J BIOCHEM MOLECULAR TOXICOLOGY
Volume 28, Number 3, 2014

Fish Cholinesterases as Biomarkers of Sublethal Effects
of Organophosphorus and Carbamates in Tissues of

Labeo Rohita

Ghazala,' Shahid Mahboob,?? L. Ahmad? S. Sultana,® K. AlGhanim,? F. Al-Misned,?

and 7. Ahmad?

1 Department of Environmental Sciences, Government College University, Faisalabad, Pakistan

2 Department of Zoology College of Science, King Saud University, Riyadh 11451, Saudi Arabia; E-mail: shahidmahboob60@hotmail.com

3 Department of Zoology, Government College University, Faisalabad, Pakistan

Received 21 September 2013; revised 2 November 2013; accepted 24 November 2013

ABSTRACT: Organophosphates and carbamates are
major agrochemicals that strongly affect different neu-
roenzymes and the growth of various fish species.
Here, we study the effect of sublethal concentra-
tions of profenofos and carbofuran on the activity of
acetylcholinesterase (AChE) and butyrylcholinesterase
(BuChE) and the associated health risk in fish. Labeo
rohita fingerlings were exposed to three sublethal
concentrations of profenofos and carbofuran. The min-
imum cholinesterase activities in the brain, gills, mus-
cle, kidney, liver, and blood were after exposure to
profenofos (0.06 mg/L). The minimum AChE and
BuChE activities in the brain, gills, muscle, kidney,
liver, and blood were after exposure to carbofuran
(0.28 and 0.198 mg/L). Exposure to both types of pesti-
cides affected the functions of these organs, including
metabolism and neurotransmission, to various extents
at different exposure concentrations. These findings
suggest that they are required to be properly moni-
tored in the environment, to reduce their toxic effects
on nontarget organisms © 2014 Wiley Periodicals, Inc. |
Biochem Mol Toxicol 28:137-142, 2014; View this article
online at wileyonlinelibrary.com. DOI 10.1002/jbt.21545
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INTRODUCTION

Environmental monitoring of pesticides is
urgently needed. Contamination by pesticides is an
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important public health problem, mainly in develop-
ing countries. Approximately 0.1% of applied pesti-
cides reaches the target pests, whereas the rest spreads
throughout the environment [1]. Pesticides are among
the most important classes of insecticides and acari-
cides in usage and economic impact [2]. Increasing
pollution of water resources in Pakistan and the con-
sequential effects on human health as well as the en-
vironment are matters of grave concern. The drinking
and surface water in densely populated areas is pol-
luted due to various anthropogenic activities [3]. As
an agricultural country, pesticide usage and the import
of pesticides has greatly increased in Pakistan, from
225,176 tons to 305,938 tons, in the past two decades
[4].

Presently, concern over the accumulation and per-
sistence of pesticides in the aquatic ecosystem, which
poses a serious threat to biological life, including hu-
man beings, [5] is increasing. Fish are directly exposed
to these pesticides by absorption through the skin,
breathing, and oral intake of pesticide-contaminated
water or pesticide-contaminated prey [6]. Among the
various biomarkers of pesticide exposure, the family of
cholinesterases, acetylcholinesterase (AChE) and bu-
tyrylcholinesterase (BuChE), has widely been used to
evaluate the noxious effects of pesticides, i.e., carba-
mates and organophosphates. The primary and best-
known target of organophosphorus and carbamate
compounds is a family of enzymes (cholinesterases;
ChEs) consisting of AChE, and BChE. The first is syn-
thesized in hematopoiesis, is located in the brain, end
plate of the skeletal muscle, and erythrocyte mem-
branes, and mainly regulates neuronal communica-
tion by hydrolyzing the ubiquitous neurotransmitter
acetylcholine in the synaptic cleft [7]. The second is
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synthesized in the liver and is present in plasma,
smooth muscle, pancreas, adipocytes, skin, brain, and
heart [8]. Aquatic vertebrates (terrestrial, aquatic) and
invertebrates indicate pesticide intoxication prior to
their death, so they are used as model organisms [9,10].
AChE plays an important role in neurotransmission
at cholinergic synapses and neuromuscular junctions
by rapidly hydrolyzing acetylcholine to choline and
acetate. Other cholinesterases, including BuChE, are
crucial for different parts of the immune system. Al-
though its physiological functions are not well defined,
BuChE is considered to be one of the core detoxifying
enzymes [11,12]. Some studies suggest that BuChE pro-
tects AChE against xenobiotics such as pesticides [13].

