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ARTICLE INFO ABSTRACT

Keywords: Used vehicle crankcase oils are a source of contamination in Caribbean marine environments and may alter the
Antioxidant enzymes oxidative balance of organism that inhabiting coastal ecosystems. This paper aims to evaluate effects of a water-
Catalase

soluble fraction of used vehicle crankcase oils (WSF-UVCO) on the antioxidant responses of the flame scallop
Ctenoides scaber. The organisms were exposed to ascending sublethal concentrations 0, 0.001, 0.01 and 0.1 % of
WSF-UVCO in a static system of aquaria during one week. Subsequently activities of superoxide dismutase (SOD),
catalase (CAT), glutathione peroxidase (GPx), glutathione reductase (GR) and glutathione-S-transferase (GST) as
well as concentrations of reduced glutathione (GSH) and thiobarbituric acid reactive substances (TBARS) were
determined in the digestive gland, adductor muscle and gills. SOD, CAT, GST and TBARS increased in digestive
gland of organisms exposed to WSF-UVCO at medium and highest concentrations, with a concomitant decrease in
GPX and GR activities. In adductor muscle CAT decreased, but GR rose with exposure to 0.01 and 0.1 % WSF-
UVCO; in gills, GST rose through all WSF-UVCO concentrations, and SOD, CAT and GR increased only at 0.1 %.
The fluctuations in antioxidant enzymes and GST activities point out possible adjustments to control ROS pro-
duction and detoxification of xenobiotics. These biochemical responses may guarantee the oxidative balance in
flame scallop during short term exposure to low concentrations of WSF-UVCO. C. scaber appears suitable as an
experimental organism for evaluating biological risks of sublethal exposure to hazardous xenobiotics in tropical
marine environments.

Reduced glutathione
Oxidative damage
Water-soluble fraction

1. Introduction

The used vehicle crankcase oils (UVCO) and other petroleum derived
compounds are important sources of pollution in tropical marine eco-
systems [1]. UVCO are mineral-oil mixtures containing products of
incomplete combustion of hydrocarbon fuels, such as poly-aromatic
hydrocarbons (PAH), as well as additives such as heavy metals, chlori-
nated solvents and organic metal complexes [2-4]. Waste lubricants can
enter to the marine environment through sewers, highway runoff and
drainage from gas stations, car mechanics and car washes. A portion of
UVCO, mainly water-soluble chemicals, is bioavailable and when
absorbed and metabolized by the marine organisms, can lead to prolif-
eration of reactive oxygen species (ROS) via redox cycling of xenobiotic
biotransformation. Previous studies had demonstrated that mixture of

xenobiotics present in lubricant oils may alter the antioxidants responses
and other biochemical biomarkers in different species [5-7].

Chronic increases in ROS alter oxidative balance and can cause DNA
lesions, enzyme inactivation and peroxidation of cellular and sub-
cellular lipids [8]. These oxyradicals possess a high affinity for thiol
groups in peptides and enzymes, impeding the regulation of cellular
functions [9]. However, the cells contain a complex arsenal of molecular
defenses, enzymatic and non-enzymatic, that diminish ROS proliferation
to limit oxidative damage [10]. The antioxidant defense system is
composed of various enzymes such as superoxide dismutase (SOD),
catalase (CAT), glutathione reductase (GR) and glutathione peroxidase
(GPx) [11]. These enzymes are scavengers of free radicals, e.g. SOD
transforms superoxide anion to HyO3, which is in turn eliminated by GPx
and CAT. GPx catalyzes the reduction of peroxide radicals to alcohols
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and oxygen, using reduced glutathione (GSH) as a substrate in a NADPH
dependent reaction [12-14]. Another important enzyme associated to
the antioxidant defense system is glutathione-S-transferase (GST). This
is a phase II metabolic enzyme, which participates in the detoxification
of diverse organic xenobiotics using GSH [15,16]. When the antioxidant
defenses are surpassed by ROS, they could provoke to molecular per-
turbations, especially the formation of malondialdehyde (MDA). All
these responses are early signals of oxidative damage in contaminant
exposed organisms, which have been frequently used as biomarkers of
pollutant exposure [17-19].

