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a b s t r a c t

The impact of commonly used pesticides, endosulfan and deltamethrin, on the molecular stress level
in black tiger shrimp Penaeus monodon, was assessed using classical oxidative stress biomarkers, pro-
tein carbonylation profiles, and levels of heat shock proteins. Results showed that 4 days exposure to
0.1 �g L−1 deltamethrin significantly (p < 0.05) increased lipid peroxidation (LPO) level in gills (64.3 ± 3.2
compared to 34.2 ± 5.3 nmol MDA equiv. g−1 tissue at day 0). However, no pesticide treatment had sig-
nificant effect on the activities of antioxidant enzymes catalase (CAT), glutathione peroxidase (GPx) and
glutathione S-transferase (GST). Carbonylated protein profiles were determined on gills following 2,4-
dinitrophenylhydrazine derivatization and 2D-PAGE along with Western blotting. Immunoblotting with
dinitrophenol-specific antibody revealed 17 protein spots carbonylated in response to 4 days exposure

−1
rotein carbonylation
eat shock proteins
enaeus monodon

to 0.1 �g L deltamethrin while 24 protein spots specifically oxidized at day 0 were no longer detected
after deltamethrin treatment. On the other hand, endosulfan exposure at 0.1 and 1 �g L−1 induced up to
2.1-fold increase of HSP90 level in muscle. This approach is providing new insights into the molecular
impacts of deltamethrin and endosulfan on an economically important crustacean. While deltamethrin
has shown a pro-oxidant effect in gills, endosulfan exposure rather induced proteotoxic effects in mus-
cles. This argues that LPO level, protein carbonylation specificities, and HSP90 levels may be potential

s to a
discriminating biomarker

. Introduction

In southern and eastern Asia, Latin America and other tropical
egions, the shrimp culture rapidly expanded over the last 20 years.
his industry has become an important economic sector in many
sian countries, including Vietnam. The species dominating the
arine shrimp culture in Vietnam are penaeid shrimp, especially

enaeus monodon, commonly known as the black tiger shrimp. In
004, the Vietnamese production of P. monodon reached 290 000
onnes (MoFI, 2005). Moving from extensive to intensive shrimp
ulture system required additional effective antibacterial com-
ounds and pesticides for prevention and for treatment of water
uality, and to reduce disease problems (Tu et al., 2007). Those
hemicals could have negative effects on the health of cultured

hrimp, cause a risk for food safety, occupational health hazards,
nd/or have negative effects on adjacent ecosystems (Gräslund et
l., 2003). Regarding the health of cultured shrimp, there is a gen-
ral risk that exposure to chemicals can increase their stress level,

∗ Corresponding author. Tel.: +32 (0)81 724285; fax: +32 (0)81 724362.
E-mail address: jennifer.dorts@fundp.ac.be (J. Dorts).

382-6689/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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ssess the chemical stress level in farm shrimp.
© 2009 Elsevier B.V. All rights reserved.

and thereby decrease growth and/or increase their susceptibility to
infections (Reyes et al., 1999; Le Moullac and Haffiner, 2000). Conse-
quently, an inappropriate chemical use can lead to economic losses
for producers. As a result there is an increasing awareness in the
shrimp aquaculture industry about the necessity to develop sensi-
tive diagnosis tools for assessing the stressful effect of commonly
encountered chemicals on cultured shrimp.

Endosulfan and deltamethrin are commonly used pesticides in
Vietnamese shrimp farms (Tu et al., 2007). The former, a polycyclic
chlorinated hydrocarbon of the cyclodiene subgroup, has been clas-
sified as a hazardous chemical by the WHO (1984). It is used as
a broad-spectrum insecticide mainly in agriculture and, in some
countries, in public health. This well known insecticide is consid-
ered to be highly toxic to fish species (Srivastav et al., 1997; Capkin
et al., 2006) and aquatic invertebrates (Lombardi et al., 2001; Wirth
et al., 2001, 2002). Joshi and Mukhopadhyay (1990) estimated its
48 h LC50 value in juvenile black tiger shrimp to be 12.2 �g L−1.

At low concentration in water, sublethal effects such as altered
energy metabolism (Mishra and Shukla, 1995) and ionic regulation
(Singh et al., 2002) have been reported. The long-term ecological
hazards associated with the use of organochloride, organophos-
phate, and carbamate pesticides propelled the introduction of a

http://www.sciencedirect.com/science/journal/13826689
http://www.elsevier.com/locate/etap
mailto:jennifer.dorts@fundp.ac.be
dx.doi.org/10.1016/j.etap.2009.05.006
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ew generation of pesticides with a lesser degree of persistence.
n this direction, the use of pyrethroids as insecticidal and antipar-
sitic formulations has markedly increased as a viable substitute
nd account for over 30% of insecticides used globally (Prasanthi et
l., 2005). Deltamethrin is a synthetic type two pyrethroid, which
as a wide range of application in industrial and agricultural pur-
oses. It is also used as an alternative pesticide in animal health, in
ector control, and in public health. It has been shown to be toxic for
sh (Viran et al., 2003; Köprücü and Aydin, 2004; Ural and Saglam,
005; Köprücü et al., 2006), aquatic arthropods (Ratushnyak et al.,
005), and honeybees (Vandame et al., 1995; Badiou et al., 2008)

n laboratory tests. L’Hotellier and Vincent (1986) showed that its
6 h LC50 value in pink shrimp (Penaeus duorarum) was 0.35 �g L−1.
owever, there is no data concerning its acute toxicity in black tiger

hrimp, even if Smith and Stratton (1986) argued that lobster and
hrimp are susceptible to all pyrethroids.