The exposure concentrations of pesticides that
are not lethal to fish may affect their physiology and
behavior, ultimately decreasing survival, reproduction,
metabolic disturbances, and growth [14,15]. The preva-
lence of most carbamates (carbofuran, carbosulfan,
carbaryl) and organophosphates (triazophos, chlor-
pyrifos, profenofos, endosulfan, methamidophos,
diazinon, parathion methyl, and malathion) has been
studied in aquatic biota, water, and sediments in
Punjab, Pakistan [16]. Profenofos and carbofuran have
a relatively short half-life as triazophos (30-250 days)
and profenofos (0.33-62 days) in water. Biomarkers
are the best parameters for determining their effects
when they are no longer present in the water, but their
effects on cholinesterase are irreversible; the effects
are permanent and may not be present in water. The
present study suggests that organophosphates and
carbamates are major agrochemicals that strongly
affect different neuroenzymes and the growth of
various indigenous fish species of Pakistan that are
commonly cultured and consumed. Therefore, the
primary objective of the study was to assess the
effect of sublethal concentrations of profenofos and
carbofuran on the activity of AChE and BuChE and
the associated health of Labeo rohita.

MATERIALS AND METHODS

Live specimens of L. rohita fingerlings (L = 90 +
6 mm, W = 30.00 £ 2.00 g) were transported from the
Fish Seed Hatchery, Faisalabad, Pakistan, and were
acclimatized in glass aquaria (70 L). Fish were fed
with commercial feed at 3% of body weight per day
during the acclimatization period (15 days). Water
parameters were analyzed and maintained on a daily
basis. Technical-grade profenofos (98%) and carbofu-
ran (90%) were obtained from Ali Akbar Enterprises,
Lahore, Pakistan.
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PESTICIDE EXPOSURE TESTS

Sublethal toxicity tests were performed after
determination of acute toxicity. Three sublethal con-
centrations of all pesticides were prepared in a suitable
solvent (profenofos in acetone (Merck, Darmstadt,
Germany), carbofuran in ethanol (Merck)) as 1/5th,
1/10th, and 1/15th fraction of the median lethal
concentration (LCsp) (predetermined). Fish were
exposed to these lower concentrations of pesticides in
triplicate with 20 fish at each concentration for a period
of 60 days. The fish were fed daily with commercial
diet at the rate of 3% of their body weight in two
fractions at an interval of 8 h. The aqueous solution
was renewed every 4 days to maintain a continuous
supply of pesticides to the fish. The fish were removed
from each aquarium at the end of the experiment
and anesthetized with MS-222 (Finquel®). They were
dissected to remove the brain, gills, liver, kidney, and
muscle samples, which were quickly removed, frozen
in liquid nitrogen, and stored at —20°C. AChE and
BuChE activity levels were determined according
to the procedure described by Ellman et al. [17]
and Kuster [18], with certain modifications. Total
soluble proteins were determined by the Bradford
[19] standard method to assess enzymatic activity/g
of protein. Differences among treatments were tested
using ANOVA followed by the Tukey HSD test.

RESULTS

Characteristics of Water

The quality of water remained constant. Aquaria
were continuously aerated, so that the dissolved oxy-
gen level was maintained at 5.00-5.50 mg/L. The elec-
trical conductivity, pH, and water temperature ranged
from 2.23-2.47 mS, 7.5-8.5, and 25-27°C, respectively.

Median Lethal Concentration of Profenofos
and Carbofuran

A dose-dependent increase and time-dependent
decrease were observed in the mortality rate. As the
exposure time increased from 24 to 96 h, the median
concentration was reduced. There was a significant dif-
ference (P < 0.05) among LCsy values obtained at dif-
ferent exposure times. At 96 h, LCs; for profenofos was
0.31 mg/L (0.26-0.38; Figure 1). The LCs value for car-
bofuran in L. rohita at 96 h was 1.39 mg/L (0.99-2.01;
Figure 2).