The mollusk-bivalves have been considered as sentinel organisms for
the biomonitoring of harmful compounds in coastal areas, which have
filtering lifestyle, ubiquitous distribution, easy approachability and
sensitivity to a wide range of pollutants [20,21]. Ecotoxicological
studies have frequently used mussels and clams as model organisms, but
rarely scallops. Scallops are a commercially important shellfish in
worldwide, particularly in the Caribbean region [22]. A relatively
abundant scallop in Caribbean coral reef ecosystems is Ctenoides scaber
(Born, 1778), commonly called the “flame scallop”, due to that they
possess a red mantle and extensive tentacles [23,24]. Natural pop-
ulations are found in shallow Atlantic coastal waters from North Car-
olina in United States of America to the northeastern coast of Venezuela,
and their reproductive cycle and population dynamics as well as their
potential for aquaculture are known [25,26]. As a filter feeder, C. scaber
is constantly exposed to coastal waters; its distribution and habitat make
it an excellent choice as a potential sentinel organism to estimate toxi-
cological effects of marine contaminants.

C. scaber is suitable and novelty for field and laboratory studies, for
this reason we chose it to evaluate physiological perturbations caused by
a water-soluble fraction of used vehicle crankcase oils (WSF-UVCO)
focusing on biochemical responses of the oxidative stress management
system. We contrasted sub-lethal effects of this mixture of contaminants
on antioxidant defenses in several soft-tissues: digestive gland, adductor
muscle and gills. The digestive gland is crucial for digestion and storage
of food as well as the metabolism of xenobiotics; the gills carry out gas
exchange and are a potential route of entry of water-soluble contami-
nants; and the adductor muscle regulates shell aperture, cleanses the
body cavity and powers escape responses [27]. We predicted the
strongest responses to contaminants would be found in the “front-line”
digestive gland and gills while responses in the adductor muscle would
be weaker.

2. Materials and methods
2.1. Chemicals

All chemicals were of analytical grade (Sigma, St. Louis, MO, USA).
2.2. Scallops

One hundred sixty adult flame scallops, C. scaber (55.0-65.0 mm),
were harvested by hand from crevices in the limestone habitat by SCUBA
divers at 2—5 m depth from a coral reef at Gulf of Santa Fe, in the
Venezuelan northeastern coast (10°22°56'N - 64°44°07'W). The surface
seawater temperature in the moment to take the animals oscillated
among 24.80-25.30 °C. To avoid spawning and stress by handling, the
animals were sent to the laboratory in insulated contained (at 25 °C)
with well-aerated water and recirculated with a portable electric pump.
Transport from the collection site to the laboratory did not exceed an
hour. To habituate the scallops to laboratory conditions, they were kept
in aquaria of 100 x 60 x 50 cm (1 animal per 10 L), which contained
filtered and well-aerated seawater at a salinity of 360/00, pH 7.8 + 0.1
at 25 + 1 °C for two weeks. The photoperiod was approximately 12 h
light/12 h dark. These physical conditions were very similar to those at
the collection site. The scallops were fed twice daily with 100 mL of
cultured microalgae Tetraselmis chuii (16 x 10° cell/mL). Seventy-five
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percent of the seawater in the aquaria was changed every two days.
2.3. Used vehicle crankcase oil

The UVCO was obtained from a local gas station in Cumana City
(Venezuela). A stock solution of the water-soluble fraction of used
vehicle crankcase oils (WSF-UVCO) was prepared by placing 0.90 g of
UVCO per mL of filtered seawater into a Pyrex bottle and slowly stirring
the mixture with a magnetic stirrer during 24 h at room temperature.
After mixing, the oil and water phases were allowed to separate for 4 h,
before the aqueous phase was siphoned off. The WSF-UVCO was filtered
through a Whatman filter paper N°1 [5]. This solution was considered to
be 100 % and was then diluted with filtered seawater for the preliminary
(LC1, LCs0) and exposure bioassays.

