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Abstract

We investigated the alteration of cytochrome P450-dependent monooxygenase enzymes and antioxidant enzymes in response to oil
effluent in freshwater prawn, Macrobrachium malcolmsonii. The prawns were exposed to two sublethal (10% [0.91 ppt] and 25% [2.3 ppt]
of 5-day median lethal concentration) concentrations of oil. After 30 days, treated prawns were transferred into untreated freshwater and
depuration was followed for another 30 days. At 7-day intervals, hydrocarbons and detoxifying enzymes were analysed in the
hepatopancreas. Accumulation of hydrocarbon in the tissues gradually increased when exposed to sublethal concentration of oil effluent
associated with enhanced levels of cytochrome P450, NADPH cytochrome ¢ reductase and cytochrome bs. During depuration, the levels of
accumulated hydrocarbons decreased due to the induction of these detoxifying enzymes. Oil derived hydrocarbon mediated oxyradical
production would have occurred in M. malcolmsonii. This was confirmed by elevated levels of superoxide dismutase (SOD) and catalase
(CAT). Thus, cytochrome P450-dependent monooxygenase enzymes and antioxidant enzymes in oil-exposed prawns demonstrate a well-
established detoxifying mechanism in M. malcolmsonii.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction and its monooxygenase enzymes play a main role in the
detoxification of xenobiotics (Livingstone, 1993; Arun and
Subramanian, 2003). In phase II conjugation reaction, glu-

tathione-S-transferases (GST) catalyse the conjugation of

The increased exposure of contaminants in the aquatic
environment has caused concern for the adverse effect of

lipophilic compounds in the aquatic system. Uptake and
accumulation of xenobiotics in the tissues of aquatic organisms
occur from the sediment, contaminated water column and food
chain (Livingstone et al., 1994) that cause deleterious effects.
However, enzymatically, aquatic organisms possess some
intrinsic detoxifying mechanisms to eliminate accumulated
xenobiotics. In phase-I reaction, cytochrome P450 (CYP450)
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electrophilic substances with endogenously reduced glutathione
and protect other nucleophilic centers such as protein and
nucleic acids (George, 1994). During phase I metabolism, CYP
and monooxygenase enzymes are involved in the generation of
oxyradicals (Livingstone, 1991). In addition, studies have
focused on contaminant-stimulated reactive oxygen species
production and mechanism of oxidative damage in aquatic
organisms (Livingstone, 2001).

Oxyradicals are capable of inducing oxidative tissue
damage, lipid peroxidation, nucleic acid damage, enzyme
inactivation and protein degradation (Borg and Schaich,
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1984). In order to prevent damage to cellular components,
numerous enzymatic antioxidant defenses act to scavenge
oxyradicals including superoxide dismutase (SOD), catalase
(CAT) and glutathione peroxidase (GSH-Px). These biotrans-
formation and antioxidant enzymes have been extensively
studied in fishes (Gokseyr and Forlin, 1992; George, 1994;
Arun and Subramanian, 2002) while fewer studies have been
done with invertebrates (Livingstone, 1991; Lemaire and
Livingstone, 1993; Livingstone and Goldfarb, 1998). In
crustaceans, the principal activity of these enzymes, in response
to the exposure to hydrocarbons, remains unexplained.

Therefore, cytochrome P450-dependent monooxygenase
and antioxidant enzymes were measured in the hepatopancreas
of freshwater prawn, M. malcolmsonii, following exposure to
0.91 and 2.3 ppt of oil effluent (10% and 25% of the 5-day
LCsg) for 30 days. The aims of the study were to examine (1)
alteration of biotransformation enzymes (CYP-dependent
monooxygenase) and antioxidant enzymes in response to oil
pollution and (2) whether these enzymes would serve as a
biomarker to detect the accumulated hydrocarbons in this
species.

2. Materials and methods
2.1. Animals

Subadult freshwater prawns, M. malcolmsonii, were col-
lected from Cauvery River (Tiruchirappalli, India) and
transported in aerated polyethylene bags to the laboratory.
The prawns were acclimatized for 5 days before sampling and
starved for 1 day prior to sacrifice.