] Biochem Molecular Toxicology DOI10.1002/jbt



Volume 28, Number 3, 2014

100 =
90 +
80 +
70 4
60 +

50 +

Mortailty (%)

40 4

30 +

20 A

10 +

0.284 0.392 0.49 0.588

Concentration (mg/L)

0.098 0.196 0.686

FIGURE 1. Effect of different concentrations (mg/ L) of profenofos
on the mortality (% age) in L. rohita at 96 h of exposure.
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FIGURE 2. Effect of different concentrations of (mg/L) of carbofu-
ran on the mortality (%) in L. rohita at 96 h of exposure.

Cholinesterase Activity

In this study, cholinesterase activities were deter-
mined in the brain after exposure to both pesticides,
and the inhibition of brain AChE ranged from 1.04 to
14.87 pmol/min/ g protein at various exposure concen-
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trations of profenofos compared to the control group.
BuChE activity was also reduced after exposure to var-
ious concentrations of profenofos. In L. rohita, the min-
imum and maximum activity levels of BuChE in the
brain were 8.38 £ 0.046 and 28.78 £ 0.04, respectively,
after exposure to different concentrations of profenofos,
whereas significantly different activity was observed
for AChE (14.87 £ 0.04 umol/min/g protein; Table 1).
The sensitivity of fish to pesticide exposure, especially
organophosphate, was dependent on the level of brain
AChE activity. Carbofuran also significantly inhibited
cholinesterases (AChE and BuChE) in fish brains by
66%-86.8% compared to the control group after expo-
sure to different concentrations of carbofuran (P < 0.01;
Tables 2 and 3). The activity of BuChE in the gills
was reduced to 2.50 £ 0.11 umol/min/g protein com-
pared to the control group (7.28 & 0.16 umol/min/g
protein) after exposure to 0.06 mg/L profenofos. The
carbofuran inhibitory effect on muscle AChE ranged
from 37% to 77% after exposure concentrations; sig-
nificant differences were observed between different
treatments and between the treatments and the con-
trol group. The maximum muscle BChE activity was
14.25 £ 0.14 pmol/min/g protein after the fish were
exposed to 0.09 mg/L carbofuran, but this value
was significantly less than that for the control group
(Table 3). The AChE activities were also reduced in
the gills by 97.05% and 76.83% after exposure to pro-
fenofos (0.06 mg/L) and carbofuran (0.28 mg/L), re-
spectively. The BuChE activity was reduced to 2.50 +
0.29 umol/min/g protein after profenofos exposure
(0.06 mg/L), which was less than that of the control
group (7.28 £ 0.16 umol/min/g protein), but this in-
hibition was doubled at 65.71% inhibition in gills with
0.28 mg/L of carbofuran (Tables 2 and 3).

In addition to the brain, gills, muscle, and blood,
AChE activity was also reduced in other metaboliz-
ing organs, i.e., liver and kidney. Maximum inhibition
was observed in the kidneys (94.3%) and in the liver

TABLE 1. Comparison of Means (+ SE) for AChE and BuChE Activity (umol/min/g protein), of the Control Group and Three
Exposure Concentrations (mg/L = ppm) of Profenofos in Different organs of L. rohita

Enzyme Treatment (mg/L) Brain Gills Flesh Kidney Liver Blood

AChE Control 4044 £0.02 A 20.36 £+ 0.03A 18.09 + 0.05A 24.39 £ 0.05A 98.06 £ 0.03A 26.52 £ 0.01A
0.06 1.04 & 0.02D 0.6 = 0.03D 1.89 & 0.05D 1.35 £ 0.20D 4.24 +£0.02D 1.65 £ 0.03D
0.03 7.99 £ 0.05C 3.24 £+ 0.14C 2.64 4 0.02C 6.87 £0.04C 23.59 £0.10C 10.50 + 0.17C
0.02 14.87 £ 0.04B 6.02 +0.13B 7.34 +0.20B 8.34 + 0.20B 45.78 + 0.01B 13.78 £ 0.02B