Comprehension of the mechanisms related to the sublethal
ffects caused by these pesticides upon shrimp metabolism would
elp to develop sensitive and precise diagnostic tools with a pre-
ictive capability in assessing the toxic effects, thus contributing
o better pond management (Bainy, 2000). Among the most com-

only used biomarkers, those related to oxidative stress assume an
mportant position, being frequently used both in environmental

onitoring and laboratory assays (Ahmad et al., 2000; Livingstone,
001; Pandey et al., 2003). Rates or amounts of reactive oxygen
pecies (ROS) production can be increased by the presence of a wide
ange of natural and man-made xenobiotics (Livingstone, 2001). In
heir review, Mohammad et al. (2004) concluded that the stimula-
ion of free radical production, induction of lipid peroxidation, and
isturbance of the total antioxidant capability of the body are mech-
nisms of toxicity for most pesticides, including organochlorines
nd pyrethroids. Consequently, the antioxidant defences are poten-
ially interesting biomarkers to pesticides while enhanced lipid
eroxidation, a consequence of oxidative deterioration of mem-
rane lipids, is generally referred to an index of oxidative stress
Ribera et al., 1990).

Moreover, changes in protein carbonylation process are a bio-
hemical perturbation resulting from oxidative stress (McDonagh
t al., 2006). Exposure to ROS is known to cause a range of reversible
nd irreversible covalent modifications of amino acid side-chains of
roteins (reviewed by Ghezzi and Bonetto, 2003) and thereby alter
rotein structure or function. Amino acid side-chains can be irre-
ersibly modified into aldehyde or ketone groups (carbonylation)
hich can lead to protein aggregation, inactivation or degrada-

ion (Levine et al., 2000). While these effects have been intensively
nvestigated in systems such as mammalian tissues, cell and yeast
ultures (Conrad et al., 2000; Costa et al., 2002), they have been
tudied relatively recently in environmental contexts. It has been
uggested that induction of protein carbonylation may be a pow-
rful addition to the battery of biochemical endpoints in study of
xidative stress in the environment as it holds out the prospect of
aining insights to intracellular mechanisms resulting in specific
argeting of proteins (McDonagh et al., 2005). At our knowledge,
issue-specific formation of protein carbonylation by environmen-
al toxicants has been demonstrated by means of a proteomic
pproach in a few mollusc species only (Dowling et al., 2006;
cDonagh et al., 2005, 2006; Chora et al., 2008).
Heat shock proteins (HSPs) are other commonly used biomark-

rs in aquatic organisms. They include a number of families induced
uring different stress conditions such as thermal stress, osmotic
tress and exposure to xenobiotics. They mainly prevent protein

enaturation, help the cell to recover damaged proteins by chaper-
ning their refolding and are considered to be general indicators
f sub-lethal cellular protein damage (Sanders, 1993; Feder and
ofmann, 1999). Stress proteins HSP60, HSP70 and HSP90 appear

o potentially be good indicators of some pesticides exposure, such
d Pharmacology 28 (2009) 302–310 303

as organochlorines and pyrethroids (Werner et al., 2002; Lee et al.,
2006; Mukhopadhyay et al., 2006).

The present study investigated the effects of endosulfan and
deltamethrin on oxidative stress status and on heat shock protein
levels in different tissues of P. monodon and on their potential use as
biomarkers. Besides, the effect of deltamethrin on protein carbony-
lation profile was investigated for the first time in a crustacean.

2. Materials and methods

2.1. Animals collection and maintenance

Experiment was conducted in 2006 at the College of Aquaculture and Fisheries,
Can Tho University, Vietnam. Black tiger shrimp (P. monodon) of both sexes weighing
8.5 ± 0.4 g were obtained from an extensive shrimp farm in Ca Mau province, Viet-
nam. Upon arrival, animals were acclimated to laboratory conditions in composite
tanks (capacity 2 m3) filled with natural aerated saline water 15 ppt. Temperature
was maintained at 30–32 ◦C with a natural light–dark cycle. Shrimp were held under
these conditions for one week before pesticide exposure. During acclimation period,
shrimp were fed five times a day with commercial shrimp food, GreenfeedTM (35%
crude protein).

2.2. Pesticide exposure

Twenty-five acclimated shrimp were randomly distributed in each 18 composite
tanks (capacity 500 L) filled with 200 L natural aerated saline water 15 ppt. Endosul-
fan (Riedel-de Haën, 36750) or deltamethrin (Sigma D9315) were added to water
using acetone as a solvent, resulting in endosulfan nominal concentrations of 0.1
and 1 �g L−1, and deltamethrin nominal concentrations of 0.01 and 0.1 �g L−1. All
treatments and the controls received the same acetone concentration (0.01%), which
was below the NOEC of 0.1% reported by Mayer (1987). The concentrations were
chosen to be under LC50 values estimated according to literature (L’Hotellier and
Vincent, 1986; Joshi and Mukhopadhyay, 1990) and to a pre-test on black tiger
shrimp which showed a significant mortality rate at 10 �g L−1 for endosulfan and at
1 �g L−1 for deltamethrin (data not shown). Each condition included three replicated
tanks. Exposure duration was 4 days followed by a decontamination period of 7 days.
During the contamination stage, water was gently siphoned out and replaced every
day so that shrimp were exposed daily with the same freshly prepared concentra-
tions of pesticides. Animals were not fed during contamination while they were fed
as described above during decontamination. No mortality was observed during the
experiment.

