butachlor have been suggested as
carcinogens that are involved in a complex metabolic
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Mutagenicity of butachlor and metabolites

activation pathway that leads to a DNA-reactive
dialkylbenzoquinone imine [14]. In order to test this
hypothesisthat the carcinogenicity of butachlor involves
further metabolic intermediates, here we proposed a
consequential metabolic pathway of butachlor from
BACC to the DNA-reactive dialkylbenzoquinone
imine. Important intermediates in this pathway are
2,6-diethylaniline (DEA), which is bioactivated through
subsequent dealkylation and oxidation to form
3,5-diethyl-p-amino-phenol (DEAP, OH-DEA) and the
proposed carcinogenic product 3,5-diethyl benzogquinone
4-imine (DEBQI). In this report, the metabolic
intermediates were chemically synthesized, identified by
gas chromatography/mass spectroscopy and their
mutagenicity tested on various S. typhimurium strains.

Materialsand M ethods

Chemicals

Butachlor was purchased from Chem Services (West
Chester, PA, USA), and diethylaniline from Fluka
Chemie AG (Buchs, Switzerland). All other chemicals
were the highest grade available and purchased from
regional suppliers.

Metabolite synthesis

2,6-diethylaniline acetate (DEAA) was synthesized from
DEA with acetanhydride to form a precipitate [15]. The
precipitate was then filtered and dissolved in ethanal.
The same volume of distilled water was added to
this solution to reprecipitate the DEAA product, which
was then heated at 70°C to dissolve it, after which the
solution was placed at room temperature until crystal
formation. Then acetic anhydride was added to dissolve
the DEAA crystals, followed by cold sulfuric acid and
the mixture was then kept on ice for 10 min. Then
pre-mixed nitric acid and sulfuric acid (7:10) were added
drop by drop into the solution and the mixture was
kept at 20 to 25°C for 40 min to allow the reaction to
take place. Ice water was then added to form a yellow
precipitate, which, after filtration, was dissolved in 80%
ethanol to form NO,-DEAA. NH,-DEAA was prepared
by hydration of NO,-DEAA by the methods described
by Feng and Wratten 1987 [16]. OH-DEAA and OH-
DEA were prepared by deacetylation method described
by Adams et al 1982 [15]. For OH-DEA synthesis,
an alternative method was used. In brief, direct
hydroxylation of DEA by hydroxy! freeradical followed
by dichloromethane extraction was carried out as
described previously [17].
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Gas chromatogr aphy/mass spectrometry

A Hewlett-Packard Model 5890 microprocessor-
controlled gas chromatograph interfaced to a Hewlett-
Packard Model 5971A mass selective detector was
used for the identification of the synthesized standard
compounds. Separation was carried out using a
fused silica capillary column coated with 5% methyl
silicone gum phase. Helium was used as the carrier
gas at an inlet pressure of 30 kPa. The injection port
was kept at 250°C, while the gas chromatography/
mass spectrometry interface was maintained at 280°C.
The column temperature was increased from 80°C
to 220°C at arate of 12°C per min after 3 min at 80°C.
An aliquot (1 pL) of each sample was injected without
any further treatment into the injection port in the
splitless mode.

Rat microsome preparation (S9)

S9 were prepared from male Spraque-Dawley rats
purchased from the Animal Service Center of the
National Science Council, Taiwan. Briefly, the animals
were stimulated by intraperitoneal administration with
100 mg alachlor 1254 in 0.5 mL corn oil. Five days
later, the animals were sacrificed and the livers were
removed, weighed, and placed in ice-cold 50 mM
potassium phosphate (pH 7.5) containing 0.1 mM
ethylenediamine tetra-acetic acid (EDTA) and 1.15%
potassium chloride. The livers were then minced with
scissors, homogeni zed with a Polyron homogenizer, and
then centrifuged at 10,000 g for 15 min. The super-
natant was filtered through glass wool and centrifuged
at 100,000 g for 1 h. The microsomal pellet was re-
suspended in 50 mM potassium phosphate (pH 7.5)
containing 0.1 mM EDTA and 0.25 M sucrose. Aliquots
were stored at —80°C until use. Protein concentration
was determined using a Bio-Red reagent (Bio-Rad Co,
Redmond, WA, USA) prior to use.