BuChE Control 40.43 & 0.05A 7.28 + 0.16A 19.03 £ 0.02A 40.18 + 0.10A 167.00 &+ 0.29A 49.08 & 0.05A
0.06 8.38 £0.05D 2.50 +0.29C 1.89 £ 0.05D 4.37 4+ 0.04D 16.94 + 0.03D 8.65 & 0.02D
0.03 25.87 +0.04C 4.38 £ 0.05B 4.73 £0.02C 10.67 £ 0.04C 32.62 +0.01C 14.87 £ 0.02C
0.02 28.78 £ 0.05B 4.78 4 0.04B 12.45 + 0.26B 12.92 + 0.07B 94.37 £ 0.04B 23.67 +0.01B

S.E. = standard error.

Means with different letters for each fish in a column are highly significantly different (P < 0.01).
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TABLE 2. Analysis of Variance for Esterase Activities (umol/min/g of protein), of the Control Group and Three Exposure
Concentrations (mg/L = ppm) of Profenofos and Carbofuran in Different Organs of L. rohita

Mean of Squares

Enzyme AChE BuChE

SOV (Cont. x Conc.) DF Brain Gills Flesh  Kidney  Liver Blood  Brain Gills Flesh  kidney Liver Blood

886.35" 241.15" 167.26™ 29422 4918.26™ 318.42" 526.4NS 11.61Ns 180.25" 753.54" 13976.3" 948.07"
759.617 159.97 114.12" 238.87" 3466.22" 254.98" 357.69" 13.45" 120.95" 581.31" 13439.06™ 955.37"

Profenofos 3
Carbofuran 3

Abbreviations: SOV. = source of variation; DF = degree of freedom; Conc. = three exposure concentrations (1/5th, 1/10th, and 1/15th of LCsp); Contr. = Control

group.
** = highly significant (P < 0.01).

TABLE 3. Comparison of Means (£SE) for AChE and BuChE Activity (umol/min/g protein), of the Control Group and Three
Exposure Concentrations (mg/L = ppm) of Carbofuran in Different Organs of L. rohita

Enzyme Treatment (mg/L) Brain Gills Flesh Kidney Liver Blood

AChE Control 40.43 £ 0.02A 20.36 £ 0.21A 18.09 + 0.05A 24.39 £ 0.05A 98.06 £ 0.03A 26.52 £ 0.01A
0.28 4.67 £ 0.04D 4.56 £+ 0.03D 419 £0.11D 3.51£0.11D 19.24 £ 0.07D 4.78 £0.01D
0.14 9.18 £ 0.05C 5.24 £0.14C 6.40 £0.23C 8.67 £ 0.06C 35.66 £ 0.03C 12.56 + 0.02C
0.09 17.00 + 0.06B 10.76 £ 0.03B 11.40 £ 0.23B 13.94 £ 0.03B 47.81 & 0.06B 18.67 £ 0.02B

BuChE Control 40.43 £ 0.25A 7.29 £0.17A 19.04 + 0.02A 40.18 = 0.10A 167.00 & 0.58A 49.08 & 0.05A
0.28 13.70 £ 0.40C 2.50 £0.11D 3.89 £ 0.05D 7.37 £ 0.04D 19.63 £ 0.06D 6.78 + 0.02D
0.14 26.88 £ 0.05B 3.80 £0.11C 13.56 + 0.03C 16.01 + 0.01C 36.21 £0.12C 18.57 £ 0.03C
0.09 27.67 & 0.04B 5.79 £ 0.05B 14.25 £ 0.14B 19.22 £ 0.07B 97.55 & 0.03B 26.57 &+ 0.01B

S.E. = standard error.

Means with different letters for each fish in a column are highly significantly different (P < 0.01).