2.2. Acute toxicity experiment

The aqueous oil effluent originated from the coal conversion
plant turbine section and boiler units of Bharat Heavy Electrical
Limited (BHEL), situated 14 km from Tiruchirappalli. It
consisted mainly of aromatic hydrocarbons. Initial experiments
were conducted to assess the minimum concentration of oil
effluent to obtain maximum mortality, for M. malcolmsonii,
over a S5-day exposure. After confirming the minimum
concentration, ten M. malcolmsonii were placed in different
tubs (each) and exposed to oil effluent, ranging from 4 ppt to
16 ppt for 5 days. In addition, a control was also maintained.
The 5-day LCs values with 95% confidence limits were
calculated using National Crop Production Centre Technical
Bulletin (1986) method.

2.3. Exposure experiment

Based on a 5-day LCsq value of oil effluent, sublethal
concentration of 10% (0.9 ppt) and 25% (2.3 ppt) of LCso were
prepared and used for detoxification study. In this study, two
sets of 10-1 plastic tubs were used. In each tub, prawns were
exposed to 0.9 or 2.3 ppt of oil. A control was also run
simultaneously without the addition of oil. Every 7 days,
prawns were sacrificed. After 30 days, the treated prawns were

released into freshwater and a 30-day depuration study was
conducted. Prawns were sampled at 7-day intervals. Two
prawns were randomly chosen and removed from each of the
two tubs (n=4) for dissection.

2.4. Detection of oil-derived hydrocarbons

Total hydrocarbons in oil and hepatopancreas were deter-
mined by the method of Law et al. (1988). Samples were
extracted with hexane by using cylindrical glass separating
funnel. The content of total hydrocarbon was measured with a
florescence spectrophotometer (Ex=310 nm; Em=360 nm)
using chrysene as a standard since the pure aromatic compound
chrysene strongly absorbs UV fluorescence intensity at 310 nm.
Results are expressed as pg/g tissue in terms of chrysene
equivalents.

2.5. Biochemical analysis

Cytosol and microsomes were prepared according to
Livingstone and Farrar (1984). All the preparation procedures
were carried out at 4 °C. The pooled hepatopancreas (from four
animals) was homogenized in 20 mM Tris—HCl pH 7.6
containing 0.25 M sucrose, 0.15 M KCI, 1 mM EDTA and
1 mM DTT. The homogenates were centrifuged at 500xg for
1 h. The pellets were discarded and supernatants were
centrifuged at 12,000xg for 45 min. The supernatants were
centrifuged at 100,000xg for 90 min and the resulting
supernatant was used as the cytosolic fraction. Resuspension
buffer consisting of 20 mM Tris—HCl, pH 7.6, 1 mM DTT and
1 mM EDTA was added into the remaining pellets. The
resuspended pellets were used as a microsomal fraction.

Cytochrome P450-dependent monooxygenase enzymes
were measured in microsomes. Antioxidant enzymes were
measured in the cytosolic fraction as was suggested by Arun
and Subramanian (1999). NADH and NAD(P)H cytochrome ¢
reductase were measured by the reduction of cytochrome ¢ at
550 nm (Shimakata et al., 1972). Total cytochrome P450
(CYP) content was measured by the carbon monoxide
difference spectrum of sodium dithionate-reduced sample
(Omura and Sato, 1964). Cytochrome bs content was
measured by the reduction of NADH (Estabrook and
Werringloer, 1978). GST activity was monitored by measuring
the rate of conjugation of 1-chloro-2,4-dinitrobenzene with
glutathione at 340 nm (Habig et al., 1974). The SOD assay
was based on the auto-oxidation of epinephrine and measured
at 340 nm (Sun and Zigman, 1978). CAT assay was based on
the decomposition of H,O, and measured by the decreased
absorbance at 240 nm (Caliborne, 1985; Arun et al., 2003).
GSH-Px assay was based on the reduction of hydroperoxides
catalysed by GSH-Px using GSH (reduced glutathione) as a
reducing agent. The activity was measured by coupling the
oxidation of NADPH with reduction of GSSG (oxidised
glutathione) catalysed by glutathione reductase (Lawrence and
Burk, 1976; Arun et al., 1999). Protein concentration was
determined by the method of Lowry et al. (1951) with bovine
serum albumin as a standard.
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Fig. 1. Cytochrome P450 content in freshwater prawn, M. malcolmsonii, exposed to 0.91 and 2.3 ppt of oil effluent for a period of 30-day accumulation and 30-day

depuration. Each value represents mean+S.E.M. for 4 determinations.