S. typhimurium mutagenicity assay

S. typhimurium strain TA97 and TA98, which detects
frameshift mutagens, and strain TA100, which detects
base-pair substitution mutagens, were used for the
Ames test. Butachlor and its metabolites at various
concentrations were assayed. The Salmonella mutation
test was carried out using a microsuspension assay that
was modified to provide enhanced sensitivity compared
to the standard plate-incorporation method. Briefly,
S typhimuriumtest strainswere grown in Oxoid nutrient
broth No. 2 at 37°C with shaking for about 10 h. The
bacterial cultures were checked to make sure that



their optical density at 650 nm was between 0.4-0.6
before being used. The S9-dependent or -independent
mutagenicity was determined as follows. The reaction
mixtures, containing 100 pL of various concentration
of compounds and 800 L of phosphate-buffered saline
with or without S9 reaction mixture and 100 pL of
bacterial solution (approximately 0.6-1.0 x 107 bacteria
per assay), were placed in test tubes on arotary shaker
and incubated at 37°C for 30 min. Rat liver SO (10% v/v
in S9 reaction mixture) was used as the activating
system. After incubation, 2.4 mL of top agar, containing
0.05 mM each of histidine and biotin, was added to
each test tube and the test tube contents were poured
onto Vogel-Bonner minimal agar plates. The plates
were inverted, incubated at 37°C for 48 h, and then
colony numbers were counted. The number of histidine
revertant colonies was manually counted, and the results
were expressed as the number of revertant colonies per
plate. All assays were performed on duplicate plates.
Spontaneous revertants were not subtracted from the
number of revertants obtained for each assay.

Results

Synthesis of butachlor metabolites

We proposed a pathway for butachlor metabolism
similar to that in previous reports of alachlor
metabolism. In order to test whether butachlor
manifested its carcinogenicity via the mutagenicity of
its metabolites, the intermediates in this proposed
pathway (Fig. 1) were synthesized chemically step by
step and the crystal product of each step was tested for
melting point and then separated by thin layer
chromatography (data not shown) as a purity test.
After the preliminary purity tests, we used gas
chromatography/mass spectrometry to determine the
structure of these products. DEAA, the first step
product, was demonstrated to have a melting point of
the 138-140°C and gave a single spot on thin layer
chromatography analysis. According to the results of
the gas chromatography/mass spectrometry analysis, it
consisted of a single peak with a molecular weight
demonstrated to be 191.1. In mass spectrometry, all
the breakdown fragments in this analysis satisfied
the structure characteristics of DEAA (Fig. 2A). This
suggested that this product is DEAA. NO,-DEAA isa
light yellow crystal, melting point 154-155°C. The
molecular weight of this product was determined to be
236, and the mass spectrometry also demonstrated its
structural characteristics (Fig. 2B).
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Fig. 1. Proposed metabolic pathway of butachlor from its N-
acetylcysteine conjugate butachlor acetylcysteine conjugate.

Thethird synthesized product, NH,-DEAA, isamilky
white amorphous powder, melting point 185-186°C; gas
chromatography/mass spectrometry anadysisdemonstrated
its molecular weight to be 206 and the breakdown
fragments in this analysis satisfied its structural
characteritics (Fig. 2C). OH-DEAA, the fourth product,
isolated by silicagel chromatography after its synthesis,
was demonstrated to have a molecular weight of 207.
Analysis results for the gas chromatography/mass
spectrometry are shown in Fig. 2D. Thefina step isthe
synthesis of OH-DEA (DEAP), the precursor of the