(95.6%) after exposure to the highest concentration of DISCUSSION

profenofos (Table 1). Less inhibition in both organs was
observed when the fish were exposed to various con-
centrations of carbofuran, as mentioned in Tables 3
and 3. BuChE activity also followed a similar trend,
with maximum inhibitions in the liver of 89.8% after
exposure to profenofos (0.06 mg/L) and 88.2% after
carbofuran exposure (0.0.28 mg/L). A significant dif-
ference between the maximum inhibitions caused by
profenofos and carbofuran was observed in the kidney
(Tables 1 and 3). In sublethal toxicity, the AChE and
BuChE activities in blood were significantly reduced
after 2 months of exposure and differed significantly
from the control group after both profenofos and car-
bofuran exposure (Table 2 and 3). More than 50% in-
hibition of cholinesterase (AChE and BuChE) activities
was observed in all organs of L. rohita after the highest
(0.06 mg/1) and medium (0.03 mg/1) exposure concen-
trations of profenofos and the highest exposure con-
centration of carbofuran (0.298 mg/1), whereas variable
inhibition was observed at other exposure concentra-
tions of both pesticides. We found that the highest con-
centrations of profenofos and carbofuran affected the
maximum cholinesterase level in all tissues. The over-
all comparison demonstrates that profenofos inhibited
the more cholinesterase activity in all studied tissues
in L. rohita, although both pesticides are chemically
different.

Although mortality was not observed during the
experiment, the animals showed signs of intoxication,
including lethargy, erratic movement, and reduced re-
sponse for feeding, from the third or fourth week of ex-
posure until the end of the experiment. Suffocation was
also observed after the first few hours of toxic medium
addition, followed by acclimatization. Cholinesterases
are biomarkers that have widely been used in var-
ious organisms. These enzymes are induced when
the organisms are exposed to toxic substances, i.e.,
organophosphates, carbamates, PAHs (Polycyclic aro-
matic hydrocarbons), halogenated aromatics and cer-
tain types of dioxins [20,21]. Inhibition of cholinesterase
has been studied in several systems and organs with a
focus on brain tissues [22,23]. Murphy et al. [24] re-
ported that fish possessing a higher enzyme activity
exhibit more enzyme inhibition after pesticide expo-
sure. Our results agree with these findings. Biomarkers
are useful indicators of pollution because of their high
sensitivity and presentation of the first detectable signs
of sublethal stress response in organisms [20, 25]. In-
hibition of cholinesterase in either the nervous system
or muscle has an adverse effect on organisms because
the enzymatic activity in the target tissues contributes
to neurotransmission [26]. AChE inhibition in fish has
only been emphasized in the brain because intoxication

] Biochem Molecular Toxicology DOI10.1002/jbt
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of the brain affects behavior [27]. Although the catfish
brain is the most sensitive to aldicarb exposure, these
fish with 90% AChE inhibition were alive with moder-
ate symptoms of intoxication [28]. Our findings show
less than 90% inhibition in the brain after exposure to
any tested concentration of either pesticide. In contrast,
maximum inhibition was observed in the muscle when
the fish were exposed to the maximum concentration
(0.06 mg/L) of profenofos; however, the fish remained
alive during the whole period of exposure. Toni et al.
[29] also reported a decrease in muscle ChE activities
in fish. The muscle cholinesterases represent the largest
pool of cholinesterases in the body. It is also important
to control muscular function; the loss of muscular con-
trol causes many problems for fish, including the loss
of swimming control and blockage of opercular move-
ment, which may result in reduced oxygenation of the
blood and hypoxia-induced death [30]. This effect may
also contribute to the changes in fish behavior after
exposure to pesticides. The reduction in cholinesterase
activity in the gills may contribute to suffocation and re-
duced respiratory activity, as demonstrated by Cham-
ber and Carr [31], who reported that the primary cause
of AChE inhibition-induced death in mammals is gen-
erally related to respiratory failure [31], which may also
be a problem for fish. Heath et al. [32] studied the ef-
fect of carbofuran on newly hatched striped bass lar-
vae, and a decrease in ChE activity was observed at
high concentrations of carbofuran. Our findings agree
with these previous results [23, 32]. The poisoning of
cholinesterases by pesticides in fish is considered to be
a good indicator of intoxication [33]. The current find-
ings are in line with Dembele et al. [34].