2.6. Statistical analysis

Values were presented as mean+S.E.M. and analysed by
Student’s #-test; p<0.05 was considered as statistically
significant.

3. Results
3.1. Hydrocarbons

The 5-day median lethal concentration of oil effluent for the
prawns was 9.12 ppt. Accumulation of hydrocarbons, in the
hepatopancreas of prawns exposed to 0.9 and 2.3 ppt, increased
gradually and attained maximum value at Day 30 (Fig. 1).
Hydrocarbons accumulated on Day 30 were more than tenfold

higher when compared to Day 1 or Day 8. During depuration
phase, the hydrocarbon levels gradually decreased and attained
a minimum value of 2.7+0.28 pg/g tissue and 2.3+0.52 pg/g
tissue in the two groups on Day 60.

3.2. Cytochrome P450

Compared to control, the content of CYP increased by
twofold on Day 15 on exposure to 2.3 ppt of oil effluent.
Similarly CYP content was twofold higher on Day 22 when
exposed to 0.91 ppt of oil effluent. Whereas the content of CYP
decreased on Day 22 and Day 30 on exposure to 2.3 ppt of oil
effluent when compared to Day 15 content. During depuration
period, the content of CYP decreased gradually and reached a
fairly constant level on Day 60 (Fig. 1).

cytochrome b5
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Fig. 2. Content of cytochrome bs in freshwater prawn, M. malcolmsonii, exposed to 0.91 and 2.3 ppt of oil effluent for a period of 30-day accumulation and 30-day

depuration. Each value represents mean+S.E.M. for 4 determinations.
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Fig. 3. NADPH cytochrome c reductase activity in freshwater prawn, M. malcolmsonii, exposed to 0.91 and 2.3 ppt of oil effluent for a period of 30-day accumulation

and 30-day depuration. Each value represents mean+S.E.M. for 4 determinations.

3.3. Cytochrome bs, NAD(P)H cytochrome c reductase and
glutathione-S-transferases

When compared to control, the content of cytochrome bs
and NADPH cytochrome ¢ reductase increased significantly
from Day 8, throughout the exposure period, on exposure
to 091 ppt and 2.3 ppt of oil effluent. During the
depuration phase, the contents decreased gradually and
reached the control value (80.60+4.3 pmol/mg protein) on
Day 30 in prawns which had been exposed to 0.91 ppt of
oil extract (Figs. 2 and 3). No difference in the activity of
NADH cytochrome ¢ reductase was observed on exposure
to both 0.91 ppt and 2.3 ppt of oil effluent. Significantly
enhanced activity of GST was observed on Day 22 and
Day 30 (Fig. 4).

3.4. Antioxidant enzymes

On exposure to oil effluent, SOD and CAT were increased
several fold after Day 15. During depuration phase, no drop in
both enzyme activities occurred on 2.3 ppt concentration.
However, on 0.91 ppt concentration, SOD and CAT activities
were slowly decreased from Day 45. No change in specific
activity of Se-dep-GSH-Px level was observed on exposure to
both concentrations of oil effluent. Similarly, during the
depuration period, no significant change was measured (data
not shown). In contrast, the activity of Se-indep-GSH-Px
increased by 2 fold compared to the control level on Day 30.
During the depuration period, the enhanced activity of Se-
indep-GSH-Px was short-lived and the activity reached control
level from Day 39 (Table 1).
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Fig. 4. Glutathione S-transferase activity in freshwater prawn, M. malcolmsonii, exposed to 0.91 and 2.3 ppt of oil effluent for a period of 30-day accumulation

and 30-day depuration. Each value represents mean+S.E.M. for 4 determinations.
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Table 1

Superoxide dismutase (SOD), catalase (CAT) and Se-independent glutathione peroxidase activities in freshwater prawn, M. malcolmsonii, exposed to 0.91 and 2.3 ppt of oil effluent for 30-day accumulation and 30-day

depuration

Day 8 Day 15 Day 22 Day 30 Day 31 Day 38 Day 45 Day 52 Day 60

Day 1
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31.48+0.65
38.68+0.61

30.95+0.77
35.62+0.50
65.38+0.66
48.95+0.62
47.68+0.82

32.68+0.64
65.64+0.71

34.12+0.76
68.68+0.50
98.68+0.66
48.45+0.68
112.68+0.72

33.64+0.50

31.85+0.66
68.42+0.66
110.48+0.84

32.15+0.85
68.68+0.55

33.88+0.73
66.38+0.48
74.68+0.79

33.28+0.85

32.68+0.68
32.18+0.78
30.49+0.75

Control

SOD (U/min/mg protein)

