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ABSTRACT

Relations between several stress oxidative biomarkers and aromatic polycyclic hydrocarbon (PAH)
concentrations have been studied in wild sole, Solea senegalensis collected in the vicinity of a
petrochemical industry. Antioxidant enzyme activities in eco-toxicological studies constitute excellent
markers for exposure to a large variety of pollutants. The 16 PAHs in sediment as well as oxidative
damage (LPO), activity of catalase (CAT), glutathione peroxidase (GPx), glutathione S-transferase (GST),
glutathione reductase (GR) and PAHs type metabolites in sole liver were analysed. Significant
correlations (p < 0.05) were established between some biomarkers as GST, GPx and CAT and PAHs
metabolites in liver (naphthalene, pyrene and phenanthrene) and PAHs concentrations in sediments
(fluoranthene, acenaphthene, anthracene and chrysene). PAHs accumulated in the sediment and
organisms are inducers of antioxidant defences. GST, GPx and CAT were robust biomarkers showing
correlations with both PAHs in sediments and liver PAH metabolites showing different responses to low
and high molecular weight PAHs.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are the most wide-
spread organic pollutants. In addition to their presence in fossil
fuels, they are also formed by an incomplete combustion of
carbon-containing fuels such as wood, coal, diesel, fat, tobacco, or
incense. PAHs are found wherever there is oil pollution and
combustion wastes. Sediments of many marine and freshwater
harbours and even remote ocean locations are contaminated
with PAHs.

PAHs and their halogenated forms are chemically stable, and
due to their lipophilic nature they can easily penetrate biological
membranes and accumulate in organisms. PAHs are important
environmental pollutants because of their ubiquitous presence
and carcinogenicity. The United States Environmental Protection
Agency (USEPA) and World Health Organization (WHO) have
identified 16 PAHs as priority pollutants, some of these, e.g.
benzo(a)anthracene, chrysene and benzo(a)pyrene are considered
to be potential human carcinogens (Tuvikene, 1995).
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PAHs reveal their toxicity following biotransformation to toxic
metabolites (Varanasi and Stein, 1991; Stein et al., 1992) through
metabolic activation (one- or two-electron oxidation) in the
organism (Cavalieri and Rogan, 1985).

In aquatic systems, PAHs tend towards an increased toxicity
with increased molecular weight (Eisler, 1987). In addition,
although the rate of uptake from the environment is variable
among species, bioaccumulation tends to be rapid. The degree of
ecosystem contamination by toxic organic chemicals can be
estimated by the analysis of biochemical changes.

Biomarker can be defined as ‘the measurements of body fluids,
cells, or tissues that indicate in biochemical or cellular terms the
presence of contaminants or the magnitude of the host response’.
A more generalized version which would also accommodate
whole animal studies would include ‘measurements on whole
animals’ and ‘indicate in physiological, behavioural or energetic
terms’ (Sarkar et al., 2006).

The biomarkers (biochemical and physiological) that reflect
the health status of fish at lower organizational levels (molecular
and cellular), respond effectively to chemical stress and have high
toxicological relevance, while those that reflect health conditions
at higher organizational levels (e.g. condition indexes) respond
slowly to stress and have lower toxicological relevance (Adams
et al., 1989).
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Oxidative stress is one of the primary cellular mechanisms
resulting from an exposure to PAHs and the subsequent increase
in prooxidative processes (Machala et al., 2001). Peroxidation of
membrane lipids and oxidative damage to other key cellular
components can lead to genotoxicity, promotion of carcinogen-
esis, and perturbation of several other signal and metabolic
pathways (Klaunig et al., 1998).