2.3. Sampling and biological material collection

Shrimp were sampled before treatment (day 0), after 4 days of contamination
(day 4) and after 7 days of decontamination (days 4 + 7). At each sampling time, six
individuals per tank were killed by decapitation. Hepatopancreas, gills and muscle
were collected on ice, pooled per tank and kept at −80 ◦C until homogenization.

2.4. Oxidative stress markers

2.4.1. Sample preparation
Hepatopancreas and gills were homogenized 1:5 (w:v) in ice-cold 50 mM phos-

phate buffer pH 7.5 containing protease inhibitor cocktail (Sigma P2714). Five
hundreds �L of homogenate were taken for lipid peroxidation. The rest of the
homogenate was centrifuged at 10 000 × g for 10 min at 4 ◦C and the supernatant
(post-mitochondrial fraction – PMF) was kept at −80 ◦C for antioxidant enzyme
activities assays. Protein contents were assayed by the method of Lowry et al. (1951)
using Folin’s reagent and BSA as standard. For protein carbonylation analysis, pro-
teins from gill tissue were extracted for shrimp exposed to 0.1 �g L−1 deltamethrin
at time 0 and after 4 days of exposure. Gills were homogenized by sonication for
twice 15 s on ice in lysis buffer solution (7 M urea, 2 M thiourea, 4% CHAPS, 30 mM
Tris–HCl, pH 8.5 and 0.25% protease inhibitor cocktail P2714, Sigma). Samples were
then centrifuged for 15 min at 12 000 × g and the supernatant kept at −80 ◦C. Pro-
tein contents were calculated using the method of Bradford (1976) with BSA as a
standard.

2.4.2. Lipid peroxidation level
LPO results in the production of malondialdehyde (MDA) consequently to free

radicals production, and was assessed by the thiobarbituric acid reactive substances
assay TBARS (Fatima et al., 2000). MDA reacts with thiobarbituric acid (TBA) and
the product is read spectrophotometrically at 535 nm. Homogenate was added 1:1

(v:v) to 5% trichloroacetic acid (TCA), and incubated on ice for 15 min. The solution
was then mixed in a ratio 2:1 with 0.67% TBA, and centrifuged at 2200 × g at 4 ◦C for
10 min. Whole supernatant was boiled for 10 min and refreshed at room tempera-
ture before the absorbance was recorded. A calibration curve with increasing MDA
concentrations allowed the calculation of LPO expressed as nmol MDA equiv. g−1

tissue.
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.4.3. Antioxidant enzyme activities
Catalase (CAT) activity was estimated by the titanium oxysulphate (TiOSO4)

ethod (Baudhuin et al., 1964). Twenty-five �L of homogenate were pretreated
ith 0.02% (v:v) Triton X-100 during 2 min. They were then incubated at 0 ◦C during
min after addition of 0.2 M imidazol buffer (pH 7.0), 0.1% BSA, and 1.5 mM H2O2 in
volume of 1.25 mL. The reaction was stopped with 750 �L of a saturated solution of
iOSO4 in 2N H2SO4. The change of absorbance after 6 min was recorded at 420 nm.
ne unit of activity is defined as the amount of enzyme causing the destruction of
0% of the substrate within 1 min in a volume of 50 mL in the assay condition and is
xpressed as U mg−1 protein.

Glutathione peroxidase (GPx) activity was determined using the method of Flohé
nd Günzler (1984) and modified by Mohandas et al. (1984). The reaction mix-
ure consisted of 50 mM phosphate buffer (pH 7), 1 mM EDTA, 1 mM sodium azide,
aN3, 2 U mL−1 glutathione reductase, GR, 2 mM reduced glutathione, GSH, 0.2 mM
ADPH. After 10 min incubation at 37 ◦C, the overall reaction was initiated by adding
.5 mM hydrogen peroxide, H2O2. Oxidation of NADPH was recorded spectropho-
ometrically at 340 nm during 5 min. The enzyme activity was calculated as nmol
ADPH oxidized min−1 mg−1 protein.

Glutathione S-transferase (GST) activity was determined using the method of
abig et al. (1974). The reaction mixture consisted of 33 mM Hepes buffer (pH 7.5),
.5 mM GSH, 1.5 mM 1-chloro-2,-dinitrobenzene, CDNB and water in a total volume
f 1 mL. The conjugation of GSH with CDNB via GST activity was recorded spec-
rophotometrically at 340 nm during 3 min. The activity was expressed as nmol of
DNB conjugate formed min−1 mg−1 protein.

.4.4. Proteomic analysis
Proteomic analysis was used to detect a potential protein carbonylation induc-

ion using two-dimensional gel electrophoresis. We decided to focus our attention
n one specific condition for which we observed significant effects on lipid peroxi-
ation, and for which literature indicated the most important protein carbonylation

evel, i.e. deltamethrin on gills (Parvez and Raisuddin, 2005). Carbonyls deriva-
ives were detected following conjugation with DNPH (2,4-dinitrophenylhydrazine)
hich can be achieved by immunochemical assay (McDonagh et al., 2005).

Immobiline DryStrips (pH 4–7; 11 cm; GE Healthcare) were rehydrated for 20 h
nto 200 �L of a solution containing 7 M urea, 2 M thiourea, 2% CHAPS, 0.28% DTT,
.5% IPG buffer pH 4–7 and a trace amount of bromophenol blue. Homogenates
ere reduced 1:1 (v:v) in a solution containing 7 M urea, 2 M thiourea, 2% CHAPS,
% DDT, 2% IPG buffer pH 4–7. After 15 min incubation time at room temperature,
he solution was centrifuged at 12 000 × g for 10 min. One hundred and fifty �g of
rotein were then absorbed onto the strip. First-dimension isoelectric focusing was
un on an IPGphor system (GE Healthcare) at 500 V for 1 h, 1000 V for 1 h, 6000 V for
h 30 and 6000 V for 30 min (total of 10 300 V h).