2.4. Experimental treatment

In a static system of four glass aquaria (40 x 50 x 50 cm), we
exposed eight flame scallops to increasing sublethal concentrations of
0.001, 0.01 and 0.1% (v/v) of a WSF-UVCO, during one week. Scallops,
at one per 5 L of solution were distributed in the aquaria. As a control
group, a quantity similar of scallops was placed in filtered seawater,
without any UVCO. This bioassay was repeated 5 times. Salinity, pH and
temperature of seawater in aquaria were maintained similar to condi-
tions during the acclimatization period. The scallops were fed daily.

The experimental exposure concentrations were chosen by below the
lethal concentration LC; estimated (0.12 % v/v), by preliminary de-
terminations of the 96 -h LCsq (8.42 % v/v, with 95 % confidence limits
of 6.22 and 14.56 %) using standard guide [28]. The aquaria were
covered with glass lids to minimize evaporation of seawater and aera-
tion occurred through the lids. During the experimental period, half of
the water was renewed every day, and WSF-UVCO concentrations were
reestablished. Water replacement was carried out two hours after having
fed the animals to diminish accumulation of waste products. Immedi-
ately after of treatments, scallop’s soft-tissues were carefully removed
from the shells using a steel spatula. The digestive gland, adductor
muscle and gills (ctenidia) were dissected avoiding contamination with
other tissues and frozen rapidly in liquid nitrogen. Then tissues were
stored at -40 £ 1 °C for less than 2 days prior to enzymatic and molec-
ular determinations.

The chosen exposure concentrations represent a scenario of
contamination by spill or possible direct discharge of lubricant wastes
into coastal-marine ecosystems where the scallops live. Moreover, the
exposure period of a week using low concentrations of WSF-UVCO was
the necessary minimum time to find variations in certain biochemical
responses [29]. No mortality or notable behavioral change in the scal-
lops was observed during the exposure period. All applicable interna-
tional, national, and/or institutional guidelines for the care and use of
animals were followed [30,31].

2.5. Chemical analyses

For the determination of organic chemical composition, the WSF-
UVCO stock was acidified to pH < 2 with concentrated sulfuric acid,
and then extracted twice with methylene chloride. Then, the pH was
increased to >12 with concentrated sodium hydroxide and the mixture
were again extracted twice with methylene chloride. The acid and the
basic extracts were dried separately over anhydrous sodium sulfate,
filtered, and concentrated to 1 mL under a stream of nitrogen.

The concentrated organic extracts were analyzed by gas chroma-
tography/mass spectrometry (GC/MS) on a Saturn 2000 Varian System
equipped with a Crompact CP-sil 8 CB-MS column (50 m x0.25 mm
x0.25 pm), and a Varian 1078 temperature programmable detector. The
temperature program for the column included a 5 min hold time at
60 °C, temperature ramping of 10 °C/min to 320 °C, and a final hold
time of 4 min. The temperature program for the injector included a hold
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time of 1 min, at the initial temperature of 160 °C, followed by 50 °C/
min rate to 320 °C, and a hold time of 20.80 min. Helium was the carrier
gas at a flow rate of 40 mL/min.

Metals were quantified in the WSF-UVCO stock by inductively
coupled plasma spectrometry (Varian, ICP-AES9 model), after acidic
digestion in a closed vessel using a pressure-controlled microwave
heating system (CEM Corporation, model MDS-200). The metal esti-
mations were carried out in triplicate. The detection limits (mg/L) for
each metal were Mg (0.12), Zn (0.10), Ni (0.01), Pb (0.01), Al (0.20), Fe
(0.08), Cu (0.01), Cd (0.02), Cr (0.02) and Ba (0.02).