The first step in the xenobiotics metabolism is usually catalyzed
by cytochrome P450-dependent monooxygenases (phase I) and
their products are subsequently coupled to endogenous metabolites
(phase 1II) (Landis and Yu, 1995). Exposure to PAHs results in the
induction of specific forms of cytochrome P4501A that catalyzes
aryl-hydrocarbon-hydroxylase (AHH), ethosyresorufin-O-deethylase
(EROD) and 7-ethopxy-coumarin-O-deethylase (ECOD) activity (Di
Giulio et al., 1993). PAHs are subject to biotransformation in a first
step by enzymes of the P450 system. An induction of cytochrome
P4501A (CYP1A) has been found in several species exposed to PAHs,
including Leuciscus cephalus (Machala et al., 2001), Dicentrarchus
Labrax (Gravato and Santos, 2003), Gadus morhua (Sturve et al.,
2006), Pomatoschistus microps (Vieira et al., 2008), Symphodus melops
(Almroth et al., 2008) and Carassius auratus (Lu et al., 2009).

PAHs through non-redox cycling have the potential to produce
reactive oxygen species (ROS) that overcome the protection
afforded by antioxidant defence mechanisms, thereby leading to
an oxidative damage, which is manifested by damage to tissue
macromolecules including DNA, proteins and lipids (Ahmad et al.,
2004; Shi et al., 2005). ROS production is usually deduced through
the changes of antioxidant systems.

Antioxidant enzymes (Phase II) have been proposed as
biomarkers of contaminant-mediated oxidative stress in a variety
of marine organism, and their induction reflects a specific
response to pollutants (Cossu et al., 1997). Earlier usefulness of
glutathione-dependent enzymes and other antioxidant enzymes
as markers for oxidative stress, produced by PAHs in fish, has been
reported by many workers (Jifa et al., 2006; Almroth et al., 2008;
Silva et al., 2009).

On the other hand, results obtained by Reynaud et al. (2002) in
Cyprinus carpio suggest that the induction of macrophage
oxidative function may be an equally sensitive marker of PAHs
exposure as the induction of biotransformation activities and
confirm that responses mediated by the Ah-receptor are similar, if
not identical, to those of mammals. A relation between animal
biotransformation and immune system has also been observed.
There are numerous functional interrelationships between these
two systems (Reynaud et al., 2008). In fish, Carlson et al. (2004)
have demonstrated that immune cells have all the machinery
responsible for PAH metabolism.

Field experiments are usually performed to determine whether
metabolic enzymes can be used as biomarkers of effects after
months or years, following an oil spill event (Gagnon and
Holdway, 1999). Antioxidant enzymes thus play a crucial role in
maintaining cell homeostasis. These enzymes have been proposed
as biomarkers of contaminant-mediated oxidative stress in a
variety of marine organisms, and their induction and/or inhibition
reflect/s a specific response to pollutants (Jee and Kang, 2005).

Some adult benthic fish, such as sole, come into direct contact
with sediments, and eat benthic invertebrates that accumulate
PAHs.

Solea senegalensis is a benthonic marine species living in sandy
or muddy bottoms, off coastal areas up to 100 m depth, in
brackish lakes and estuaries. Senegal sole feeds basically on
benthonic invertebrate, such as larvae from polychaets, bivalve
molluscs and small crustaceans. Sexual maturity is reached when
the size is 30 cm. Spawning happens between the months of
March until June (Froese and Pauly, 2010). S. senegalensis is a well
adapted species to warm climates and is commonly exploited in

an extensive aquaculture production in Spain and Portugal (Drake
et al, 1984; Dinis, 1992) and have been used in field and
laboratory toxicity assays being a sensitive specie to pollutants
(Jimenez-Tenorio et al., 2008; Oliva et al., 2009; Costa et al., 2009).

As far as we know, few studies have evaluated the effect of
PAHs on stress oxidative enzymes in S. senegalensis (Jimenez-
Tenorio et al., 2008; Solé et al., 2008).

In the present work, relations between PAHs and stress
oxidative biomarkers have been studied in S. senegalensis from
the Huelva estuary. The work describes an in situ toxicity
assessment approach for improved characterizations of PAHs
exposure and effects along time. Stress oxidative enzymes were
used in order to assess sediment toxicity of an estuary, chronically
affected by PAH spills.