70.32+0.78

31.56+0.64
32.54+0.73

0.91 ppt
2.3 ppt

96.48+0.66 64.75+0.55 63.84+0.56

48.56+0.75
115.32+0.88

96.34+0.77

49.54+0.68
48.24+0.55
102.54+0.79

49.55+0.74
112.75+0.85

49.68+0.77

48.88+0.85
110.28+1.15
145.68+1.5

49.33+0.68  48.55+0.75 49.27+0.77
50.28+1.35

47.82+1.2

Control

CAT (pmol/min/mg protein)

108.63+0.95

105.68+0.95

0.91 ppt
2.3 ppt

148.68+1.25 138.48+0.90  110.6+0.82
9.35+0.2
9.38+0.25
9.45+0.18

150.68+0.95

140.28+1.25

46.48+0.85  135.68+1.25

47.68+0.82

9.37+0.15
9.35+0.42
9.37+0.25

9.35+0.17
9.25+0.15

9.45+0.28

10.28+0.48

9.35+0.25
22.274+0.28
28.54+0.32

9.38+0.15

20.15+0.38

9.3+0.15 9.45+0.23 9.28+0.17 9.38+0.10
9.25+0.19
9.15+0.20

9.25+0.23
9.58+0.12

Control

Se-indep-GPX (nmol/min/mg protein)

9.42+0.20
9.47+0.21

9.0£0.23
9.25+0.18

0.91 ppt
2.3 ppt

9.0£0.20

9.21+0.25

30.5+0.38

Each value represents mean+S.E.M. for 4 determinations.

4. Discussion

Our data show that approximately 90% of the accumulated
hydrocarbons are eliminated in 30 days. Similarly Mytilus
edulis released 90% hydrocarbon after 35 days (Di Salvo et al.,
1975) and hydrocarbons are undetectable after 45 days in PAH-
exposed mussels (Dunn and Stich, 1976). Our results indicate
that concentration of hydrocarbon, duration of hydrocarbon
exposure and induction of CYP monooxygenase and antiox-
idant enzymes may influence patterns of accumulation and
release of hydrocarbons in freshwater prawns.

Exposure of M. malcolmsonii to 0.91 ppt and 2.3 ppt
sublethal concentrations of hydrocarbon-induced CYP. After
exposure to 2.3 ppt of oil effluent, on Days 22 and 30, the
content of CYP was lower than the Day 15 value. This could
be attributed to the statement that high accumulation of
hydrocarbons (more than 25.8 pg/g) in the tissue may impair
the function of CYP or inhibit the content of CYP. Monosson
and Stegeman (1994) also observed the inhibition of CYP
content due to heavy accumulation of PCB in fish. During
sublethal exposure, the uptake and accumulation of hydro-
carbons were increased in the hepatopancreas of prawn. In
addition, the CYP450 content also significantly (p<0.05)
increased, in order to oxidise the accumulated hydrocarbon.
This increased content of CYP was measured after 24 h, in
prawn. Livingstone et al. (1985) also reported an increased
level of CYP after 24 h of exposure to diesel oil. Similarly,
Batel et al. (1988) measured an increased level of CYP in
spiny crab when exposed to hydrocarbons. In prawn, the level
of CYP was identified to increase during the exposure to oil
effluent and returned to control levels on Day 60 of
depuration phase. The accumulated hydrocarbons and induc-
tion of CYP in the hepatopancreas of prawns indicate that the
response of the CYP is dose-dependent. Similar result was
also obtained in M. edulis (Livingstone et al., 1985) that
exerts an increased content of CYP after 24 h of exposure to
hydrocarbons and returned to control concentration after
8 days of recovery.

