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Abstract The toxic mechanism of herbicide butachlor to induce extremely high lethality in marine flatfish flounder, Paralichthys
Olivaceus, was analyzed by histopathological examination, antioxidant enzymes activities and ATP content assay. Histopathological
examination of gill, liver and kidney of exposed fishes showed that gill was a target organ of butachlor. The butachlor seriously im-
paired the respiration of gills by a series of lesions such as edema, lifting and detachment of lamellar epithelium, breakdown of pillar
cells, and blood congestion. The dysfunction of gill respiration caused suffocation to the exposed flounder with extremely high acute
lethality. Antioxidant enzyme activity assay of the in vitro cultured flounder gill (FG) cells exposed to butachlor indicated that buta-
chlor markedly inhibited the antioxidant enzyme activities of Superoxide dismutase (SOD), catalase (CAT) and glutathione peroxi-
dase (GPX). Furthermore, along with the decline of antioxidant enzyme activities, ATP content in the exposed FG cells decreased,
too. This infers that the oxidative stress induced by butachlor can inhibit the production of cellular ATP. Similar decrease of ATP
content was also observed in the exposed flounder gill tissues. Taken together, as in FG cells, butachlor possibly induced a short
supply of ATP in pillar cells by inhibiting the antioxidant enzyme activities and then affecting the contractibility of the pillar cells,

which in turn resulted in the blood congestion and suffocation of exposed flounder.

Key words butachlor; flounder; herbicide; toxicity

1 Introduction

Butachlor, a chloroacetanilide herbicide, has been most
commonly employed in China to control a wide range of
annual grasses and some broadleaf weeds. It is applied in
either pre-emergence or early post-emergence stage. Ap-
proximately 10000t of butachlor is used annually and an
upward trend is expected in the future (Hu, 1998). Buta-
chlor has a half-life of 1.65-2.48d in field water and
2.67-5.33d in soil (Yu et al., 1993). When applied in
field, butachlor will be eventually released into aquatic
environment by rain and soil outflow and exert adverse
effects on aquatic organisms (Ohyama et al., 1987; Cas-
taneda and Bhuiyan, 1996). Rajyalakshmi ef al. (1996a, b)
and Tantawy (2002) have reported the biological and bio-
chemical toxicity of butachlor on freshwater snails of Pila
globosa (Swainson) and Biomphalaria alexandrina. Toxic
effects of butachlor on the reproduction of green alga
Scenedesmus vacuolatus (Junghans et al., 2003) and on
the survival of freshwater prawn Paratya compressa im-
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provisa (Hatakeyama and Sugaya, 1989) have also been
reported. The vast application of butachlor in paddy field
can also be deleterious to the natural amphibian popula-
tions in the world. It has been shown that the high toxicity
of butachlor has several adverse effects on the survival,
gonad development and genetic stability of the tadpoles
of Bufo melanostictus, Fejervarya multistriata, Poly-
pedates megacephalus, and Microhyla ornate (Geng et al.,
2005a), Rhacophorus megacephalus (Geng et al., 2005b),
Rana guentheri (Geng et al., 2005¢), and Microhyla or-
nate (Xue et al., 2005).

In freshwater fish, Ateeq et al. (2002, 2005 and 2006)
have reported the micronuclei formation, DNA damage
and apoptosis in the erythrocytes of catfish Clarias
batrachus exposed to butachlor. High acute toxicity of
butachlor on three species of catfish, Heteropneustes fos-
silis, Clarias batrachus and Channa punctatus, silver carp
Hypophthalmicthys molitrix and rice-field eel Monopterus
albus (Farah ef al., 2004; Fan et al., 2005; Hu et al., 2005)
has also been reported. However, its effects on seawater
fish have not been studied thoroughly. Recently, butachlor
in the coastal water of Bohai Bay, China is detectable
although the concentration is still lower than the limit of
quantification (Xu et al., 2007). Yin et al. (2007) reported
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the 96h-LCs, of butachlor on flatfish flounder Paralich-
thys Olivaceus (6.55nmolL", i.e. 2ugL™") and the 24 h-
ICsy of butachlor on cultured flounder gill (FG) cells
(43.32-44.91umolL™", i.e. 13-14pgL™), and also the ge-
notoxicity of micronuclei formation in the erythrocytes of
exposed flounder and the DNA damage in exposed FG
cells. These data indicated that butachlor was highly toxic
to marine benthonic teleost, too. However, the mechanism
of the high lethality of butachlor to flounder is still un-
known.