2. Material and methods
2.1. Sampling area

The Ria of Huelva is located on the southern Spanish Atlantic coast, where the
Odiel (H1) and Tinto (H2) Rivers join to form the Padre Santo Canal (H3), which
drains into the gulf of Cadiz forming a wide estuary (Fig. 1). The estuary receives
contaminating inputs from a mining and industrial area in the estuary where an
important petroleum refinery is located (Jiménez-Tenorio et al., 2007; Vicente-
Martorell et al., 2008). Four samplings were conducted from October 2004 to May
2006: two of them were realized at autumn (October 2004 and October 2005) and
the others at spring (April 2005 and May 2006). During each sampling sediment
and fish samples of the three different sampling sites were obtained.

2.2. Organisms

Specimens of Senegal sole S. senegalensis were transported in aerated tanks to
Mazagon's port (Huelva) (less than 1 km) and dissected immediately. A total of 97
(125.04 +27.12 g weight, 23.14 £+ 1.8 cm length) fish were dissected and samples
of liver of each fish were taken: 43 samples representing Odiel river (24 samples
for the autumn and 19 samples for the spring season), 34 samples representing
Tinto river (16 samples for the autumn and 18 samples for the spring season) and
20 samples representing Padre Santo Canal for autumn season (in the spring
season no sole was captured in this site).

Ria of Huelva Estuary is a zone where fishing is prohibited due to aquatic
pollution from what the Regional Government gave us a three days limited fishing
special permission for every season. A trammel net anchored night before the
sampling was used. Each night the net was located in one of the three different
sampling sites studied. Trammel net is not a selective net, for this reason the
number of sole specimens was variable in the different sampling sites. The number
of specimens from selected species is a natural limitation when the objective is to
study wild species.

Fish tissues samples were transported to the laboratory into nitrogen liquid
and stored at —80°C. Twelve specimens of S. senegalensis (182.52+23.89¢g
weight, 25,27 +0.78 cm length), used like unpolluted or control fish, were
obtained from the aquaculture facilities of the Faculty of Marine and Environ-
mental Sciences (University of Cadiz, Spain). The experiments described comply
with the Guidelines of the European Union Council (86/609/EU), the Spanish
Government (RD 1201/2005), and of the University of Cadiz (Spain) for the use of
animals in research.

2.3. Analytical procedure for PAHs

The 16 PAHs identified by United states Environmental Protection Agency
(EPA) and World Health Organisation (WHO) as priority pollutants have been
analysed in samples of sediment and hepatic tissue of S. senegalensis. The 16 PAHs
(total PAHs-TPAHSs-) have been divided in two different categories: low molecular
weight PAHs-LPAHs- (naphthalene, acenaphthylene, acenaphthene, fluorene,
phenantherene, anthracene, fluoranthene and pyrene) and high molecular weight
PAHs-HPAHs-(benzo(a)anthracene, chrysene, benzo(b)fluoranthene, benzo(k)-
fluoranthene, benzo(a)pyrene, dibenzo(a,h)anthracene, benzo(g,h,i)perylene and
indeno(1,2,3-cd)pyrene).

PAH analysis in sediment was based on the analytical procedure proposed by
the USEPA (1996, 2000). Approximately 2-4 g of sediment was weighed and
treated with anhydrous Na,SO,4. The samples were Soxhlet-extracted with 10 mL
dichloromethane-acetone (8:2 v/v) for 24 h (6 cycles per hour). The extracts were
purified on florisil columns, and the PAHs were eluted with 100 mL dichlor-
omethane-hexane (2:8 v/v). The extract was concentrated to 1 mL using a
rotary evaporator after changing the solvent from dichloromethane-hexane to
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Fig. 1. Location map of sampling sites in Huelva estuary (SW Spain): H1 (Odiel river); H2 (Tinto river) and H3 (Padre Santo Canal).

acetonitrile. Na;SO, was of an analytical grade and dichoromethane, hexane,
acetone and acetonitrile were of HPLC grade.

The composition and concentration of 16 different PAHs were determined by
HPLC. A standard solution, SUPELCO 47940-u PAH mix in acetonitrile (containing
16 individual PAHs), was used for quantification.