Following isoelectric focusing, oxidized proteins on the strip were derivatized
ith DNPH according to the protocol described by Conrad et al. (2000). Strips were
erivatized in a solution containing 2 N HCl and 10 mM DNPH for 20 min at room
emperature. Strips were then washed in 2 M Tris–base/30% glycerol for 15 min.
fterwards, they were equilibrated for twice 15 min in 6 M urea, 30% glycerol, 2%
DS, 0.002% bromophenol blue, 50 mM Tris pH 8.8, 65 mM DTT and then 200 mM
odoacetamide replacing DTT. After equilibration, strips were loaded onto 12.5% SDS-
AGE gels, overlaid with 1% agarose in SDS running buffer (25 mM Tris, 192 mM
lycine, 0.1% SDS), and run at a constant voltage (45 mA/gel) until the dye front
eached the end of the gel. Gels were then equilibrated for 5 min in Towbin transfer
uffer (25 mM Tris, 192 mM glycine, 0.1% SDS, 20% methanol) and electroblotted onto
.45 �m nitrocellulose membranes (143 mA for 1 h 30). Membranes were soaked

nto stop solution containing 10 mM Trizma–HCl, 150 mM NaCl, 0.05% Nonidet, pH
.5 (TBST) and 2.5% powdered skim milk overnight at 4 ◦C before washing three
imes for 10 min with TBST and 1 h incubation with the antibody solution consist-
ng of 1:750 rabbit anti-DNP/HRP (polyclonal Rabbit Anti-DNP/HRP, P5102, Dako
ytomation) in TBST containing 2% powdered skim milk. Finally, blots were washed
× 15 min in TBST; 4 × 5 min in TBST and 1 × 5 min in TBS (TBST without nonidet)
nd developed with the Amersham ECLTM kit as recommended by the manufacturer.
ontinuous shaking was used during all incubation and washing steps.

Following exposure to the chemiluminescence kit, the membranes were scanned
ith a densitometer (ImageScannerTM, GE Healthcare) and analyzed in a visual way

y overlapping to match the carbonyl protein spots.

.5. HSP assays

Muscle was chosen for HSP analysis due to the likely high stability of HSP expres-
ion over time and its potential usefulness to assess such biomarkers. Muscles were
omogenized in 25:1 (v:w) buffer containing 50 mM Trizma–HCl pH 7.6, 1% Non-

det and 1% protease inhibitor cocktail (Sigma P2714). Samples were centrifuged at
2 000 × g (4 ◦C) for 15 min and the supernatant was kept at −80 ◦C. Total soluble
rotein contents were calculated using the method of Bradford (1976) with BSA as

standard.

Samples were then diluted in a buffer containing TBS, 0.1% SDS and 5 mM
TT, and the solution boiled 5 min. Three �g of proteins were directly loaded onto
nitrocellulose membrane (0.45 �m) with a slot blotter (Bio-Dot SF microfiltra-

ion apparatus from BioRad). Human purified proteins (StressGen SPP-755) were
sed as standards at increasing quantities (0.5–2.5–5 ng) for HSP70 quantifica-
d Pharmacology 28 (2009) 302–310

tion. Since the species-specific HSP70 protein is not available as positive control,
the data are reported as �g equivalents HSP70 per mg of total soluble proteins
(�g equiv. HSP70 mg−1 prot.). For HSP90 quantification, we could not find a good
internal standard so that we expressed the results as relative HSP90 level related to
a reference sample prepared from a mixture of shrimp muscle. Membranes were
blocked for 1 h in 5% dry milk in TTBS, rinsed twice in TTBS and once in TBS
for 5 min, and then incubated for 1 h with the primary antibody 1:1000 (Affin-
ity BioReagents MA3-006 for HSP70 and Stressgen SPA-830D for HSP90) in TTBS
plus 2% dry milk. The blots were rinsed twice in TTBS and once in TBS for 5 min
and incubated for 1 h with the secondary antibody 1:2000 (horseradish peroxi-
dase anti-mouse Ig, NA931 Amersham). Finally, blots were rinsed thrice in TTBS and
once in TBS and developed with the Amersham ECLTM kit as recommended by the
manufacturer. Films were scanned with a densitometer (ImageScannerTM) and anal-
ysed using the software TotalLab (GE Healthcare). The optical density of each band
was plotted versus purified human HSP70 or versus the reference HSP90 muscle
sample.

As an organ directly in contact with the surrounding water and pollutants, gills
were also tested for HSP70 and 90 levels following the same approach described
above. However, technical issues (we obtained a very high variability among the
conditions and a strong time-dependent effect) avoided drawing definitive conclu-
sions (data not shown). Further technical setup is necessary to collect informative
data for this organ in black tiger shrimp.