2.6. Enzymes

Tissues were homogenized (1:8 w/v) in cold 20 mM Tris—HCI buffer
pH 7.4, containing 1 mM ethylenediaminetetraacetic acid (EDTA),
1 mM dithiothreitol (DTT), 500 mM sucrose, 150 mM potassium chlo-
ride (KCl) and 0.2 mM phenylmethyl-sulfonic acid (PMFS). The ho-
mogenate was centrifuged at 12,000 g for 20 min at 4.0 & 0.1 °C. Prior
to use, the supernatant was passed through a 25-G Sephadex column.
This aliquot obtained was used as the sample for enzyme assays.

The enzymes were measured by spectrophotometry at 25 °C using
the Lambda 2 Kinetic Package software accessory for Perkins Elmer 2
Lambda spectrophotometer with the following protocols: Superoxide
dismutase (SOD, EC 1.15.1.1) activity was quantified measuring absor-
bance change due to the inhibitory effect of SOD on the reduction of the
cytochrome c Fe't3 by the superoxide anion at 500 nm [32]. Catalase
(CAT, EC 1.11.1.6) activity was determined by recording the decrease in
absorbance at 240 nm using Hy05 (¢ = 40 M~! cm™1) in 50 mM phos-
phate buffer pH 7.0 [33]. Glutathione peroxidase (GPx, EC 1.11.1.9) ac-
tivity was recorded at 340 nm following the oxidation of NADPH
(¢ =6.22mM ! ecm™!) during the formation of reduced glutathione
(GSH) by commercial glutathione reductase (1 U/mL) using HoO; as a
substrate, and sodium azide (CAT inhibitor) in phosphate buffer pH 7.5
[34]. Glutathione reductase (GR, EC 1.11.1.9) activity was measured at
340 nm following the oxidation of NADPH by oxidized glutathione
(GSSG) in phosphate buffer pH 7.5 [34]. Glutathione-S-transferase (GST,
EC 2.5.1.18) activity was assayed by measuring the increase in absor-
bance at 340 nm of the complex of GSH and 1-chloro-2.4 dinitrobenzene
(¢=9.6 mM ' ecm™!) in phosphate buffer pH 6.5 [35]. Total enzyme
activity was expressed in terms of pmoles substrate converted to product
min (U units) per mg of total protein. Results were expressed as mean
with their respective standard deviations (SD).

2.7. Reduced glutathione (GSH)

The GSH levels were evaluated following [36], using 0.5 mM of 5,
5-dithiobis-2-nitrobenzoic acid (DTNB), after precipitating proteins
with trichloroacetic acid (50 % w/v). The absorbance was measured at
412 nm and GSH standard was used. The GSH concentrations were
expressed in pg GSH per milligram of proteins.

2.8. Thiobarbituric acid reactive substances (TBARS) and total proteins

TBARS were estimated following the protocol of [37] using 1,1,3,3
tetraethoxypropane (TEP) as the standard. TBARS, mostly MDA, are the
end product of lipid peroxidation and are widely used as a biomarker of
oxidative stress. TBARS were normalized to total protein concentrations.
Total proteins were quantified by the method of [38] using bovine serum
albumin as standard.

2.9. Statistical analysis

Two factor analysis of variance (two-way ANOVA) was used to
examine the effects of the WSF-UVCO concentrations on the activities of
antioxidant enzymes, GST, GSH and TBARS concentrations in digestive
gland, gills and adductor muscle. Data were tested for normality
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distribution (Shapiro test), homogeneity of variances (Bartlett test) and
presence of outliers. Multiple comparisons among mean values used
Duncan’s method [39]. The data were subjected to statistical analysis
using Statgraphycs Plus 5.1 version for Windows. Statistical significance
was defined as p < 0.05.