2.4. Fixed wavelength fluorescence measurements (FF)

Post-mitochondrial supernatant (PMS) of liver were further diluted in methanol
50% to 1:400 for an FF measurement. Fluorescent readings were performed for
naphthalene-type metabolites at an excitation/emission 290/335 nm, benzo(a)-
pyrene-type metabolites readings were made at 380/430 nm, for pyrene-type
metabolites readings were made at 341/383 and for phenanthrene-type metabolites
readings were made at 256/380. Liver cytosol metabolites are reported on the basis
of milligram protein, as previously adapted by Gagnon and Holdway (2000).

2.5. Analysis of stress oxidative biomarkers

Liver was rapidly isolated, frozen and maintained at —80 °C until further
analysis. Each liver was homogenized (1:10) in 0.1 M K-phosphate buffer (pH 7.4).
Part of this liver homogenate was used to determine the extent of endogenous LPO
by measuring the thiobarbituric acid reactive substances (TBARS), according to
Ohkawa et al. (1979) and Bird and Draper (1984), with the adaptations of Filho
et al. (2001) and Torres et al. (2002). The remaining liver homogenate was
centrifuged for 20 min at 10,000g (4 °C) to obtain the post-mitochondrial
supernatant (PMS). The GST activity was determined following the conjugation
of GSH with 1-chloro-2,4-dinitrobenzene (CDNB) at 340 nm (Habig et al., 1974).
CAT activity was determined in PMS and represents the H,O, consumption
obtained at 240 nm in the presence of H,0, (Claiborne, 1985). The GPx activity
was determined in PMS by measuring the decrease in NADPH at 340 nm and using
H,0; as a substrate (Mohandas et al. 1984). The GR activity was assayed in PMS
according to Cribb et al. (1989). The protein concentration of liver PMS was
determined according to Bradford (1976).

2.6. Statistical analysis

Statistical analyses were performed using the statistical software package
STATISTICA (data analysis software system) version 7 (2004, Statsoft, Inc. USA).

For each data set, the assumptions of an analysis of variance (ANOVA),
normality and equal variance, were checked using Shapiro-Wilks and Levene tests,
respectively. If the assumptions were not met, the necessary transformations were

performed. If data set has normality, one-way ANOVA were conducted and where
significant, a post-hoc mean comparison test (Tukey’s test) was realized. If non-
normal data set was found, the Kruskal-Wallis and Man Witney (one-tail) tests to
find out significant differences were conducted.

To analyse the correlation between biomarkers and PAH’s concentrations and
metabolites, Pearson and Spearman correlations test were used. All statistical
analyses were conducted at an alpha level of 0.05.

3. Results

3.1. Correlationships between PAHs concentrations in sediments and
PAHs metabolites in liver of S. senegalensis.

PAHs-type metabolites in liver of S. senegalensis are showed
in Fig. 5. B(a)pyrene-type metabolites are PAHs with five aromatic
rings. PAHs with five aromatic rings analysed in sediments in the
present work were dibenzo(a)anthracene, benzo(b)fluoranthene
and benzo(k)fluoranthene. Pyrene-type metabolites (four aromatic
rings) concentrations in liver were correlated with analogues (four
aromatic rings) analysed in sediment: benzo(a)anthracene,
chrysene and fluoranthene. In the case of phenanthrene-type
metabolites (three aromatic rings), the PAHs analysed was acena-
phthylene, anthracene, acenaphthene and fluorene. Napththalene-
type metabolites (two aromatic rings) analysed in liver were
correlated with naphthalene concentration in sediments. Correla-
tions between PAHs metabolites in liver and their analogues in
sediment were conducted and a significant correlation was
observed between phenanthrene-type metabolites in liver and
fluorene concentration in sediment (p=0.028; r=0.687).