2.6. Statistical analysis

Data were expressed as mean ± S.D. and analysed using an analysis of variance
(two-way ANOVA) with repeated measures following the general model sum-
marised by Paine (1996). This model was chosen on account of measurements
were made on the same replicates at several times (since the tank is the experi-
mental unit). We assessed variations of LPO, CAT, GPx, GST and HSPs as a result
of treatments (Endosulfan: control, 0.1 �g L−1, 1 �g L−1 and deltamethrin: control,
0.01 �g L−1, 0.1 �g L−1), replicate tanks (within treatments), sampling times within
replicates (day 0; day 4; days 4 + 7). The interaction between time and treatment
implied that a specific time effect was observed depending upon the treatment and
tested statistically the hypothesis that any change in dependent variables over time
was caused by pesticide exposure. If an ANOVA with repeated measures detected
a significant interaction effect, multiple comparison test (Fisher LSD test) at a 5%
significant level was used to test differences between groups. All data were natural
logarithm transformed to stabilize the variance and to approximate normal distri-
bution prior to use in further statistical analysis. All tests were performed using the
software Statistical 5.5 (StatSoft, Inc. 2000).

3. Results

3.1. Lipid peroxidation

In endosulfan exposed-shrimp, TBARS levels ranged
between 119.9 ± 15.8 and 192.6 ± 38.1 nmol MDA equiv. g−1

tissue for hepatopancreas and between 26.0 ± 4.5 and
63.8 ± 34.3 nmol MDA equiv. g−1 tissue for gills. Even though
the LPO values in gills tended to be higher after 4 days of exposure,
endosulfan had no significant effect (p > 0.05) on LPO in any of the
studied tissues (Fig. 1). Deltamethrin exposed-shrimp had TBARS
levels ranging from 85.1 ± 8.5 to 175.4 ± 57.4 nmol MDA equiv. g−1

tissue in hepatopancreas and from 17.8 ± 0.3 to
64.3 ± 3.2 nmol MDA equiv. g−1 tissue in gills. Deltamethrin had no
significant effect on LPO values in hepatopancreas, whereas 4 days
of exposure to 0.1 �g L−1 resulted in a significant increase from
34.2 ± 5.3 to 64.3 ± 3.2 nmol MDA equiv. g−1 tissue in gills (p < 0.05)
(Fig. 1). This deltamethrin effect was reversible since a significant
decrease of LPO was recorded after 7 days of decontamination.

3.2. Antioxidant enzyme activities

The activities of antioxidant enzymes in hepatopancreas and
gill tissues of control and exposed shrimp are depicted in
Tables 1 and 2. Regardless of tissues, pesticide treatments did
not induce significant interaction effect on the activities of

studied antioxidant enzymes, namely, catalase, glutathione perox-
idase, and glutathione S-transferase (p > 0.05). Only GPx activity
was found to be slightly and none significantly induced in
gills over time at the highest deltamethrin concentration tested
(0.1 �g L−1).
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Fig. 1. LPO level (nmol MDA equiv. g−1 tissue) in gills (a) and hepatopancreas (b) of Penaeus monodon following 4 days of exposure to endosulfan or deltamethrin and 7 days
of decontamination. Data are presented as mean ± S.D. (n = 3). If a significant time–treatment interaction effect was observed, different letters mean significant differences
between sampling time within a given treatment (p < 0.05).

Table 1
Activities of antioxidant enzymes in hepatopancreas of Penaeus monodon following 4 days of exposure to endosulfan or deltamethrin and 7 days of decontamination.

Days 0 4 4 + 7

Endosulfan (�g L−1) 0 0.1 1 0 0.1 1 0 0.1 1

CAT 0.015 ± 0.004 0.019 ± 0.001 0.016 ± 0.009 0.011 ± 0.002 0.013 ± 0.002 0.009 ± 0.002 0.015 ± 0.002 0.013 ± 0.004 0.012 ± 0.006
GPx 10.2 ± 3.2 13.0 ± 3.6 12.9 ± 7.9 7.9 ± 3.2 9.6 ± 1.7 9.1 ± 2.1 8.8 ± 1.6 7.2 ± 0.1 8.3 ± 1.6
GST 82.5 ± 41.0 94.8 ± 27.2 106.8 ± 13.6 39.0 ± 3.7 46.9 ± 11.6 49.7 ± 23.1 93.9 ± 32.8 93.2 ± 43.0 93.1 ± 10.7

Deltamethrin (�g L−1) 0 0.01 0.1 0 0.01 0.1 0 0.01 0.1

CAT 0.008 ± 0.002 0.014 ± 0.007 0.015 ± 0.003 0.013 ± 0.004 0.009 ± 0.003 0.013 ± 0.005 0.01 ± 0.004 0.013 ± 0.003 0.01 ± 0.001
GPx 7.9 ± 2.9 8.8 ± 0.8 7.4 ± 1.6 7.0 ± 1.2 5.2 ± 1.6 5.9 ± 1.2 8.4 ± 1.4 9.4 ± 1.8 8.5 ± 2.1
GST 57.6 ± 24.5 96.9 ± 16.2 88.3 ± 11.9 95.3 ± 22.3 72.8 ± 25.0 110.1 ± 11.7 93.7 ± 16.5 116.6 ± 16.4 107.7 ± 28.2

Values are presented as mean ± S.D. (n = 3). CAT: U mg−1 protein; GPx: nmol NADPH oxidized min−1 mg−1 protein; GST: nmol CDNB min−1 mg−1 protein.

Table 2
Activities of antioxidant enzymes in gills of Penaeus monodon following 4 days of exposure to endosulfan or deltamethrin and 7 days of decontamination.