411



Mutagenicity of butachlor and metabolites

TIC: PESTI-2.0

A A Scan 816 (9.579 min): PESTI-2.0 148
500000 70000 "
8 g 60000
S 400000 <
i T 50000
3 =1
S 300000 S 40000 4 .
Qo [
= =
T 200000 F 30000
[} Q
o o 20000
100000
10000 - 7 91
L 5153 65 | | 104 1
0 T T T T T T T 0 11 . | I|I i . i
4 6 8 ) 10 12 14 16 60 80 100 120 140 160 180
Time Mass-to-charge ratio
TIC: DEAA No.D . -]
B B 90000 Scan 1229 (12.900 min): DEAA-NO.D 219
800000
700000 80000
8 8 70000
< 600000
g S 60000
=]
3 500000 é 50000
2 400000 2 40000
§ 300000 § 30000
200000 20000
100000 10000 25
0 T T T T T T 0
4 6 8 10 12 14 16 60 80 100 120 140 160 180 200 220 240
Time Mass-to-charge ratio
C TIC: DEAENH2.D C 60000 Scan 1173 (12.452 min): DEAENH2.D 206
5000000 o
163
° 4500000 ° 50000
© 40000003 2
§ 3500000 40000
é 3000000 é
@ 2500000 g 30000
£ 2000000 B
5 2 20000
o 1500000 o
1000000 10000
500000
0 T T T T T T T 0 SR AR MARAN AR
4 6 8 10 12 14 16 60 80 100 120 140 160 180 200 220 240 260
Time Mass-to-charge ratio
D TIC: 0U-PHAD D Scan 1856 (18.349 min): OU-PHAD 164
35000 190
200000—
@ Q
(8] o
g g
© 150000— o
c c
=3 =]
Qo Qo
© ©
2 100000 g
k&, I
[ [}
i i
50000
O-Mmﬁa#mmwm
4 6 8 10 12 14 16 18 40 60 80 100 120 140 160 180 200
Time Mass-to-charge ratio
E TIC: 0U-C.D E Scan 1383 (14.440 min): OU-PHA.D 150
1 60000 —
» 200000 ®
< S 50000
3 3
S 150000 S 40000
Qo Qo
© ©
(93 [ —]
2 100000-] 149 2 30000
k) K
2 & 20000
50000 —
10000 —
0 T T R T T T 0-
4 6 8 10 12 14 16 40 50 60 70 80 90 100 110 120 130 140 150 160 170
Time Mass-to-charge ratio

Fig. 2. Gas chromatography (left) and mass spectrometry (right) analysis of synthesized metabolites. A) 2,6-diethylaniline acetate
(DEAA); B) NO,-DEAA; C) NH,-DEAA; D) OH-DEAA,; E) 3,5-diethyl-p-amino-phenol (OH-DEA).
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proposed DNA reactive intermediate DEBQI. The
results of this procedure produced more than 1 product,
one of them was demonstrated to be DEAP with a
molecular weight 165 (Fig. 2E). OH-DEA isan unstable
compound, which can spontaneously transform into the
DNA reactive final product DEBQI; the reaction can
also be reversed to produce the parent compound DEA.
Thus, asit isvery difficult to isolate the pure OH-DEA
product. We did not carry out any further purification
and the reaction product mixture was used for the

mutagenicity assay.

Salmonella mutagenicity assay

Various Salmonella strains were used to test
mutagenicity of the butachlor metabolites DEA, and OH-
DEA (DEAP). The mutagenicity assays were conducted
by incubating the 2 synthesized intermediates and their
precursor butachlor with the S. typhimurium strains, both
with and without the rat liver microsome fraction (S9).
S. typhimurium strains TA97 and TA98, which detect
frameshift mutagens, and strain TA100, which detects
base-pair substitution mutagens, were used for these
tests. The results demonstrated that butachlor is a
mutagen for TA98 without the addition of S9 (p<0.05),
and for TA100 when S9 is added to the test system
(p<0.01) [Table 1]. The mutagenicity of butachlor on
TA100 without S9 is significant only at 1000 uM, but
at >200 uM with S9. We suggest that butachlor may be
mutagenic against TA100 with or without S9, but that
the cytotoxicity increases as the butachlor concentration
israised and this might attenuate its mutagenicity. The
mutagenicity results are similar to those of previous
studies [4]. DEA, the first proposed metabolite from