The aim of this study is to examine the histopathologi-
cal changes in the gill, liver and kidney of flounder ex-
posed to butachlor. The relationship between the histo-
logical damages and the high lethality of butachlor to
flounder will be revealed by analyzing antioxidant en-
zyme activities and ATP content in cultured FG cells.

2 Materials and Methods
2.1 Fish and Cell line

Three-month-old flounders (Paralichthys olivaceus) of
body length 10cm * 2 cm were purchased from a fish
farm in Jiaonan, Qingdao, China and acclimatized in 10 L
glass tanks containing aerated natural seawater (18°Cx 2
‘C) under an ambient photoperiod for two weeks before
used. Fish were fed twice daily with chopped fresh fish.
They were starved 24 h before and during the experi-
ments.

The continuous marine fish cell line FG, derived from
gill tissue of F. olivaceus in 1993, was used in the ex-
periments and maintained according to the method de-
scribed by Tong et al. (1997). These FG cells were grown
in Eagle’s minimum essential medium (MEM; Gibco
BRL, New York) supplemented with 10% bovine calf
serum (Hyclone, Utah), 100U mL™" penicillin, and 100
IUmL™ streptomycin in plastic culture flasks (Corning) at
20C.

2.2 Chemicals

Technical grade 2-chloro-2, 6-diethyl-N-(butoxymethyl)
acetanilide (butachlor), with a purity of 98.6%, was pur-
chased from Shenyang Research Institute of Chemical
Industry (China). Stock solution of 100 mmolL™ buta-
chlor was prepared in dimethylsulfoxide (DMSO) and the
maximum final concentration of DMSO in the treatment
medium was below 0.1%.

2.3 Histopathological Examination

Based on the 96h- LCs, value of butachlor to a floun-
der, 6.55nmolL"', reported by Yin ez al. (2007), sublethal
concentration of butachlor, 3.84nmolL", was selected in
the fish treatment. A group of 12 fishes were exposed to
3.84nmolL"! butachlor in seawater, and fishes were sam-
pled at intervals of 24, 48 and 96 h after exposure and
used for the histological examinations (4 fishes for each
sampling). Control fishes maintained in natural sea water
were processed similarly. Fishes were anesthetized with
50mgL™" MS 222 (tricaine methane sulphonate) for 2-3 min,
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then length and weight were measured. The second and
third gill arches, livers and kidneys were rapidly dissected
out, cut into pieces of (0.5-1.0) cmx(0.5-1.0) cmx0.2 cm
and fixed in Bouin’s fixative for 12 h at room temperature.
The fixed samples were washed with distilled water and
dehydrated in ethanol, followed by clearing in xylene,
and embedding in paraffin wax. Serial sections of 7 um in
thickness were made and stained by haematoxylin and
eosin. Only representative ones with structural changes
were photographed under a BH-2 Olympus microscope.