3. Results
3.1. Chemical analyses

All the chromatograms showed a large contribution of the chro-
matographically unresolved mixture (UCM) that is characteristic of
petroleum derived products. There were resolved peaks of high abun-
dance (>170) in the chromatograms of the acidic organic extracts. More
than 80 compounds were identified from the mass spectra of the
different extracts. Most could be included in six groups: phenols; benz-
aldehydes; benzylic alcohols, amines, carboxylic acids and esters, and
miscellaneous compounds (Table 1). The exanimated solution of WSF-
UVCO contained elevated concentrations of Mg, Zn, Pb, Ni, but light
concentrations in other metallic elements such as Al, Fe, Ba, Cd, Cr and
Cu (Table 2).

3.2. Antioxidant defenses

The two-way ANOVA indicated that significant variations were
observed in antioxidant defenses and oxidative damage of lipids be-
tween the several soft-tissues (Fs;) and sublethal concentrations (Fs).
Additionally, there were significant interactions (Fs;) between the
assessed factors for the majority of biomarkers. Fig. 1 reports the
observed SOD and CAT activity in several soft-tissues. The basal activity
of SOD in the tissues from control organisms was very similar, but
differed significantly in organisms exposed to WSF-UVCO; this activity
was highest in digestive gland and gills in comparison to adductor
muscle (Fs; = 9.44; p < 0.001). Specifically, SOD activity was increased
in digestive gland of organisms exposed to 0.01 % and 0.1 %, and in gills
of scallops at all WSF-UVCO exposure levels (Fs, = 4.70; p < 0.001).
SOD levels did not change in the adductor muscle with respect to control
group (Fig. 1A). The interaction between soft-tissues and exposure
concentrations was not observed (Fs; = 2.51; p > 0.05).

When CAT activity was compared among soft-tissues, the highest
levels were reached in gills and digestive gland (Fs; = 44.73; p < 0.001).
The statistical analysis showed differences among exposure concentra-
tions (Fs. = 3.60; p < 0.05). If contrasted independently in each organ,
CAT activity is seen to rise in digestive gland of organisms exposed to 0.1
% WSF-UVCO, and in adductor muscle decreased after exposure to 0.1
%. On the other hand, CAT activity in the gills increased in organisms
exposed to highest concentration of WSF-UVCO, which became 2.5
times higher than the values in control organisms (Fig. 1B). A significant
interaction was observed between soft-tissues and exposure concentra-
tions (Fs; = 4.82; p < 0.01).

Fig. 2 shows GPx and GR activities in several soft-tissues. Digestive
gland of the control organisms had the highest levels of GPx in contrast
with other organs, but the inter-tissue variations were not statistically
significant (Fs; = 2.85; p > 0.05). GPx activity decreased markedly in
digestive gland of organisms exposed to 0.01 and 0.1 % of WSF-UVCO
(Fs. = 3.31; p < 0.05); but not in adductor muscle or gills (Fig. 2A).
Nevertheless, GPx activity did not show statistical interaction between
studied factors (Fs; =2.21; p > 0.05). Digestive gland GR activity
dropped in organisms exposed to all concentrations of WSF-UVCO
(Fs. = 9.07; p < 0.001). Contrary, GR activity of the adductor muscle
increased in organisms exposed to 0.01 and 0.1 %. GR activity only
increased in gills of in organisms exposed 0.1 % of WSF-UVCO (Fig. 2B).
Both factors showed a statistical interaction (Fs; = 5.88; p < 0.001).

Average activities of GST activities were similar among soft-tissues
(Fsy = 1.67; p > 0.05). GST activity in the digestive gland increased at
the highest exposure concentration (0.1 %). In the gills GST activity rose
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Table 1
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The organic chemicals from a water-soluble fraction of used vehicle crankcase oils (WSF-UVCO) by gas chromatography and mass spectrometry (GC/MS) (Table 1).