Days 0 4 4 + 7

Endosulfan (�g L−1) 0 0.1 1 0 0.1 1 0 0.1 1

CAT 0.036 ± 0.007 0.031 ± 0.008 0.039 ± 0.005 0.036 ± 0.008 0.026 ± 0.006 0.023 ± 0.011 0.037 ± 0.009 0.038 ± 0.012 0.03 ± 0.003
GPx 11.2 ± 2.2 15.3 ± 1.2 14.9 ± 2.3 10.1 ± 3.7 9.2 ± 3.5 8.7 ± 3.0 9.6 ± 1.0 8.5 ± 0.8 10.6 ± 1.2
GST 93.1 ± 7.7 132.0 ± 18.3 134.8 ± 9.4 144.0 ± 28.0 122.7 ± 20.5 147.0 ± 17.8 120.4 ± 14.5 133.6 ± 35.4 141.7 ± 34.9

Deltamethrin (�g L−1) 0 0.01 0.1 0 0.01 0.1 0 0.01 0.1

CAT 0.047 ± 0.007 0.045 ± 0.012 0.043 ± 0.012 0.023 ± 0.01 0.025 ± 0.011 0.032 ± 0.005 0.025 ± 0.003 0.023 ± 0.006 0.029 ± 0.012
GPx 9.3 ± 1.7 6.6 ± 4.0 2.7 ± 1.6 10.3 ± 5.3 6.3 ± 3.9 6.7 ± 2.8 4.6 ± 3.3 3.6 ± 2.1 8.8 ± 1.7
GST 115.3 ± 30.1 120.4 ± 5.6 110.1 ± 7.3 128.7 ± 13.9 116.7 ± 7.5 102.7 ± 13.1 95.4 ± 6.9 84.9 ± 8.4 97.7 ± 15.6

Values are presented as mean ± S.D. (n = 3). CAT: U mg−1 protein; GPx: nmol NADPH oxidized min−1 mg−1 protein; GST: nmol CDNB min−1 mg−1 protein.
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ig. 2. 2D immunoblots of carbonylated proteins in gill samples from untreated P
eight; pI: isoeletric point.

.3. Protein carbonylation

As the present report has shown significantly enhanced LPO in
ills of P. monodon exposed to the highest tested concentration of
eltamethrin, we decided to focus our attention on protein car-
onyl induction in gills of 0.1 �g L−1 deltamethrin-exposed shrimp.
e analysed the pesticide response in gills of 0-day (control con-

ition) and 4-day exposed individuals. Each condition included
riplicates. In general, immunoblots of 2D SDS-PAGE carbonylated
ill proteins displayed a similar profile between control (0-day) and
eltamethrin treated animals (4-day) (Figs. 2 and 3). The triplicates
f a same sampling day have been overlapped in order to match
s many carbonyl protein spots as possible. Spots found at least in
wo out of three replicates were assigned by a number. In gills of
ntreated shrimp (0-day), 45 carbonyl protein spots were assigned
hile we could visualize 38 carbonyl protein spots after a 4-day

xposure to 0.1 �g L−1 deltamethrin. Composite gels, consisting of
arbonyl protein spots found at least in two out of three immunoblot

eplicates for each sampling day were then drawn and compared
Fig. 4). Even if almost the same number of spots were observed
n both conditions, some qualitative changes occurred: 17 protein
pots have been carbonylated in response to deltamethrin treat-
ent (# 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61

ig. 3. 2D immunoblots of carbonylated proteins in gill samples from treated Penaeus
eplicate 3. MW: molecular weight; pI: isoeletric point.
s monodon (0-day). (a) replicate 1; (b) replicate 2; (c) replicate 3. MW: molecular

and 62) while 24 protein spots not visible following deltamethrin
exposure were specifically oxidized at time 0-day (# 1, 2, 10, 13, 14,
17, 19, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44 and
45).

3.4. HSPs

Endosulfan had significant effect on HSP levels in muscle of
P. monodon as observed in Fig. 5. While control organisms had
HSP90 levels stable through all the experimental period, 0.1 and
1 �g L−1 of the pesticide induced a 1.7-fold and a 2.1-fold increase,
respectively (p < 0.01). However, this increase was observed after
7 days of decontamination only, indicating that HSP90 synthesis
in response to endosulfan required more than 4 days. Moreover
endosulfan seemed to slightly affect HSP70 expression. In con-
trols and in organisms exposed to 0.1 �g L−1, HSP70 levels dropped
significantly after 7 days of decontamination (from 1.55 ± 0.16 to
0.66 ± 0.05 ng equiv. �g−1 prot. for controls and from 1.61 ± 0.13 to

0.89 ± 0.08 ng equiv. �g−1 prot. for 0.1 �g L−1 group) while a slight
and non significant decrease was observed in muscle from shrimp
exposed to 1 �g L−1 (from 1.46 ± 0.07 to 1.11 ± 0.21 ng equiv. �g−1

prot.). The time effect and the interaction were highly significant
(p < 0.01) suggesting that HSP70 level in muscle is not stable through

monodon with 0.1 �g L−1 deltamethrin (4-day). (a) replicate 1; (b) replicate 2; (c)
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ig. 4. Composite 2D immunoblots of carbonylated proteins in gill samples from Pena
rotein spots; (�) Specifically carbonylated protein spots.

ime and that exposure to endosulfan at 1 �g L−1 compensates this
ime effect by increasing this protein level.