An increased response of cytochrome bs content was
associated with the increased accumulation of hydrocarbons.
Maximum level of cytochrome b5 was observed on Day 30,
which was 1.5-fold greater than control level (p<0.01).
Goksoyr et al. (1987) also measured an almost threefold
higher cytochrome bs content in BNF-treated rainbow trout.
Similarly Livingstone et al. (1985) also observed a twofold
increase of cyt.bs in mussel when exposed to diesel oil.
During the depuration period, prawns exert declined cyt.bs
content along with the decreasing hydrocarbons and attained
almost control level on Day 60. This decreased content of
cytochrome bs may be due to the low detection of
hydrocarbons. Livingstone et al. (1985) also observed similar
findings in mussel, i.e., low accumulation of hydrocarbon
induce low level of cyt.bs than high accumulation of
hydrocarbon. In prawns, the activity of NADPH cytochrome
¢ reductase was significantly increased (p<0.05) in all
experimental days. Simultaneously during the recovery
period, the activity was gradually decreased. Similar increase
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in NADPH cytochrome c¢ reductase activity of digestive gland
has been observed with the exposure of Mytilids and
gastropods to PAH and other hydrocarbons (Gilewicz et al.,
1984; Livingstone et al., 1986; Woodin et al., 1997). In
contrast to these results, there were no significant changes
observed in NADH cytochrome ¢ reductase in prawns when
exposed to sublethal concentration of oil effluent. This result
is in agreement with the notion that NADPH cytochrome ¢
reductase is predominantly involved in donating electrons to
cytochrome bs in prawn, rather than NADH cytochrome ¢
reductase (Stegeman and Kaplan, 1981). Cytochrome b5
donates electrons to CYP and the CYP involved in oxidation
of hydrocarbons to produce reactive metabolites and/or water-
soluble by-products. These reactive metabolites are toxic and
further undergo phase II metabolism. Therefore, GST was
analysed in prawns after exposure to 0.91 ppt and 2.3 ppt of
oil effluent. No significant difference in GST activity was
seen in prawn up to 15 days when exposed to 2.3 ppt of oil
effluent.

An increased activity of GST observed in prawn on
Day 30 may be due to high accumulation of hydrocarbons
and subsequent higher induction of CYP-dependent mono-
oxygenase enzymes in these organisms. Bioactivation of
CYP450 would produce toxic reactive metabolites and hence
to remove these metabolites higher GST would be produced
on Day 30 in prawns. Similarly Woodin et al. (1997)
observed the toxic consequences of reactive metabolites due
to increased CYP in fish and suggested the increased GST
may give protection from the toxic effect of reactive
metabolites. During this biotransformation process, hydro-
carbons such as quinones undergo cyclic univalent reduction
by flavoprotein reductase, NAD(P)H cytochrome ¢ reductase
and produces O3 (oxyradical). Similarly, the disturbance of
electron flow between the flavoprotein reductase and
cytochrome P450 by the induction of a xenobiotic compound
produced the oxyradical (Lemaire and Livingstone, 1993).
Antioxidant enzymes are involved in the removal of these
oxyradicals. In prawns the activity of SOD was significantly
(»<0.001) elevated upon 15 days of exposure to 0.91 ppt and
2.3 ppt of oil effluent. From the O3 -generating mechanism, it
is known that high accumulation of hydrocarbons could
mediate the generation of oxyradicals in prawn. Garcia
Martinez and Livingstone (1995) also observed xenobiotic-
stimulated oxyradical production in common mussel.
Whereas, autooxidation of enhanced CYP and flavoprotein
reductase would also be involved in the production of
oxyradicals in freshwater prawns. Hence, the activity of SOD
increased after 15 days to degenerate oxyradicals. Similarly
Limanda limanda exerts an enhanced SOD activity after
80 days of exposure to PAH-contaminated sediments
(Livingstone et al., 1993).

The activity of catalase in response to 0.91 and 2.3 ppt
sublethal concentration of oil effluent was similar to the response
of SOD. The enhanced activity of CAT suggests that CAT is
mainly involved in the removal of H,O, that was generated by
superoxide dismutase. Hence the elevated trend of CAT was
similar to superoxide dismutase pattern and this finding can be

corroborated with the observation of Livingstone et al. (1993)
who measured an enhanced SOD and CAT activity in limanda
after 80 days of exposure to PAH-contaminated sediment.

The activity of Se-dep GSH-Px was not increased, but the
activity of CAT was increased. Even though CAT and GSH-Px
play a similar role in the removal of H,O,, CAT was thought to
be more important in the removal of H,O, (Arun and
Subramanian, 1998). The induction response of GSH-Px was
very small when compared to CAT exposed to oil effluent.
Similar results were also observed in sea bass, dab and rainbow
trout when exposed to various contaminated sediments
(Lemaire et al., 1996; Livingstone et al., 1993).