Phenols Benzaldehydes Benzylic alcohols Amines Carboxylic acids and esters Miscellaneous compounds

Organic compounds Methyl-benzoaldehyde Benzylic alcohols C2 pyrines Benzoic acid Naphthalene

Phenol Dimethyl-benzoaldehyde C1, C2, C3 derivatives Anilines Methyl derivatives Methylnaphthalene

2-methyl-phenol Trimethyl-benzoaldehyde Hydroxyl-benzadehydes Cl1, C2, and C3 Hexanodioc acids 2-Hydroxy-benzaldehyde

Dimethyl-phenol Propyl-benzoaldehyde Anilines (mono and diesters) 4-hydroxy-benzadehyde
C1 carbazoles Phthalates

Trimethyl-phenol
Tetramethyl-phenol

Nitrophenols
Table 2
Metal concentration in water-soluble fraction of used vehicle crankcase oils (WSF-UVCO) by conductive plasma spectrometry.
Metal Mg Zn Pb Ni Al Fe Ba Cd Cr Cu
Concentration 843.0 5.95 0.60 0.14 <0.20 0.09 <0.02 0.02 <0.02 <0.01
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Fig. 1. Activity of superoxide dismutase (A) and catalase (B) from control and WSF-UVCO treated flame scallop during 7 d. Results are expressed as the mean + SD
(N = 8). The enzyme activity was expressed in terms U units (pmoles substrate converted to product min~! per mg of protein). Letters are shown above bars when

there was significant statistical difference between groups.
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in organisms exposed to 0.01 and 0.1 % of WSF-UVCO (Fs. = 3.55;
p < 0.01). Adductor muscle GST activity did not change (Fig. 3). The
soft-tissues and exposure concentrations showed significant a statistical
interaction (Fs; = 3.30; p < 0.05).

Fig. 4 shows GSH and TBARS concentrations from several soft-
tissues. GSH levels were higher in the digestive gland than in gills and
adductor muscle (Fs; = 53.99; p < 0.001). However, no changes in GSH
levels occurred with exposure to WSF-UVCO (Fs, = 2.83; p > 0.05)
(Fig. 4A). TBARS concentrations in the soft-tissues showed statistical
difference (Fs; = 13.35; p < 0.001), with highest levels in the digestive
gland. The digestive gland and adductor muscle showed a slight ten-
dency to rise, but not significant, with WSF-UVCO exposure (Fig. 4B)
(Fs. = 0.40; p > 0.05).

4. Discussion

The WSF-UVCO tested contained a mixture of pro-oxidant chemicals,
including several hydrocarbons and heavy metals that could be readily
taken up in C. scaber by filtration. It is well known that scallops are able
to accumulate rapidly significant amounts of organic and inorganic xe-
nobiotics in their soft-tissues [40-42]. The metabolic transformation of
most of substances present in WSF-UVCO can promote generation of
ROS leading to multiple biochemical alterations [6,7,43,44]. In this
study, we found the strongest responses of antioxidant defenses in
digestive gland and gills, whereas the adductor muscle showed fewer
changes. Each soft-tissue in C. scaber showed differential modulations,
with particularly pronounced enzymatic responses (elevations or de-
scents) to the WSF-UVCO exposure.

The digestive gland of scallops is the site of multiple oxidative re-
actions and can be a place of important ROS generation, particularly
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when the organism faces chemical stress by contaminants [45]. In this
organ, several reactive molecules such as superoxide anion (®0,) and
hydrogen peroxide (H202) can be formed through redox cycling of xe-
nobiotics from WSF-UVCO [46]. To avoid oxidative alterations, the
increased SOD and CAT activities could attenuate the excessive pro-
duction of oxyradicals. In first place, SOD is capable of detoxifying ®0,
by means of their efficient dismutation to form HyO5 [47]. Although
H,0, is not a free radical, its formation can lead to the production of
other free radicals and cause damage to the cell when transition metal
ions are present [47]. The overproduction of HyO, is countered by an
increase of CAT activity, which it is part of biochemical adjustments
against the ROS generation in the digestive gland. Similarly, other au-
thors had demonstrated that SOD and CAT activities increase in diverse
invertebrate’s species such as gastropod [48], mussels [49], clam [50]
and scallops [51] exposed to heavy metals and mixtures of polyaromatic
hydrocarbons under acute exposure.