Table 1. Mutagenicity of butachlor on Salmonella typhimurium
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BACC, was also found to be mutagenic against S.
typhimurium strains TA97 and TA98 (Table 2, p<0.05).
Since this compound is a metabolic intermediate, we
did not assay its mutagenicity with rat liver SO fraction
but we employed 3 more S. typhimurium strains
(TA1537, TA1538, and TA1535) for further tests. These
3dtrainsarethe parent strainsof TA97, TA98 and TA100,
respectively. According to the results, DEA was also
mutagenic against strains TA1537, TA1538 and TA1535
(p<0.01). It should be noted that the mutagenicity is
lower than that of the well-known mutagen N-methy!l-
N'-nitro-N-nitrosoguanidine. Finally, we tested the
mutagenicity of the predicted DNA-reactive metabolite
OH-DEA. OH-DEA was found to mutate TA98 when
S9 was not added, and TA98 as well as TA100 when
S9 were added to the reaction system (Table 3). This
result is similar to that of butachlor and suggests
that the mutagenicity against TA100 was attenuated by
the cytotoxicity. Across these mutagenicity tests, OH-
DEA or its further metabolitesin the reaction mixture
were the most mutagenic. These results support our
hypothesis that although butachlor is not a strong
mutagenic chemical in itself, it is convertible into a
stronger mutagen via metabolic activation in this case
by the SO microsome fraction.

Discussion

We have synthesized the 5 proposed metabolic
intermediates of butachlor by chemical methods from
itsinitial product DEA to thefinal DNA-reactive product
OH-DEA. The melting point determinations, thin layer
chromatography separation and gas chromatography

Revertants per plate?

Butachlor (uM) Without S9 With S9

TA97 TA98 TA100 TA97 TA98 TA100
0 110+ 11 10+2 92+7 134+ 12 18+2 89+5
50 116+ 9 10+2 69+6 142 +12 15+1 96 +4
100 113+ 6 15+ 2¢ 79+t 6 132+ 10 19+2 97 +3
150 114+ 6 15+ 2¢ 87+6 142 + 11 15+4 100+10
200 1178 14+ 1° 96+ 8 127+ 9 17+2 113 £ 8¢
1000 112+ 6 19+ 3¢ 120 + 8° 137 + 11 162 130 £ 7¢
MNNG? 214+ 15 27+2 1487 + 181 593 + 53 30+2 3240 £ 72

Abbreviation: MNNG = N-methyl-N'-nitro-N-nitrosoguanidine

a\/alues are mean + standard deviation from more than 3 different experiments. Spontaneous revertants were not substracted from

the number of revertants obtained for each assay.

bPositive control: 2 pg MNNG per plate was used as positive control.

Indicates a significant increase from control (butachlor 0 uM) [p<0.05].
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Table 2. Mutagenicity of 2,6-diethylaniline (DEA) on Salmonella typhimurium

Revertants per plate?

DEA (uM)

TA97 TA98 TA100 TA1537 TA1538 TA1535
0 103+ 8 21+4 69+8 192 19+ 2 20+ 2
50 107+ 9 29+ 3¢ 64+7 9+1° 411° 30+ 4°
100 85 + 6° 6+1° 39+6 2+1° 411° 7%1°
150 89+ 7¢ 7420 58+8 320 12+ 2¢ 51 2¢
200 87 + 6° 30+ 3¢ 699 27+ 2¢ 39 + 4¢ 28+ 3¢
MNNGP 223+ 16 40+ 4 2040 + 180 62+8 152 3422 + 206

Abbreviation: MNNG = N-methyl-N'-nitro-N-nitrosoguanidine

a\/alues are mean * standard deviation from more than 3 different experiments. Spontaneous revertants were not substracted from

the number of revertants obtained for each assay.

bPositive control: 2 pg MNNG per plate was used as positive control.