At the opposite, deltamethrin did not show any significant effect
n HSP expression (Fig. 5). As observed previously for shrimp
xposed to endosulfan, a significant time effect (p < 0.01) indicated

hat HSP70 level decreased over time whatever the pesticide expo-
ure. This decrease was not different in controls and in exposed
hrimp (p > 0.5 for interaction). For HSP90, the same level was
bserved for all treatments and for all sampling time.

ig. 5. HSP70 (a) and HSP90 (b) levels in muscles of Penaeus monodon following 4 days o
resented as mean ± S.D. (n = 3). If a significant time–treatment interaction effect was obs
given treatment (p < 0.05).
onodon. (a) 0-day composite gel; (b) 4-day composite day. (�) Common carbonylated

4. Discussion

Sustainability in aquaculture has been proposed to be achieved
using integrated aquaculture management. Components of a sound
management plan should include the promotion of a research

program for determining impacts from the shrimp industry and
require an environmental impact assessment tool (Dierberg and
Kiattisimkul, 1996). The issue of animal welfare in aquaculture is of
growing interest and there is an increasing consumer demand for

f exposure to endosulfan or deltamethrin and 7 days of decontamination. Data are
erved, different letters mean significant differences between sampling time within
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ocumentation of safe and ethical food production. Consequently
ustainable development of shrimp culture necessitates that ani-
als are in good health condition, unstressed, and that as low

mount of chemicals as possible are used. For this purpose the
se of biomarkers in cultured shrimp can be of a great interest.
uch assessment tool could ideally indicate whether the shrimp are
ecoming stressed, as an early warning signal in order to prevent
xcess use of chemicals. To avoid permanent damage, it is useful
o have biomarkers capable of diagnosing a stress condition at its
arliest onset to allow an immediate corrective intervention.

It is documented that pesticides may cause oxidative stress
eading to the generation of free radicals and alterations in antiox-
dants or free oxygen radical scavenging enzyme systems (Almeida
t al., 1997). The typical reaction during ROS-induced damage
nvolves the peroxidation of unsaturated fatty acids. Estimation of
ipid peroxidation has been found to have high predictive impor-
ance as revealed from a number of research papers describing
ts use as biomarkers of pollution (Ribera et al., 1990; Pandey et
l., 2003). Moreover lipid peroxidation has been suggested as one
f the molecular mechanisms involved in pesticide induced toxi-
ity (Khrer, 1993). In the present study, neither deltamethrin nor
ndosulfan was able to stimulate the hepatic lipid peroxidation
rocess in exposed shrimp. However, stimulation of lipid peroxida-
ion by deltamethrin was observed in gills after 4 days of exposure
o 0.1 �g L−1, demonstrating that this pyrethroid has pro-oxidant
roperties in shrimp tissues. Several studies have already shown
he capacity of endosulfan and deltamethrin to induce oxidative
tress in fish, as depicted by elevated levels of LPO in various tis-
ues (Pandey et al., 2001; Dorval et al., 2003; Sayeed et al., 2003; Atif
t al., 2005; Parvez and Raisuddin, 2006). Nevertheless it is the first
vidence of such an effect in a farmed crustacean. Vulnerability of
ills to exposure to aquatic pollutants has been established in pre-
ious studies involving different fish species (Ahmad et al., 2000;
atima et al., 2000). Gills are the primary sites for the absorption of
quatic pollutants, including pesticides. They are also reported to
e weak in terms of their antioxidant potential compared to that of
ther organs (Arun and Subramanian, 1998; Sayeed et al., 2003).

Apart from lipid peroxidation, protein carbonylation has
ecently been reported as a biomarker of oxidative stress in sev-
ral sentinel species (Almroth et al., 2005; McDonagh et al., 2005;
arvez and Raisuddin, 2005; Dowling et al., 2006; McDonagh et
l., 2006; Chora et al., 2008). McDonagh et al. (2005) have applied
proteomic approach to mussels from a polluted site known to

ossess relatively high levels of sediment cadmium and zinc. Their
ata showed that gills and digestive gland are major sites of glu-
athionylation and carbonylation as a result of oxidative stress.
urthermore, global protein carbonyl induction as a biomarker of
xidative stress was used in laboratory studies to assess the toxic
ffects of pesticides in various tissues (gills, liver and kidney) of
reshwater fish, Channa punctatus, exposed to deltamethrin, endo-
ulfan and paraquat (Parvez and Raisuddin, 2005). Among these
esticides, deltamethrin showed the maximum level of induction
nd amongst the tissues gills were found to be the most vulnerable
nes. However, the present proteomic analysis is the first to inves-
igate the qualitative protein carbonylation profile in a crustacean
pecies exposed to pesticides. When exposed to deltamethrin, the
arbonylation pattern in gills did not seem to be higher compared
o the control profile since about the same total number of protein
pots were assigned in gills of untreated animals (45) and of shrimp
xposed to deltamethrin (38). Although no quantitative difference
n protein carbonylation was detected by two-dimensional gel elec-

rophoresis analysis, a qualitative modification of the proteome
xidation status has been recorded. In response to the deltamethrin
reatment, 17 protein spots were present and 24 absent compared
o control. It indicates that general oxidation status of the proteome
as been reorganized. It strengthens the observation that exposure
d Pharmacology 28 (2009) 302–310

to deltamethrin at 0.1 �g L−1 during 4 days induces oxidative dam-
ages on lipids and proteins in cultured shrimp. McDonagh et al.
(2005) highlighted that protein carbonylation profile modifications
in response to ROS exposure was strongly evident in samples show-
ing only modest effects on the general protein expression profile.
In addition, the present study assumes that this approach can also
discriminate different stress levels even though the general protein
carbonylation level is only weakly modified. This strengthens the
utility of proteomic-based detection of protein carbonylation as a
potential useful and sensitive biomarker that can be used in field
monitoring studies.