The diminished activity of GPx, parallel to GR, in the digestive gland
of organisms exposed to the highest concentrations of WSF-UVCO can
limit the mechanisms for removal of HyO5 and lipid hydroperoxides.
These changes could concomitantly reduce availability of GSH to be
used directly or indirectly through enzymatic reactions in defenses
against ROS [15,46,52]. The inhibition of these antioxidant enzymes
may have allowed the ROS injury of membrane lipids, evidenced by the
small increase of MDA concentrations in organisms exposed to the
highest concentrations of WSF-UVCO; MDA is accumulating due to an
oxidative stress condition [53]. The decrease of GPx and GR activities
could be caused by the exposure to several types of hydrocarbons and
high concentrations of heavy metals. A variety of petroleum derived
xenobiotics present in the WSF-UVCO may be sequestered and tolerated
in the digestive gland of bivalves [54-56], being able to interfere in the
normal functions of antioxidant defenses [57,58,59].

Mixtures of organic and inorganic xenobiotics may lead to uncon-
trolled propagation of radical reactions causing harmful oxidative ef-
fects, changes in biochemical composition and energetic capacity of
organisms exposed to oils [29,59,60]. It is known that significant
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changes of GPX and GR can decrease the levels of GSH in relation to
oxidized glutathione (GSSG) in organisms under xenobiotic exposure
[61,62]. In vivo studies have demonstrated that maintenance of GR ac-
tivity and its final reaction product (GSH) are crucial for detoxification
of ROS in mussels [63] and oysters [64]. We assume that concomitant
increases of SOD and CAT activities, and overall stability of GSH levels,
may represent possible compensation in the total antioxidant capacity
for ROS elimination in the digestive gland; being these biochemical
adjustments enough to prevent exacerbate oxidative injury.

The increased GST activity in the digestive gland of WSF-UVCO
exposed organisms is clear signal of the metabolic activation and high
capacity for xenobiotic detoxification [65-67]. The augmented activity
of GST seems is a typical response in hepatopancreas of organisms
exposed to different xenobiotics. In several bivalve species, the ability to
metabolize and excrete polycyclic aromatic hydrocarbon through phase
I and II reactions has been demonstrated [67-69]. The GST bind to GSH
with xenobiotic metabolites derived of phase I reactions (NADPH cyto-
chrome P45 reductase), transforming them into water soluble and easily
excretable products [70]. Recently some authors suggested that GST also
functions as an antioxidant enzyme by conjugating breakdown products
of lipid peroxides to GSH [71], helping to avoid exacerbating MDA levels
in this organ. It is well-known that MDA content of the digestive gland,
in comparison to other examined organs, is due to high metabolic ca-
pacity and important role it plays in xenobiotic detoxification.

The adductor muscle facilitates opening and closing of the valves in
scallops [72], having a key function to regulate the entrance of
contaminant to soft-tissues. This organ exhibited weaker responses to
xenobiotic exposure; apparently the ROS production and antioxidant
defenses of adductor muscle in bivalve species are relatively limited
[73]. In this tissue, CAT activity declined with higher levels of exposure
to WSF-UVCO, which could disrupt the balance between anti-
oxidant/prooxidant systems and increase susceptibility to oxidative
stress. It is known that the rupture of H,O5 in presence of metals found in
the WSF-UVCO, could force to hydroxyl radical formation ('OH) through
of Fenton reaction [74]. Contrarily, GR activity rose at moderate and
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Fig. 4. Reduce glutathione (A) and thiobarbituric acid reactive substances (B) in control and crankcase oil treated flame scallop during one week. Letters are shown
above bars when there was significant statistical difference between groups (p < 0.05).

higher levels of exposure. We suggest that the lower CAT function to
eliminate ROS could be compensated by the increase in the GR activities.