2.4 Antioxidant Enzyme Activity Assay

Based on the 24h-ICs, value of butachlor to FG cells,
43.32-44.91 pmolL™', reported by Yin et al. (2007), 30
umolL™" butachlor was selected in this treatment. Changes
of the activities of antioxidant enzymes of Superoxide
dismutase (SOD), catalase (CAT) and glutathione per-
oxidase (GPX) during the 48 h exposure period of FG
cells to butachlor were examined. A total of 48 culture
flasks (25 cm?) were each seeded with 5x10° cells and
incubated for 24h. Then the medium was replaced by a
new one containing 0 (control) or 30 umolL™" butachlor.
At each interval of 0, 2, 4, 8, 12, 24, 36 and 48h after
exposure, the cells of 6 flasks were gathered and washed
once with phosphate-buffered saline (PBS; 3.0 g
Na,HPO,4.12H,0, 0.2 g KH,PO,, 8.0g NaCl and 0.2 g KCI
per liter water, pH 7.2) by centrifugation at 2000g for 10
min at 4°C, and the cell pellets were re-suspended in PBS
(5%) for ultrasonication. The homogenates were centri-
fuged at 6000 g for 10 min at 4°C and the supernatants
were pooled and used for the enzyme activity assays of
SOD, CAT and GPX according to the instructions of the
kits (Nanjing Bioengineering Institute, China).

All experiments were performed in triplicate. The pro-
tein concentration was determined by the method of
Bradford (1976) with bovine serum albumin as standard.

2.5 ATP Content Assay

FG cells were seeded into a 96-well plate and incu-
bated overnight at 20°C as indicated above. Then the
medium was removed and the cells were exposed to 0
(control), 0.1, 1, 10, 20, 30 and 40 umolL™" of butachlor
in media for 24 h, or exposed to 30 umolL™" butachlor for
0, 2, 4, 8, 12, 24 and 48, respectively. Then the medium
in each well was removed and the cells were lysed and
the ATP content was examined according to the instruc-
tion of ATP Assay Kit (Beyotime Institute of Biotechnol-
ogy, China). The ATP content was calculated as nmol
ATP per milligram protein.

Gill tissues were dissected out of the flounder exposed
to 0 (control) and 3.84 nmolL" butachlor at intervals of
24, 48 and 96-h after exposure and homogenated in PBS
(5%, w/v). The homogenates were centrifuged at 6000 g
for 10 min at 4°C, and 100uL of the supernatants were
used to test the ATP content with the same kit.

2.6 Data Analysis

Each experiment was repeated at least three times. Data
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obtained were expressed as mean+=SD and evaluated by
one-way ANOVA (Spss v11.5 for windows, tests: least
significant difference, Tukey’s honestly significant dif-
ference).

3 Results

3.1 Histopathological changes in butachlor-exposed
flounder tissues

Histopathological examination of the gill tissues from
the treated fishes indicated that gill was a target organ of
butachlor and obvious histological damages were ob-
served in the exposed gill in a time-dependent manner.

Fig.1 shows the normal gill structure of control fishes.
Flounder has four gill arches on each side of buccal cavity.
There are numerous gill filaments attached on one side of

the arches. To each gill filament, two rows of secondary
lamellae are arranged perpendicularly, projecting the
above and below of the filament (Fig.1A). Secondary
lamellae is made up of two sheets of epithelium, which
are connected and lined by many pillar cells to form
blood channels, through which blood flows in the secon-
dary lamellae. One to three erythrocytes were usually
recognized within each blood channel (Fig.1B). The fila-
mental epithelium, much thicker than lamellar epithelium,
was mainly composed of squamous pavement cells and
chloride cells. Chloride cells were characterized as large
epithelial cells with light cytoplasm, usually present at the
base of secondary lamella and surface of gill filament.
Cartilage cells, large quadrate and irregular polygon
shaped, were also found in the gill arches, trunk and out-
ward end of gill filament (Fig.1C).

Fig.1 Normal histological structure of flounder (Paralichthys olivaceus) gill (control). A indicates the gill arch (Ga), gill filament
(Gf), secondary lamellae (S1) and cartilage cells (Ca). B and C show the mucus cells (Mc), lamellar epithelial cells (Le) and base-
ment membrane (Bm), filamentary epithelial cells (Fe), chloride cells (Cc) and nucleated erythrocyte (Er) within the blood chan-

nels delimited by pillar cells (Pc).