3.2. Stress oxidative biomarkers in liver
Significant differences (p < 0.05) in the response of biomarkers

between autumn and spring were found. The response
was AUTUMN > SPRING to LPO, GR (Tinto) and GST and



M. Oliva et al. / Ecotoxicology and Environmental Safety 73 (2010) 1842-1851

SPRING > AUTUMN to GR (Odiel)) CAT and GPx. On the
other hand, significant differences (p <0.05) between LPO,
CAT and GR responses in control fish and fish from sampling
sites were observed in Odiel and Tinto River. The concentrations
of the different biomarkers in hepatic tissue are showed in
Table 1.

Table 1

1845

3.3. Correlationships between PAHs concentrations in sediments and
stress oxidative biomarkers.

PAHs concentrations in sediments of the different sampling sites
are shown in Figs. 2-4. Significant correlations were established
between several biomarkers and PAHs in sediments: GST and

Stress oxidative biomarkers (average + standard error) in different seasons (October: Autumn season; April and/or May: Spring season) and sampling sites. Units: LPO
(nmol TBARS/g wt), CAT, GR, GST and GPx (nmol/min/mg prot). 1: Odiel River, 2: Tinto River, 3: Padre Santo Canal.

Date Sampling station n LPO

October 2004 1 12 80.66 +23.52
2 4 123.69 +25.29
3 8 70.15 +19.09

April 2005 1 9 62.28 +16.73
2 6 12.06 +8.49
3 0

October 2005 1 12 339.01 + 80.38*
2 12 480.04 +50.37*
3 12 147.70 + 83.95

May 2006 1 10 82.63 +8.35
2 12 116.40 + 19.39
3 0

Control Farm 12 57.79+17.82

CAT GR GST GPx

16,783.87 + 3056.49* 7.49 +0.56 5.67 +0.63 2.17+£0.32
12,537.53 +12,537.53* 8.30+0.00 3.42+0.50 1.87+1.87
29,276,56 + 103.91 8.19+1.03 6.84 +1.44 3.05+0.07
17,009.00 +2220.01* 9.50 + 1.60 4.10+0.36 1.53+0.36
16,809.71 + 2308.67* 7.90+7.90 5.13+0.25 2.19+0.04
17,884.73 +2229.73* 6.97 +0.67 6.00 + 0.66 2.46 +0.39
16,406.02 + 1789.42* 10.59 +£1.22 6.49 +0.29 2.11+0.21
31,859.57 + 8576.36 9.57+1.43 8.55+1.41 2.37+0.27
30,804.37 + 6620.63* 13.11 £2.13* 5.48 +0.63 3.69 +0.41
25,965.11 + 2836.63* 7.14+£0.99 4.63 +0.47 3.115+0.42
42,081.87 + 5061.77 6.63 +0.87 5.25+0.59 3.28 +0.63

* means are significantly different from the control (p < 0.05).
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Fig. 2. LPAHs concentrations in sediments collected from the different sampling sites in 2004, 2005 and 2006 years. (O: October, A: April, M: May). Letters a, b, ¢, and d are
used to show significant differences between PAH concentrations from the different sampling sites. Equal letter shows significant differences between sampling sites from
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fluoranthene (p=0.006, r=0.826), chrysene (p=0.005, r=0.804),
HPAHs (p=0.022, r=0.709) and TPAHs (p=0.014, r=0.740). On the
other hand, GPx showed a significant correlation with acenaphthene
(p=0.010, r=0.765) and CAT with anthracene (p=0.027, r=0.692).

3.4. Correlationships between PAHs metabolites in hepatic tissue
and stress oxidative biomarkers

PAHs concentrations observed in hepatic tissue was very low,
zero or undetectable in most samples (data unpublished), for this
reason only correlations between PAHs metabolites in liver have
been conducted (benzo(a)pyrene, pyrene, naphthalene and phe-
nanthrene) and stress oxidative biomarkers.

PAHs metabolites in hepatic tissue of fish from different
sampling sites are showed in Fig. 3. Significant correlations were
established between GST and naphthalene-type metabolites
(p=0.045, r= —0.269), and pyrene-type metabolites (p=0.033,
r= —0.0285). GPx showed a significant correlation with phenan-
threne-type metabolites (p=0.023, r= —0.301).