CONCLUSIONS

We believe that profenofos is highly toxic com-
pared to carbofuran in the context of AChE and BuChE
inhibition in all tested organs and tissues: brain, blood,
gills, muscle, kidneys, and liver. Exposure to both types
of pesticides affected the functions of these organs, in-
cluding metabolism and neurotransmission, to various
extents at different exposure concentrations. Because
these pesticides are highly toxic, they are required to
be properly monitored in the environment, so that their
toxic effects on nontarget organisms, as well as human
beings, can be reduced.

ACKNOWLEDGMENTS

The authors would like to their sincere apprecia-
tion to the Deanship of Scientific Research at King Saud

] Biochem Molecular Toxicology DOI10.1002/jbt

CHOLINERGIC BIOMARKERS FOR PESTICIDES 141

University for its funding of this research through the
Research Group Project No. RGP-VPP-341.

REFERENCES

1. Hart K, Pimentel D. Public health and costs of pesticides’.
In: Pimentel D. editor. Encyclopedia of pest management.
New York: Marcel Dekker; 2002; pp 677-679.

2. Nauen R, Bretschneider T. New modes of action of insec-
ticides. Pesti Outlook 2002;13:241-245.

3. Ahmed K. Toxic elements in drinking water of Pakistan.
J Chem Soc Pak 2006;29(6):591-598.

4. Anonymous. Economic survey of Pakistan, Govt. of
Pakistan, Finance division, Economic advisor’s wing,
Islamabad, Pakistan; 2011. pp 10-16.

5. Faruk MAR. Disease and health management of farmed
exotic catfish Panagasius hypopthalmus in Mymensingh
district of Bangladesh, In BONDAD-REANTASO, M.G.;
2008.

6. Mathur SM, Singh JK. Chemical spraying in agriculture
and its environmental impact. All India seminars on En-
vironmental Impact Assessment. Udaipur, India: The In-
stitution of Engineers; 2006.

7. Quinn DM. Acetylcholinesterase: enzyme structure, re-
action dynamics, and virtual transition states. Chem Rev
1987,87:955-979.

8. Silman, I, Sussman JL. Acetylcholinesterase: “classical”
and “non-classical” functions and pharmacology. Curr
Opin Pharmacol 2005;5:293-302.

9. Cokugras AN. Butyrylcholinesterase: structure and
physiological importance. Turk ] Biochem 2003;28:
54-61.

10. Adedejio B. Response of acetylcholinesterase activity
in the brain of Clarias gariepinus to sublethal concen-
tration of diazinon. ] Appl Sci Enviro Sanit 2011;6(2):
137-141.

11. Archana AS, Metkari V, Patode P. Effect of diazi-
non on acetylcholinesterase activity and lipid peroxi-
dation of Poecilia reticulate. Res J Enviro Toxicol 2011;
5:152-161.

12. Shea TB, Berry ES. Suppression of interferon synthesis by
the pesticide carbaryl as a mechanism for enhancement
of goldfish virus-2 replication. Appl Environ Microbiol
1984;47:250-252.

13. Soreq H, Zakut H. Human acetylcholinesterase and anti-
cholinesterase. San Diego, CA: Academic Press; 1993.

14. Kegley S, Neumeister L, Martin T. Ecological impacts of
pesticides in California. Pesticide Action Network, Cali-
fornia, USA; 1999; p 99.

15. Murty AS. Toxicity of pesticides to fish. Boca Raton, FL:
CRC Press; 1986; Vols. 1 and II: 483, 355.

16. Mahboob S, Ghazala-Sultana S, Asi MR, Nadeem S,
Chaudhry AS. Determination of organochlorine and ni-
trogen containing pesticide residues in water, sediments
and fish samples by reverse phase high performance lig-
uid chromatography. Agric Sci Technol 2009;10:9-12.

17. Ellman GL, Courtny KD, Andres V, Featherstone
RM. A new and rapid colorimetric determination of
acetylcholinesterase activity. Biochem Pharmacol 1961;7:
88-95.

18. Kuster E. Cholin and carboxylesterase activities in devel-
oping Zebrafish embryos (Danio rerio) and their poten-
tial use for insecticide hazard assessment. Aquat Toxicol
2005;75:76-85.



142

19.

20.

21.

22.

23.

24.

25.

26.

27.

GHAZALA ET AL.