Fig.2 shows the gill lesions of the fishes exposed to the
sub-lethal dose of butachlor (3.84 nmolL™") for 24, 48 and
96 h respectively. At the first 24 h, most of the secondary
lamellae were structurally normal (Fig.2-Al). A few pillar
cells lost their contractility and orientation, leading to the
blend and enlargement of neighboring blood channels
(Fig.2-A2). After 48 h exposure, edema and lifting of la-
mellar epithelium were obvious in most secondary lamel-
lae, resulting in the roughness of their surface. Pillar cell
system was severely damaged and the two sheets of
basement membranes became straight and smooth instead
of showing the normal undulant morphology (Figs.2-B1
and B2). After 96-h exposure, the gill structure was fur-

ther damaged. Extensive edema and lifting of lamellar
epithelium led to the detachment of many epithelial cells.
With the further breakdown of pillar cell system, blood
congestion could be observed in the ends of some sec-
ondary lamellae (Figs.2-C1 and C2). In extreme cases,
pillar cell system was completely destroyed, chloride
cells degenerated, lamellar basement membranes rup-
tured and circulation of erythrocytes were blocked in the
secondary lamellae and gill filaments (Figs.2-C3 and
C4). In contrast, it is found that no obvious histological
alterations were observed in kidney and liver tissues of
the treated fishes even after 96-h exposure (data not
shown).
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Fig.2 Histopathological alterations of the gills from the flounder (Paralichthys olivaceus ) exposed to 3.84 nmolL™ buta-
chlor for 24 h (Al and A2), 48 h (B1 and B2) and 96 h (C1-C4), respectively. Al shows that most of the secondary la-
mellae are structurally normal after 24 h exposure. A2 shows the blend and enlargement of the neighboring blood chan-
nels due to the disfunction of pillar cells after 24 h exposure (arrows). B1 and B2 show the edema and lifting of the la-
mellar epithelium in most secondary lamellae (arrows), and the morphological changes of the lamellar basement mem-
branes and blood channels due to the breakdown of pillar cell system (arrowheads) after 48 h exposure. C1 and C2 show
the extensive edema, lifting and detachment of lamellar epithelium (arrows), and the blood congestion (arrowheads) after
96 h exposure. C3 and C4 show the structural alterations of the extremely damaged gill after 96 h exposure. The lesions
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include the degeneration of chloride cells (arrows), rupture of lamellar basement membrane (arrowheads), breakdown of
pillar cell system and the circulation blockage of erythrocytes or blood congestion in the secondary lamellae and gill fila-
ments (open arrows). Cc, chloride cells. Bm, basement membrane. Er, erythrocyte. Pc, pillar cells. Le, lamellar epithelial cells.

3.2 Changes in antioxidant enzyme activities in bu-
tachlor-exposed FG cells

In the FG cells exposed to 30 umolL" butachlor, all the
activities of CAT, SOD and GPX were stimulated and
showed significant increase during the first 6-h (for CAT)
or 8-h (for SOD and GPX) exposure. Afterwards, the en-
zymes activities of treated cells began to decrease quickly
and finally were lower than that of control (P < 0.05). The
enzyme activities reached a relatively constant level after
12h (for CAT) or 24 h (for SOD and GPX) exposure
(Figs.3, 4 and 5).
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Fig.3 The change of SOD activity in FG cells exposed to
0 (control) and 30 umolL'1 butachlor. The vertical bars
show standard error of each data set. The symbol (*) de-
notes significant difference from control (P < 0.05).
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Fig.4 The change of GPX activity in FG cells exposed to
0 (control) and 30 pmolL™" butachlor. The vertical bars
show standard errors of each data set. The symbol (*) de-
notes significant difference from control (P < 0.05).