4. Discussion

On a global scale, quality criteria or quality normative in
sediments have been developed principally in North America and
have been used in countries such us United States, Canada,
Australia, New Zealand or Honk Kong (Burton, 2002). In Europe,
the principal reference is in the Holland legislation (Kamer, 1994;
VROM, 2000). At present, the use of quality normative and the
implementation of procedures of risk evaluation in marine
sediments is scarce in the legislative frame of the European
countries (Den Besten and Heise, 2007).

To establish the contamination grade for PAHs in the different
sampling sites, the level of PAHs observed was compared with the
Holand Environmental Quality Criteria to Marine Sediments
(Kamer, 1994).

This criterion is established in basis to the summatory of
10 PAHs (naphthalene, phenanthrene, anthracene, fluoranthene,
chrysene, benzo(a)anthracene, benzo(k)fluoranthene, benzo(b)-
fluoranthene, benzo(g)perylene and indene). The summatory of
those PAHs in Odiel River was 0.68, 0.82 mg/kg in the Tinto River
and 1.81 mg/kg dry weight in Padre Santo Canal. Conform to this
criteria, Odiel and Tinto River was classified as no or few con-
taminated sites and Padre Santo Canal is classified as moderately

contaminated site, where a high concentration of LPAHs was
observed in the sediment.

PAHs more abundant, in both sediment and liver, have been
LPAHs. Significant correlation between phenanthrene-type meta-
bolites and fluorene concentration in sediments was observed.
This fact and the correlations observed between stress oxidative
biomarkers and PAHs metabolites of low molecular weight
(2 and/or three aromatic rings) in liver corroborate a higher
accumulation of LPAHSs in liver of S. senegalensis.

Several authors also observed a highest accumulation of LPAHs
in fish and mollusc tissues (Narbonne et al., 1999; Salazar-Coria
et al., 2007). The preferential accumulation of PAHs is determined
by their solubility and bioavailability, related to the octanol-
water partition coefficient (K08), molecular weight, exposure
route and incorporation of the PAHs, which involves the habits of
native biota (Conell and Miller, 1984). Schrap and Opperhuizen
(1990) revealed that PAHs with high KO8 values, such as pyrene
and benzo[a]pyrene, bind to humic dissolved material or to other
dissolved organic material present more than PAHs with low KO8
values (anthracene or phenanthrene). The number of rings has
been reported to influence the metabolic velocities of PAHs.
Thus, the decrease was faster for PAHs of low molecular weight
(anthracene and phenanthrene, which are rapidly released in the
aqueous compartment) than for PAHs of high molecular weight
(pyrene and benzo[a]pyrene), which are strongly adsorbed in
sediment particles. When the rate of desorption from particles
and humic material is rapid, uptake from interstitial water seems
to prevail as for LPAHs; when the desorption rate is slow
compared with the ingestion rate, then ingestion becomes more
competitive as for HPAHs (Narbonne, 1999).

S. senegalensis is a flat fish with a practically sedentary life and a
very territorial biology. This specie only realizes one migration per
year to the coastal zone in the spawning period (March-June), when
fish has achieved the reproductive size (25-30) cm. Juveniles, after
completing the metamorphosis, are swept to the coast and go into
the estuarine zones. The specimens captured in this work has a lower
size than the reproductive size, for this reason, probably, sole
specimens captured have remained around two-three years in the
same zone. This prolonged contact with the estuary sediments
justifies the study of the relation between PAHs concentrations in
sediments and biomarkers in migratory specie, such as S. senegalensis.