Bradford MM. A rapid and sensitive method for the
quantization of microgram quantities of protein utiliz-
ing the principle of protein-dye binding. Anal Biochem
1976,7:248-54.

Stegeman JJ, Brouwer Di Giulio MRT, Forlin L, Fowler
BA, Sanders BM, Van Veld PA. Molecular response
to environmental contamination: Enzyme and protein
system as indicator of chemical exposure and effect.
In: Hugget R], Kimerle RA, Mehrlc PM, Bergman
H. editors. Biomarkers. Boca Raton, FL: Lewis; 1992.
pp 135-335.

Boer J, De Stronk CJN, Tang WA, De Meer JV. Non-ortho
and mono-ortho substituted chlorobphenyl and chlori-
nated dibenzo-p-dioxins and dibenzofurans in marine
and freshwater fish and shellfish from the Netherlands.
Chemosphere 1993;26:1823-1842.

Ferandez-Vega C, Sancho E, Ferrando MD, Andreu M.
Thiobencarb-induced changes in acetylcholinesterase ac-
tivity of the fish Anguilla anguilla. Pesti Biochem Physiol
2002,72:55-63.

Pena-Llopis S, Ferrando MD, Pena ]B. Fish tolerance
to organophosphate-induced oxidative stress is depen-
dent on the glutathione metabolism and enhanced by
N-acetylcysteine. Aquatic Toxicol 2003;65:337-360.
Murphy SD, Lauwery RR, Cheeves JK. Comparative
anti cholinesterase action of organophosphorus insec-
ticides in vertebrates. Toxicol App Pharmacol 1968;12:
22-35.

Chamber JE, Boone JS. Biomarkers as predictors in health
and ecological risk assessment. Human Ecol Risk Assess
2002;8:165-176.

Padilla S. Regulatory and research issues related to
cholinesterase inhibition. Toxicol 1995;102:215.

Jaffery MS, Keizer ]. The roles of Ca>* diffusion, Ca**

28.

29.

30.

31.

32.

33.

34.

Volume 28, Number 3, 2014

buffers, and the endoplasmic reticulum in IP3-induced
Ca’* waves. Biophys J 1995;69:2139-2153.

Evertt ], Perkins J, Schlnek D. In vivo Acetylcholinesterase
inhibition, metabolism, and toxicokinetics of aldicarb in
channel catfish: role of biotransformation in acute toxic-
ity. Toxicol Sci 2000;53:308-315.

Toni C, Menezes CC, Loro VL, Clasen BE, Cattaneo
R, Santi A, Pretto A, Zanella, Leitemperger J. Oxida-
tive stress biomarkers in Cyprinus carpio exposed to
commercial herbicide bispyribac-sodium. ] Appl Toxicol
2010;30:590-595.

Zinkl JG, Shea PJ, Callman J. Brain cholinesterase activ-
ity of rainbow trout poisoned by carbaryl. Bull Environ
Contam Toxicol 1987;38:29-35.

Chambers JE, Carr RL. Biochemical mechanisms con-
tributing to species differences in insecticidal toxicity.
Toxicology 1995;105:291-304.

Heath AG, Cech ]JJ, Zin JGK, Finlayson ]JG,
Fujimura R. Sublethal effects of methyl parathion,
carbofuran, and molinate on larval striped bass.
American Fisheries Society symposium prosessional
paper 17-28. Bethesda, MD: American Fisheries
Society; 1993. 12 p. toxicity. Toxicol Sci 2000, 53:
http:/ /toxsci.oxfordjournals.org/content/53/2.toc
308-315.

Westalke GE, Bunyan PJ, Martin AD, Stanely PI, Steed
LC. Organophosphate poisoning: Effect of selected
organophosphate pesticides on plasma enzymes and
brain esterase of Japanese quails. ] Agric Food Chem
1981;29:779-785.

Dembele K, Haubruge E, Gaspar C. Concentration effects
of selected insecticides on brain acetylcholinesterase in
the common carp (Cyprinus carpio L.). Ecotoxicol Environ
Saf 2000;45:49-54.

] Biochem Molecular Toxicology DOI10.1002/jbt