Consequently from the above findings it was clearly revealed
that, in freshwater prawns, microsomal electron transport
component and monooxygenase enzymes (cytochrome bs,
NADPH-cytochrome ¢ reductase and CYP) were involved in
the removal of accumulated hydrocarbons. In addition, during
depuration, alteration that occurred in these enzyme activities
reflect the ability of detoxification. In freshwater prawn, during
microsomal electron transport system, cytochrome b5 received
the electrons from NADPH-cytochrome ¢ reductase and donates
to CYP. Then this oxycytochrome P450 metabolises the
hydrocarbons into their derivatives. This phase I metabolism
was clearly noted in M. malcolmsonii by analyzing enhanced
monooxygenase enzymes when exposed to sublethal concentra-
tion of oil effluent. Furthermore, phase II-metabolizing enzymes
removed the metabolites of hydrocarbon. This reaction was
confirmed by the increase of GST enzymes in M. malcolmsonii
after 22 days of exposure to oil effluent, respectively.
Xenobiotic-mediated oxyradical production also occurred in
M. malcolmsonii. During phase I metabolism, autooxidation of
CYP and flavoprotein reductase may generate oxyradicals in
freshwater prawns. This was confirmed by measuring elevated
level of SOD and CAT (p<0.001). No significant change
occurred in Se-GSH-Px activity when exposed to oil effluent.
This result would reveal that CAT enzyme alone was involved in
the removal of H,O,. A marked increase in Se-independent
GSH-Px activity was observed at 30-day exposure to oil effluent.
This result indicates the enhanced activity involved in the
removal of organic hydroperoxides in freshwater prawns. Thus,
by analyzing phase I, phase II and antioxidant enzymes in oil-
exposed prawns, the detoxification mechanisms were easily
predictable in M. malcolmsonii. In addition, the enhanced
activity of biotransformation enzymes in response to the
exposure to oil effluent could be used as a biomarker for the
early detection of oil pollution. The elevated level of antioxidant
enzymes indicates the occurrence of reactive oxygen species that
are generated from phase I metabolism. Thus, antioxidant
enzymes could also be used as a biomarker for the detection of
reactive oxygen species in freshwater prawn, M. malcolmsonii.

Acknowledgements

The authors wish to thank Dr. David R Livingstone
(Plymouth Marine Laboratory, Plymouth, UK) for his generous
help. Financial support to S. Arun by DST-India is greatly
acknowledged.



616 S. Arun, P. Subramanian / Comparative Biochemistry and Physiology, Part C 145 (2007) 610-616

References

Arun, S., Subramanian, P., 1998. Antioxidant enzymes in freshwater prawn
Macrobrachium malcolmsonii during embryonic and larval development.
Comp. Biochem. Physiol. B 121, 273-277.

Arun, S., Subramanian, P., 1999. Antioxidant enzymes activity in subcellular
fraction of freshwater prawn M. malcolmsonii and M. lamarrei lamarrei.
Appl. Biochem. Biotechnol. 75, 187-192.

Arun, S., Subramanian, P., 2002. Antioxidant enzymes in aquatic organisms,
particularly in freshwater prawn M. malcolmsoni. In: Tripathi, G., Tripathi,
Y. (Eds.), Bioresource and Environment. Campus Books International, New
Delhi, India, pp. 341-348.

Arun, S., Subramanian, P., 2003. Cytochrome P450 and other biotransformation
activity in aquatic organisms: potential biomarkers to environmental
pollution. In: Tripathi, G., Kumar, A. (Eds.), Potentials of Living Resources.
Discovery Publishers, New Delhi, pp. 459-488.

Arun, S., Krishnamoorthy, P., Subramanian, P., 1999. Properties of glutathione
peroxidase from the hepatopancreas of freshwater prawn M. malcolmsonii.
Int. J. Biochem. Cell Biol. 31, 725-732.

Arun, S., Thirumurugan, R., Visakan, R., Balamurugan, S., Arunachalam, V.,
Subramanian, P., 2003. Optimal analytical conditions of catalase in
freshwater prawn M. malcolmsonii. Biotech. Histochem. 78, 1—4.

Batel, R., Bihari, N., Zahu, R.K., 1988. 3-Methylcholanthrene does induce
mixed function oxidase activity in hepatopancreas of spiny crab Maja
crispta. Comp. Biochem. Physiol. C 90, 435-438.