Indicates a significant increase from control (butachlor 0 pM) [p<0.05].

have all demonstrated that the syntheses were successful.
However, the yield of the final product OH-DEA was
less than expected. Since the final product is unstable,
we did not purify it.

In order to use these products as standard materials
for further analysis, it will be important in the future to
increase the production rate of this compound and
improve the purification method. Since DEAA, NO,-
DEAA, NH,-DEAA are the intermediates produced by
chemical synthesisand not real metabolites of butachlor,
we didn’t use them for mutagenicity assays. Our results
demonstrated that the OH-DEA mixture is much more
mutagenic than its parent compound butachlor and DEA,
especially when S9 was added to the reaction. Since
we do not have enough purified OH-DEA for DEBQI
synthesis, the previous assay (OH-DEA with S9) was
an alternative to test the mutagenicity of the further OH-
DEA metabolites. S9 contains various enzymes for

metabolism and it is assumed that OH-DEA in the
reaction mixture would be metabolized by oxidation to
the final compound DEBQI, which is the ultimate
mutagen produced in this metabolic pathway. In
the mutagenicity tables, a bipolar effect and a decrease
in colony number were seen when the chemical
concentration was raised. Thisis because the chemicals
would seem to have both mutagenicity and cytotoxicity
effects at the same time. Both cytotoxicity and
mutagenicity increased when the concentration of
chemicals was raised. The bacterial death caused
by cytotoxicity would attenuate the mutagenicity
since fewer colonies are found. The cytotoxicity and
mutagenicity of butachlor, DEA, and OH-DEA for
each strain of Salmonella varied and the colony number
of revertants is a balance of the cytotoxicity and
mutagenicity of the chemicalsin each assay. Thus, some
data show a decrease and other data show a bipolar

Table 3. Mutagenicity of 3,5-diethyl-p-amino-phenol (OH-DEA) on Salmonella typhimurium

Revertants per plate?

OH-DEA (ug/plate) Without S9 With S9

TA97 TA98 TA100 TA97 TA98 TA100
0 1167 10+2 91+12 144 +12 18+ 1 80+4
6 122+8 18+ 2¢ 65+ 6 178+ 18 24 + 2¢ 107 £ 5¢
12 115+7 21+ 3¢ 677 171 +£17 33+ 2¢ 108 + 5¢
18 129+ 6 21+ 2¢ 93+7 187 +18¢ 36 + 3¢ 131 +6°
24 114+7 26+ 3° 99+ 6 177 £19 36 + TC® 123 £ 5°¢
72 112+ 6 24 + 3¢ 137 £ 11°¢ 168 £ 17 39 + TC¢ 156 + 6°
MNNGP 433+ 24 29+2 1819+ 152 475+ 32 34+3 2974 + 60

Abbreviations: TC = tiny colonies; MNNG = N-methyl-N'-nitro-N-nitrosoguanidine
a\/alues are mean * standard deviation from more than 3 different experiments. Spontaneous revertants were not substracted from

the number of revertants obtained for each assay.

bPositive control: 2 pg MNNG per plate was used as positive control.

Indicates a significant increase from control (butachlor 0 pM) [p<0.05].
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effect. According to the results of mutagenicity assays
on the S. typhimurium strains, butachlor is likely to
manifest mutagenicity via its metabolic products.