Catalase and glutathione peroxidase have complementary roles
in hydrogen peroxide detoxication. In the present study, even
though a slight non significant increase of GPx activity was observed
in gills of shrimp exposed to the highest tested deltamethrin con-
centration, none of the tested pesticides have significant effect on
CAT and GPx activities in hepatopancreas and in gills. This lack
of GPx and CAT activities induction in gills after 4 days exposure
to 0.1 �g L−1 deltamethrin could explain, at least partly, that this
experimental condition may induce oxidative damages on lipids
and proteins. Low activity of GPx and CAT in gills of endosulfan
exposed shrimp, as observed in the present study, suggests the
inefficiency of this organ in neutralizing the impact of peroxides
and thus resulting in increased LPO (Fatima et al., 2000). Several
studies dealing with the responses of antioxidant enzymes to pes-
ticides, which enhance reactive oxygen species production, have
been reported. However, they were inconclusive and show wide
individual differences (Oruç et al., 2004).

Using GST and other detoxification enzymes of phase II bio-
transformation as biomarkers of exposure to xenobiotics has gained
credence for aquatic pollution monitoring (Livingstone, 1998). Glu-
tathione S-transferases are a group of widely distributed enzymes
that catalyze the conjugation of glutathione (GSH) with various
electrophilic substances. GST-mediated conjugation is involved
in the detoxification of many xenobiotics, which play an impor-
tant role in protecting tissues from oxidative stress (Fournier et
al., 1992). Nevertheless, in the present report, endosulfan and
deltamethrin treatments were unable to affect GST activity in
exposed shrimp. These results suggest that GST is not involved in
the detoxification of these compounds in P. monodon under our
experimental conditions. On the contrary, GST was found to be
induced in response to exposure to endosulfan in fish (Pandey et al.,
2001; Dorval et al., 2003) and in daphnia (Barata et al., 2005). Paral-
lel induction of GST was noted in liver and kidney of fish exposed to
deltamethrin (0.75 �g L−1), while it was reduced in gills (Sayeed et
al., 2003; Atif et al., 2005). Since several isoforms exist and can dif-
ferently react to xenobiotic exposure (Hoarau et al., 2004; Silvestre
et al., 2006) and since only one substrate was used in the present
study, further investigations on possible isoform specific induction
in shrimp tissue due to deltamethrin exposure should bring deeper
informations.

Whereas deltamethrin induced oxidative damages in tissues of P.
monodon, we could not observe a comparable effect for endosulfan
exposed shrimp. However, exposure to this organochlorine induced
heat shock protein responses, mainly an induction of HSP90 in mus-
cle. For this biomarker, a positive dose/response relationship was
observed since up to 2.1-fold induction was noted at the highest
tested concentration. At our knowledge, it is the first evidence that
endosulfan can induce HSP90 over-expression in aquatic organ-
isms. Since most pesticides are lipophilic in nature, they easily
diffuse into cells and may interfere with the hydrophobic core of

protein, thus leading to denaturation of protein by exposing the
lipophilic moieties to the aqueous environment (Meyer et al., 1995).
The present results indicate that endosulfan has proteotoxic effects
in muscle of exposed shrimp and that HSP90 must be synthe-
sized to avoid or minimize protein denaturation and/or aggregation.
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ontrarily, induction of HSP70 in organisms due to exposure to
esticides has previously been reported (Eder et al., 2004). HSP70

nduction in fish has been reported following exposure to the phos-
horothiate insecticide, chlorpyrifos via food (Varo et al., 2002).

n prawn Macrobrachium malcolmsonii, endosulfan induced HSP70
ver-expression after 96 h exposure in gills for concentrations of
.32 and 0.016 �g L−1. In P. monodon, endosulfan seems to induce
ver-expression of HSP70 in muscle. However we observed that
t days 4 + 7, HSP70 level had significantly decreased compared to
ay 0 and day 4, for controls and for shrimp exposed to 0.1 �g L−1

ndosulfan. This decrease was slight and non significant for animals
xposed to 1 �g L−1, indicating a possible new synthesis of HSP70
ue to pesticide exposure. On the contrary, no similar effect could
e observed for shrimp exposed to deltamethrin since the same
ecrease was noted at days 4 + 7 for all concentrations tested. This

nstability of HSP70 level over the experimental duration may be
ue to external uncontrolled parameters that could have modified
his protein expression. The use of HSP70 as biomarker of pesti-
ide exposure must take this fact into account and requires high
recautions.

Endosulfan and deltamethrin exhibited different mechanisms
f toxic action in tissues of P. monodon. The difference in biologi-
al responses could allow discriminating both pesticide exposure
f these responses are used as biomarkers in shrimp farms.
eltamethrin has shown a pro-oxidant effect in gills while endo-

ulfan has shown HSP induction in muscle. Lipid peroxidation level,
rotein carbonylation specificities, HSP70 and HSP90 levels could
e adapted for biomarker development, while antioxidant enzyme
ctivities tested, i.e. CAT, GPx and GST, were never affected. How-
ver, some limitations exist. LPO response to deltamethrin seemed
ransient since its induction observed after 4 days exposure was
ot further observed after 7 days of decontamination. Similar time
ependence effect could also diminish the usefulness of HSP90
nd HSP70 as biomarkers. The former showed induction after 7
ays of decontamination only, while the latter showed a decreased
xpression over experimental duration. These limitations suggest
hat care must be taken when analysing these biomarkers and
hat their induction and elimination kinetics should be known.
ur complementary proteomic approach seems very promising but

equires deeper analysis and protein identification. Undoubtedly, a
et of biomarkers, using proteomics and more classical biochemi-
al approaches, should be developed as an early warning signal in
rder to prevent excess use of chemicals in shrimp farming.
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