GR of adductor muscle in scallops under exposure WSF-UVCO re-
flects the ROS buffering function of GSH during chemical stress. GSH-
dependent antioxidant reactions are likely eased when increased GR
activity, which maintains the intracellular GSH concentrations to con-
trol flux of ROS [75]. The overall stability of GSH levels suggests that
maintenance of this protective molecule was prioritized during exposure
to the xenobiotics. GSH is considered as a primary line of defense in the
detoxification of heavy metals and organic xenobiotics, and their
physiological function depends on a cysteine residue which is a crucial
in maintaining the reducing environment of the cell [75]. In spite of the
decline in CAT activity, no oxidative damage in lipids was apparent in
adductor muscle, possibly because GR and GSH may support to metab-
olize indeed the ROS production. These variations had been character-
ized in other bivalves faced to oxidative stress situations.

The exposure to WSF-UVCO led to marked responses of the antiox-
idant system in the gill. The activities of SOD, CAT and GR were
increased at moderate and high levels of exposure, which suggest that in
this tissue there is an antioxidant biochemical machinery to combat
effectively to ROS under oxidative stress condition. The gills are one of
the first organs that enter in contact to the mixture of pollutants, and
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their intracellular metabolism should provide a first line of antioxidant
defense [76]. Also, the scallop gills are large leaf-like organs used for
respiration and for filtering food, and during these processes large vol-
umes of water pass through making them highly susceptible to passive
assimilation of bioavailable contaminants in WSF-UVCO [41]. Similar to
digestive gland, the SOD and CAT activities of gill were elevated in
WSF-UVCO exposed organisms, without oxidative damage evidenced.
Possibly the enhanced antioxidant enzyme activities may serve as a
protective response eliminating reactive free radicals and help to resist
the damage from exposure to WSF-UVCO. [50] reported stimulation in
the antioxidant defenses during the detoxification in gills of clams
exposed to PAH during 15 days.

Another interesting result is the increased activities of GST in the
digestive gland and gills of organisms exposed to WSF-UVCO. This rise
may indicate the capacity of the tissue for biotransformation and
excretion during exposure to WSF-UVCO. GST carries out thiol-
conjugation and neutralizes with great avidity via detoxification re-
actions to xenobiotics, avoiding the oxidative damage of the biological
membrane. Several authors had reported elevated GST activity and
increased ROS production in other species of bivalves as result of
exposure to xenobiotic mixtures coming from petroleum derived com-
pounds [51,77,78]. The not variation of GST activity in the abductor
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muscle could be associated to a low capacity by xenobiotic detoxifica-
tion in comparison to other organs with elevated metabolic functions. In
summary, we demonstrated high sensitivity of antioxidant enzymes
from flame scallops exposed to complex mixtures of xenobiotics, indi-
cating that they may be useful for detecting changes in the redox status
in organisms that inhabit sites impacted by recent spills of crankcase oil.
These findings should stimulate further research on toxicological risk of
contamination by waste oil in marine benthic ecosystems.

Additionally, the biomarker of oxidative stress measures in C. scaber
are phylogenetically conserved biochemical responses, which may be
extrapolated to monitor the potential alterations in tissue redox profile
of other phyla exposed to subletal concentrations of mixtures of organic
and inorganic xenobiotics; the role of antioxidant responses have been
correlated to effects of acute conditions that lead to disruption of tissue
redox status [79].

5. Conclusion

The tissues of C. scaber show diverse metabolic and molecular de-
fenses against oxyradical generation by redox cycling metabolism of
xenobiotics. We found that exposure to chemical mixtures in WSF-UVCO
resulted in more marked of antioxidant defenses in digestive gland and
gill of C. scaber than in adductor muscle. The antioxidant system seems
be highly sensitive to low doses of hazardous xenobiotics, which may
protect to the soft-tissues against short-term effects of ROS production,
and partly avoided increases in lipoperoxidation products. Given these
results, we suggest C. scaber as biological sensor for screening pollutant
impacts during environmental monitoring studies along the Caribbean
coastline.
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