—+— Control
7} ¥ —a— 30 pmol I
—_— 6
=
S
<]
g
4
2
2
: 3
2
[_1
= 2
o
1
0 2 4 8 12 24 48

Exposure Time (h)

Fig.5 The change of CAT activity in FG cells exposed to
0 (control) and 30 pmolL" butachlor. The vertical bars
show standard error of each data set. The symbol (*) de-
notes significant difference from control (P < 0.05).

3.3 Changes in ATP content in butachlor-exposed
FG cells and gill tissues

As shown in Fig.6, compared with control, butachlor
with a concentration from 0.1 to 40 pmolL™ caused an
obvious drop of ATP content in the 24 h exposed FG cells
in a dose-dependent manner (P < 0.05). And the linear
regression analysis data showed a good linear correlation
between the ATP content and butachlor doses (R*=
0.9353). In particular, there was about 50% drop of ATP
level in the FG cells exposed to the highest concentration
of 40 umolL™". In the time course of experiments with the
30 umolL " butachlor (Fig.7) in FG cells, obvious decrease

10 ¢
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(5] (FS) - L o -1 oo o
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Concentration of butachlor (pmol L")
Fig.6 ATP contents in FG cells after 24 h exposure to 0
(control), 0.1, 1, 10, 20, 30 and 40 umolL‘1 butachlor, re-
spectively. The vertical bars show standard error of each
data set. The symbol (¥) denotes significant difference from
control (P<0.05). Result of linear regression analysis: Y= —
0.7143X +9.185, R*=0.9353.
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Fig.7 Changes of ATP contents in FG cells exposed to
30 umolL'1 butachlor for 0, 2, 4, 8. 12, 24 and 48h, re-
spectively. The vertical bars show standard errors of each
data set. The symbol (*) denotes significant difference
from control (P < 0.05).
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Fig.8 ATP contents of the gill tissues of flounder exposed to
0 (control) and 3.84 nmolL™" butachlor for intervals of 24, 48
and 96 h, respectively. The vertical bars show standard error
of each data set. The symbol (*) denotes significant differ-
ence from control (P < 0.05).

of ATP level took place after 8 h post exposure.

Similar results were obtained in the gill tissues of
treated flounders (Fig.8). ATP content in the gill tissues
exposed to 3.84 nmolL" butachlor was markedly lower
than that of control for all the three exposure periods of
24, 48 and 96 h (P < 0.05).

4 Discussion

As a popular herbicide, butachlor shows low toxicity to
terrestrial animals following acute oral, dermal, and inha-
lation exposure (Wilson and Takei, 2000). The acute oral
LDs, is 2000mgkg™ for rats, >5 010mgkg™ for rabbits,
>10000mgkg™ for ducks and >100mgkg™ for bees, re-
spectively (Bessen chemical company, 2006). But it is
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found to be highly toxic to aquatic organisms. The
96h-LCsq is 0.52 mgL'1 for rainbow trout, 0.44 mgL‘1 for
bluegill sunfish, 0.32 mgL™" for carp and 0.14 mgL™" for
channel fish (Tomlin, 1994), 2.34-3.25 mgL™" for three
species of catfish (Farah et al., 2004) and 0.134mgL" for
silver carp (Fan et al., 2005). The 96h-LCs,is 2 ugL™" for
flounder (Yin et al., 2007) with an increasing sensitivity
by three orders of magnitude. In the present study, histo-
pathological examination of gill, liver and kidney of
flounder indicates that acute exposure to butachlor can
induce marked dysfunction of gill, but not the liver and
kidney. In other previous experiments, acute exposure of
butachlor to laboratory mammalian had no distinctive
toxicity signs to liver and kidney, while subchronic and
chronic exposure might lead to liver and kidney toxicity
(Wilson and Takei, 2000). To some extent, this may ac-
count for the significant difference of butachlor toxicity to
terrestrial animals and fish. Reasons for the notably dif-
ferent lethality of butachlor to flounder from that to other
freshwater fishes need to be studied in detail, where age
and size of fish as well as environment salinity should be
considered.