Although aachlor has been classified as a probable
human carcinogen, there has been no such classification
of butachlor up to the present. The classification of
alachlor as a probable human carcinogen is based on
findings of an increased incidence of tumors in rats
chronically administered alachlor. One proposed
mechanism of alachlor carcinogenicity involves its
bioactivation to a DNA-reactive metabolite. Alachlor
and butachlor are both chloroacetanilides. Chloro-
acetanilides have been shown to be extensively
metabolized in the liver using labeled compounds
incubated with subcellular fractions obtained
from animal models[13,18,19], and it has been found
that the metabolism of chloroacetanilides in rodents
is very complex [20]. Although butachlor was also
demonstrated to induce tumors in animals, its carcino-
genic mechanism is still unclear. Our results showed
that although butachlor is not a strong mutagen, its
metabolites are highly mutagenic and this may provide
a possible mechanism for butachlor carcinogenicity.
Based on Table 1 and Table 2, a biphasic change in
mutagenicity was detected. We have interpreted this as
being due to concurrent increasing mutagenicity and
cytotoxicity, since butachlor was found to be cytotoxic
to cells at higher concentrations [7]. The cytotoxicity
and mutagenicity could be varied in different bacteria
strains.

Since butachlor has been used widely in many
countries, an extensive study of its safety is very
important. In addition to the mutagenicity and
carcinogenicity problems, butachlor may have other
toxicologic implications, for example, it could act asan
environmental hormone [21]. Various chemicals such
as pesticides, plasticizers and persistent pollutants are
highly suspected of having endocrine-disrupting effects
in animals and humans. These environmental endocrine-
disrupting chemicals have been reported to be the cause
of reproductive aberrations and teratogenic effects in
the bald eagles of the Great Lakes [22], and to cause
reproductive disorders and testicular cancer in humans
[23,24]. Alachlor has been shown to mimic estrogen and
is capable of binding to the estrogen receptor, causing
transcription from estrogen response elementsin DNA
and causing the proliferation of MCF-7 cellsin vitro
[25]. Based on the similarity of butachlor and alachlor
in their chemical structure and properties, it is highly
probable that butachlor has the same endocrine

Hsu et al

disrupting properties. Accumulating evidence suggests
that steroid hormones regulate apoptosis in hormone-
responsive tissue. Alachlor and butachlor therefore may
be considered to be environmental estrogens that can
mimic the function or activity of endogenous estrogen
17beta-estradiol. These environmental estrogens may
function as endocrine disrupters both in wildlife and
humans, leading to devel opmental defects, disease and
potentially cancer. Whether butachlor acts as an
environmenta estrogen istherefore of interest and under
investigation at the present.

Acknowledgments

This work was supported by research grants NSC 85-
2331-B-010-057 and NSC 88-2314-B-010-110 from the
National Science Council, Taiwan, Republic of China,
and partly by research grant 93-29 from Cheng Hsin
Rehabilitation Medical Center, Taipei, Taiwan, Republic
of China

References

1. Salcedo SS, Reges PL. The effect of granular herbicides
(Weedone, Machete and Treflan-R) at different time of
application, tiller production and yield of transplanted rice.
Weed Science 1972;24:16-20.

2. Taiwan Agrochemical Industry Association. In: Domestic
manufacturers production and sale of pesticidesin 1995; 1996.
Taipei, Tailwan.

3. LeeWJ, Hoppin JA, Blair A, Lubin JH, Dosemeci M, Sandler
DP, et d. Cancer incidence among pesticide applicators exposed
to alachlor in the Agricultural Health Study. Am J Epidemiol
2004;159:373-80.

4. MoriyaM, Ohta T, Watanable K, MiyazawaT, Kato K, Shirasu
Y. Further mutagenicity studies on pesticides in bacterial
reversion assay systems. Mutat Res 1983;116:185-216.

5. LinMF, Wu CL, Wang TC. Pesticide clastogenicity in Chinese
hamster ovary cells. Mutat Res 1987;188:241-50.

6. Wang TC, Lee TC, Lin MF, Lin SY. Induction of sister-
chromatid exchanges by pesticides in primary rat tracheal
epithelia cells and Chinese hamster ovary cells. Mutat Res
1987;188:311-21.