Borg, D.C., Schaich, K.M., 1984. Cytotoxicity from coupled redox cycling of
auto oxidizing xenobiotics and metals. Isr. J. Chem. 24, 38—-53.

Caliborne, A., 1985. Catalase activity. In: Greenwald, R.A. (Ed.), Handbook of
Method of Oxygen Research. CRC Press, Boca Raton, FL, pp. 238—284.

Di Salvo, L.H., Guard, H.E., Hunter, L., 1975. Tissue hydrocarbon burden of
mussels as potential monitor of environmental hydrocarbon insult. Environ.
Sci. Technol. 9, 247-251.

Dunn, B.P., Stich, H.F., 1976. Release of carcinogen benzo(a)pyrene from
environmentally contaminated mussels. Bull. Environ. Contam. Toxicol. 15,
398-401.

Estabrook, R.W., Werringloer, J., 1978. The measurement of difference spectra
application to the cytochromes of microsomes. In: Fleischer, S., Packer, L.
(Eds.), Methods of Enzymology, vol. L11. Academic Press, New York,
pp. 212-220.

Garcia Martinez, P., Livingstone, D.R., 1995. Benzo(a)pyrene stimulated
oxyradical production by microsomes of digestive gland of common mussel,
M. edulis L. Mar. Environ. Res. 39, 185-189.

George, S.G., 1994. Enzymology and molecular biology of phase II xenobiotic
conjugating enzymes in fish. In: Malins, D.C., Ostrander, G.K. (Eds.),
Aquatic Toxicology, Molecular, Biochemical and Cellular Perspectives.
CRC Press, Boca Raton FL, pp. 37-85.

Gilewicz, M., Guillaume, J.R., Carles, D., Levean, M., Bertrand, J.C., 1984.
Effects of petroleum hydrocarbon on the cytochrome P450 content of the
mollusk bivalve M. galloprovincialis. Mar. Biol. 80, 155-159.

Gokseyr, A., Forlin, L., 1992. The cytochrome P450 system in fish, Aquatic
Toxicology and Environmental Monitoring. Aquat. Toxicol. 22, 287-312.

Gokseyr, A., Andersson, T., Hansson, T., Klung, J.S., Zhang, Y., Forlin, L.,
1987. Species characteristics of the hepatic xenobiotic and steroid
biotransformation system of two teleost fish, Atlantic cod (Gadus morhua)
and rainbow trout (Salmo gairdneri). Toxicol. Appl. Pharmacol. 89,
347-360.

Habig, W.H., Pabst, M.J., Jakoby, W.B., 1974. Glutathione S transferases. The
first enzymatic step in mercapturic acid formation. J. Biol. Chem. 251,
7130-7139.

Law, R.J., Fileman, P., Portmann, J.E., 1988. Aquatic environmental protection:
analytical methods. MAFF. Direct Fish. Res. Lowestoft 2, 1-25.

Lawrence, R.A., Burk, R.F., 1976. Glutathione peroxidase activity in selenium
deficient rat liver. Biochem. Biophys. Res. Commun. 71, 952-958.

Lemaire, P., Livingstone, D.R., 1993. Pro-oxidant/antioxidant processes and
organic xenobiotic interactionsin marine organisms in particular the flounder

Platichthys flesus and the mussel Mytilus edulis. Trends Comp. Biochem.
Physiol. 1, 1119-1150.

Lemaire, P., Forlin, L., Livingstone, D.R., 1996. Response of hepatic
biotransformation and antioxidant enzymes to CYPIA inducers (3-
methylcholanthrene, B-napthoflavone) in sea bass (Dicentrarchus labrax),
dab (Limanda limanda) and rain bow trout (Oncorhynchus mykiss). Aquat.
Toxicol. 36, 141-160.

Livingstone, D.R., 1991. Organic xenobiotic metabolism in marine inverte-
brates. In: Gilles, R. (Ed.), Advances in Comparative Environmental
Physiology, vol. 7. Springer-Verlag, pp. 45—185.

Livingstone, D.R., 1993. Biotechnology and pollution monitoring use of
molecular biomarkers in aquatic environment. Chem. Technol. Biotechnol.
57, 195-211.