CAT, SOD and GPX are three important antioxidant
enzymes, defending the cells against oxidative stress. In
our experiment, exposure of FG cells to butachlor with
sublethal concentration induced the activities of these
enzymes within the first 6 or 8 h. The results indicate that
butachlor generated an oxidative stress in FG cells and
the antioxidant enzymes were induced to maintain the
homeostasis of cellular functions. However, the level of
oxidative stress may overwhelm the antioxidant enzyme
defenses, resulting in oxidative damage to biological
molecules and cellular functions. After 6 or 8 h exposure,
the enzyme activities of the treated cells began to de-
crease quickly and became much lower than that of con-
trol. A relatively constant level was reached after 12 or 24 h
exposure. The inhibition of the antioxidant enzyme ac-
tivities could lead to the accumulation of reactive oxygen
species like superoxide (O,) in cells, which in turn re-
sulted in inactivation of enzymes, disruption of mem-
branes, mutations, and ultimately cell deaths (Halliwell
and Gutteridge, 1990). The result of inhibition of anti-
oxidant enzymes can in particular damage mitochondria,
the cellular energy generating plant, and inhibit the activi-
ties of NADH dehydrogenase, NADH oxidase and AT-
Pase, which then causes a decline in energy production
(Li and Zhang, 2002; Zhang et al., 1990). Similar results
were observed in this study. During 48 h exposure to 30
pumolL™" butachlor, the activities of the three antioxidant
enzymes tested in FG cells increased in the first 6 or 8 h
exposure and then decreased markedly in comparison
with the control. The lowering of ATP level in FG cells
was observed only after 8 h post exposure. The drop of
ATP level in butachlor-exposed FG cells coincided with
the decline of those antioxidant enzyme activities. It is of
interest that obvious drop of ATP level was also observed
in the gill tissues exposed to butachlor. Thus it can be
concluded that butachlor may exert similar toxic effects
on the exposed gill tissues by inhibiting antioxidant en-
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zymes activities and decreasing the ATP level.

Fish gills are directly exposed to and are good indica-
tors of aquatic pollutants. They serve as a major organ for
respiration, osmoregulation, nitrogenous excretion and
pH regulation. Failure of the gill’s function during acute
exposure to irritants can lead to the deaths of fish (Mallatt,
1985; Evans, 1987; Thophon et al., 2003). The respira-
tory function of gill is accomplished by blood circulation
and diffusion of gas, water and ions in the secondary la-
mellae. Pillar cells connect the two sheets of lamellar
epithelium and line most of the blood channels in the
secondary lamellae. They are in direct contact with the
blood and hence are readily influenced by reagents in the
blood. Changes in the length of pillar cells or their con-
tractibility will affect the cavity size of blood channels.
Therefore, pillar cells play an important role in the lamel-
lar blood circulation (Bettex-Galland, 1973).

It was found here that butachlor could affect the con-
tractibility of the pillar cells in the first 24 h exposure,
which resulted in the blend and enlargement of the
neighboring blood channels. The obvious drop of ATP
level in butachlor-exposed flounder gill might account for
this damage, for ATP is the energy source for the contrac-
tion of the collagen columns in pillar cells. Then the ion
and water exchange in the lamellar epithelium was af-
fected, as edema and lifting of the lamellar epithelium
were widely observed after 48h exposure. With the ex-
tensive damage of lamellar epithelium and complete
breakdown of pillar cell system, the velocity of blood
circulation was lowered and blood cells were congested
in the secondary lamellae. Then gas exchange and oxygen
transport were blocked, eventually resulting in the suffo-
cation and death of fishes.

In conclusion, gill is a target organ of butachlor. Buta-
chlor induces the dysfunction of pillar cells possibly by
the significant inhibition of the antioxidant enzyme ac-
tivities and the ATP level followed by the disruption of
gill respiration. Eventually it results in suffocation and
death of fishes.
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