7. OuYH, Chung PC, Chang Y C, Ngo FQ, Hsu KY, Chen FD.
Butachlor, a suspected carcinogen, alters growth and
transformation characteristics of mouse liver cells. Chem Res
Toxicol 2000;13:1321-5.

8. Thake DC, latropoulos MJ, Hard GC, Hotz KJ, Wang CX,
Williams GM, et a. A study of the mechanism of butachlor-
associated gastric neoplasms in Spraque-Dawley rats. Exp
Toxicol Pathol 1995;47:107-16.

415



Mutagenicity of butachlor and metabolites

9. Hard GC, latropoulos MJ, Thake DC, Wheeler D, Tatematsu
M, HagiwaraA, et al. Identity and pathogenesis of stomach
tumors in Sprague-Dawley rats associated with the dietary
administration of butachlor. Exp Toxicol Pathol 1995;47:
95-105.

10. Taiwan Agrochemical Industry Association. In: Domestic
manufacturers production & sale of pesticidesin 2001; 2002.
Taipei, Taiwan.

11. Wang L. A survey and development trend of Chinese pesticide
industry. Nongyao 1999; 38:1-8.

12. Zheng H, Ye C. Adsorption and mobility of acetochlor and
butachlor on soil. Bull Environ Contam Toxicol 2002;68:
509-16.

13.0u YH, Lin JK. Biotransformation of butachlor through
mercapturic acid pathway in rat tissue homogenates. J Toxicol
Env Heal 1992;35:19-28.

14. Coleman S, Linderman R, Hodgson E, Rose RL. Comparative
metabolism of chloroacetamide herbicides and selected
metabolitesin human and rat liver microsomes. Environ Hedlth
Persp 2000;108:1151-7.

15. Adams R, Johnson JR, Wilcox CF. A multiple-step sequence.
In: Laboratory experiments in organic chemistry. New York:
Macmillan Publishing Co., Inc.; 1982:293-302.

16. Feng PC, Wratten SJ. In vitro oxidation of 2,6-diethylaniline
by rat liver microsomal enzymes. JAgric Food Chem 1987;
35:491-6.

17.Kasa H, Nishimura S. Hydroxylation of deoxyguanosine at
the C-8 position by ascorbic acid and other reducing agents.

416

Nucleic Acids Res 1984;12:2137-45.

18. Feng PC, Ptanella JE. Identification of mercapturic acid
pathway metabolites of alachlor formed by liver and kidney
homogenates of rats, mice and monkeys. Pestic Biochem
Physiol 1988;31:81-90.

19. Feng PC, Panatella JE. In vitro oxidation of alachlor by liver
microsomal enzymes from rats, mice and monkeys. Pestic
Biochem Physiol 1989;33:16-25.

20. Feng PC, Wilson AG, McClanahan RH, Panatella JE, Wratten
SJ. Metabolism of alachlor by rat and mouse liver and nasal
turbinate tissues. Drug Metab Dispos 1990;18:373.

21. Colborn T, vom Saal FS, Soto AM. Developmental effects of
endocrine-disrupting chemicalsinwildlifeand humans. Environ
Health Persp 1993;101:378-84.

22. Bowerman WW, Best DA, Grubb TG, Sikarskie JG, Giesy
JP. Assessment of environmental endocrine disruptors in
bald eagles of the Great Lakes. Chemosphere 2000;41:
1569-74.

23. Ohlson CG, Hardell L. Testicular cancer and occupational
exposures with afocus on xenoestrogensin polyvinyl chloride
plastics. Chemosphere 2000;40:1277-82.

24. Jongbloet PH, Roeleveld N, Groenewoud HMM. Where the
boys aren’t: dioxin and the sex ratio. Environ Health Persp
2002;110:1-3.

25. Burow ME, TangY, Collins-Burow BM, Krajewski S, Reed
JC, McLachlan JA, et a. Effects of environmental estrogens
on tumor necrosis factor a-mediated gpoptosisin MCF-7 cells.
Carcinogenesis 1999;20:2057-61.