Liver, but not bile, was used to measure PAHs metabolites due
to the number of fish captured in each sampling site was limited
(10-12 specimens). The gall bladder of S. senegalensis was very
small and thin and the quantity of bile depends on the digestive



M. Oliva et al. / Ecotoxicology and Environmental Safety 73 (2010) 1842-1851

TINTO

SAMPLING SITES

PSANTO

2.5
€ 2254 {m0o'04
gg 2 11{oA'05
S 2 175 +m0'05
a9
S E 15 EM'06
s2 125
gs 1
>2
n_‘;g_ 0.75
[}
@ g 0.5
£ 025
O T
8
@0 '04
"Tlaaos
6 1m0 '05
5 1{@M'06

(ug equivalents/mg prot)

Naphthalene-type Metabolites

ODIEL

SAMPLING SITES

TINTO

PSANTO

100
@0 '04

90 115 A05

80 flmo05
70 H@M'06

Pyrene-type Metabolites
(ng equivalents/mg prot)

TINTO

SAMPLING SITES

PSANTO

20 '04
OA'05

B0 '05
o M'06

*

Phenanthrene-type Metabolites
(ug equivalents/mg protein)

ODIEL

TINTO

SAMPLING SITES

PSANTO

1847

Fig. 5. PAHs metabolites (average and standard error) in liver of S. senegalensis captured from the different sampling sites in 2004, 2005 and 2006 years. (O: October,
A: April, M: May). Asterisks denote means are significantly different in the same season (p < 0.05).

state of the fish. In this study, the quantity of bile was very low
and usually insufficient to measure metabolites in some fish. It
was necessary at least 4-5 gall bladders to realize one analysis.

Authors preferred work with single organisms than pulls, because
the number of pulls in each sampling site was insufficient to the
statistical analysis.
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PAHs are lipophilic compounds, but adipose tissue was scarce
in the specimens studied, for this reason, PAHs metabolites was
also measured in muscle in conjunction with other aerobic and
anaerobic metabolism enzymes, but this information are being
processed for a new paper.

The responses of stress oxidative biomarkers, in the present
work, were more accused in the Odiel and Tinto River than the
Padre Santo Canal. Being the Padre Santo Canal, the most PAHs
contaminated site, an explanation for the high activity of
biomarkers as LPO, CAT and GR in the Odiel and Tinto Rivers
could be the presence of other pollutants, such as heavy metals
(Vicente-Martorell et al., 2009). Heavy metals accumulation
causes an increase in ROS leading to oxidative stress in fish
(Roche and Bogé, 1993; Dautremepuits et al., 2002) promoting
oxidative damage by directly increasing the cellular concentration
of ROS and by reducing the cellular antioxidant capacity (Pinto
et al., 2003).

Differences between estress oxidative biomarkers in control
and experimental specimens, at different seasons, have been
observed. The higher values of biomarkers such as GST and CAT in
autumn with respect to spring season are probably related to the
higher ambient temperature, which can lead to an increase in
oxygen consumption and therefore to an enhanced ROS genera-
tion (Wilhelm Filho et al., 2001). Respect to LPO values, the
polyunsaturated fatty acids (PUFA) from membrane phospholi-
pids are the main target of ROS attack, leading to lipid
peroxidation (Halliwell and Gutteridge, 1999). It is also known
that membranes of cold-acclimated fish are enriched with PUFA,
being more susceptible to suffer with an oxidative stress (Parihar
et al, 1997). A possible cause of some enzymatic activities
increase, such as GPx or GR, in spring (lower temperature) is the
increased polyunsaturation of mitochondrial membranes in fish.
The membranes polyunsaturation can raise mitochondrial re-
spiration rates, which would enhance an ROS formation, increas-
ing proton leak and favoring membranes peroxidation. Higher
levels of organic hydroperoxides are formed by an enhanced lipid
mobilization, which leads to an induction of higher GPx activity.
This induces higher utilization of GSH, forming their oxidized
form (GSSG) and influences elevated activity of GR, in order to
maintain sufficient amount of reduced equivalents in the cells,
and thus normal redox homeostasis.

Part of variation recorded for oxidative stress biomarkers
cannot be explained by season and could be linked to species,
modification of food availability, spawning period, kind of
pollution or other environmental factors (Sheehan and Power,
1999).