Livingstone, D.R., 2001. Contaminant-stimulated reactive oxygen species
production and oxidative damage in aquatic organisms. Mar. Pollut. Bull.
42, 656—666.

Livingstone, D.R., Farrar, S.V., 1984. Tissue and subcellular distribution of
enzyme activities of mixed function oxygenase and benzo a pyrene
metabolism in the common mussel Mytilus edulis L. Sci. Total Environ. 39,
209-235.

Livingstone, D.R., Goldfarb, S.P., 1998. Biomonitoring in the aquatic
environment: use of cytochrome p4501A and other molecular biomarkers
in fish and mussels. In: Lynch, J.M., Wiseman, A. (Eds.), Environmental
Biomonitoring: The Biotechnology Ecotoxicology Interface. Cambridge
University Press, pp. 101-129.

Livingstone, D.R., Moore, M.N., Lowe, D.M., Nasci, C., Farrar, S.C., 1985.
Response of the cytochrome P450 monooxygenase system to diesel oil in
the common mussel, Mytilus edulis L., and the periwinkle Littorina littorea
L. Aquat. Toxicol. 7, 79-91.

Livingstone, D.R., Stickle, W.B., Kapper, M., Wang, S., 1986. Microsomal
detoxification enzyme responses of the marine snail, Thais haemastoma, to
laboratory oil exposure. Bull. Environ. Contam. Toxicol. 36, 843—850.

Livingstone, D.R., Lemaire, P., Matthews, A., Peters, L.D., Bucke, D., Law,
R.J., 1993. Pro-oxidant, antioxidant and 7-ethoxyresorufin O-deethylase
activity responses in liver of dab (Limanda limanda) exposed to sediment
contaminated with hydrocarbons and other chemicals. Mar. Pollut. Bull.
26, 602-606.

Livingstone, D.R., Forlin, L., George, S.G., 1994. Molecular biomarkers and
toxic consequences of impact by organic pollution in aquatic organisms. In:
Sutcliffe, D.N. (Ed.), Water Quality and Stress Indicators in Marine and
Freshwater Systems: Linking Levels of Organization. Freshwater Biological
Association, Ambleside, pp. 154—171.

Lowry, O.H., Rosebrough, N.J., Farr, A.L., Randall, R.J., 1951. Protein
measurement with the folin phenol reagent. J. Biol. Chem. 193, 265-275.

Monosson, E., Stegeman, J.J., 1994. Induced cytochrome P450 1A in winter
flounder, Pleuronectes americanus, from offshore and coastal sites. Can. J.
Fish. Aquat. Sci. 51, 933-941.

National Crop Production Center (NCPC), 1986. Technical Bulletin No. 1. Basic
Computer Programmes for the Study of Population and Other Applications,
pp. 1-25.

Omura, T., Sato, R., 1964. The carbon monoxide binding pigment of liver
microsomes. J. Biol. Chem. 239, 2370-2378.

Shimakata, T., Mihara, V., Sato, R., 1972. Reconstitution of hepatic
microsomal stearoyl-coenzyme a desaturase system from solubilised
components. J. Biochem. 72, 1163-1174.

Stegeman, J.J., Kaplan, H.B., 1981. Mixed function oxygenase activity and
benzo a pyrene metabolism in the barnacle Balanus eburneus (Crustacean:
Cirripedia). Comp. Biochem. Physiol. C 68, 55-61.

Sun, M., Zigman, Z., 1978. An improved spectrometric assay for superoxide
dismutase based on epinephrine auto-oxidation. Anal. Biochem. 90, 81—-89.

Woodin, B.R., Smolowitz, R.M., Stegeman, J.J., 1997. Induction of cytochrome
PA501A in the intertidal fish Anoplarchus purpurescens by Prudhoe Bay
crude oil and environmental induction in fish from Prince Williams Sound.
Environ. Sci. Technol. 31, 1198-1205.



	Cytochrome P450-dependent monooxygenase system mediated hydrocarbon metabolism and antioxidant .....
	Introduction
	Materials and methods
	Animals
	Acute toxicity experiment
	Exposure experiment
	Detection of oil-derived hydrocarbons
	Biochemical analysis
	Statistical analysis

	Results
	Hydrocarbons
	Cytochrome P450
	Cytochrome b5, NAD(P)H cytochrome c reductase and glutathione-S-transferases
	Antioxidant enzymes

	Discussion
	Acknowledgements
	References