No correlations between PAHs (sediments and metabolites)
with LPO and GR activities were established, but significant
negative correlations were established between GST activity and
metabolites type naphthalene and pyrene in liver. In the first step
of the biotransformation of PAHs, several metabolites are formed,
some of which are subject to further transformation by conjuga-
tion with endogenous substances. A possible pathway is the
conjugation with glutathione, a reaction catalyzed by glutathione-
S-transferases (GST), a family of enzymes that is also involved in
the lipid peroxidation (LPO) prevention. Glutathione conjugation
seems to be an important pathway of detoxification of PAHs, at
least in some species, since an induction of GST activity has been
found in fish exposed to these xenobiotics. However, an inhibition
of GST activity after exposure to PAHs has also been found
(Wang et al., 2006; Vieira et al., 2008). Sun et al. (2008) observed
in C auratus exposed to 0.001-0.1 mg/L of pyrene, a GST
significantly induced at 0.001 and 0.005 mg/L, and then was
decreased at higher concentrations. GSH serves as a substrate by
conjugation with electrophilic intermediates under the catalytic
action of GST. The variation in GSH level can produce variation in

GST level. Severe oxidative stress may suppress GSH levels (due to
a loss of adaptative mechanisms) and produce the oxidation of
GSH to GSSG with a consequent decrease of GST level. Ahmad
et al. (2004) observed in Anguilla anguilla an increase of GST level
after 8 h exposure to harbour water; at 48 h exposure, the
naphthalene-type metabolites in liver were lower and the GST
activity was similar to activity in the control fish. The GST activity
also decreased in gill and kidney, indicating the vulnerability of
these organs to the harbour water pollutants.

In sediments, GST was positively correlated with fluoranthene,
chrysene and summatory of eight high molecular weight PAHs, in
general, HPAHSs. Lu et al. (2009) observed in C. auratus exposed 15
days to 0.1-10.0 mg/kg fluoranthene, a fold increase of GST
activity of 1.46 establishing a clear relationship between GST
activity and exposure dosages of PAHs. On the other hand,
Pathiratne and Hemachandra (2010) observed an induction of GST
only in the lowest dose (1 mg/kg bw) of fluoranthene and
chrysene in Oreochromis niloticus.

Effects of inducing agents on total hepatic GST activity have
been observed in several fish species. As for CYP1A, the mecha-
nism of induction for most GSTs in mammals is regulated via the
Ah-receptor (George, 1994). An additional form of GST induction,
which functions independently of the Ah-receptor, has been
elucidated and requires metabolism of the compound before
transcriptional activation of the respective subunit gene can take
place (Rushmore and Pickett, 1990).

An increase in hepatic GST activity has been reported in
several studies after fish exposure to PAHs (Bello et al., 2001;
Ahmad et al.,, 2004; Jee and Kang, 2005; Jifa et al., 2006; Vieira
et al., 2008), but most studies did not demonstrate any significant
alterations (Riviere et al., 1990; Lemaire et al., 1996; Fenet et al.,
1998; Van Schanke et al., 2002; Sturve et al., 2006; Sun et al,,
2006; Oliveira et al., 2008) or showed a decrease of GST activity
(Oikari and Jimenez, 1992; Lemaire et al., 1996; Vieira et al., 2008;
Sun et al., 2008). Attempts to detect chemically induced activities
of GSTs in free living fish also yielded conflicting results. Several
studies reported GST activities to be significantly increased
(Rodriguez-Ariza et al., 1993a; Vigano et al., 1995; Beyer et al,,
1996; Van der Oost et al., 1996, 1998; Machala et al., 2001), but in
most cases no significant differences were observed between fish
from control and polluted sites (Beyer et al., 1996; Fent et al.,
1998; Stanic et al., 2006; Almroth et al., 2008) or a significant
decrease in GST activities was observed in some fish species in
polluted environments (Van der Oost et al., 1994; Tuvikene et al.,
1999).

Hepatic total GST activity in fish does not seem to be feasible
as a biomarker for environmental risk assessment, since increased
activities are only observed in a limited number of fish species
(Van der Oost et al., 2003). In addition, the exposure to pollutants
like PAHs may cause both induction and inhibition of the enzyme
activity. However, more research on this parameter, which is of
paramount importance for major detoxification processes, may
elucidate specific isoenzymes that have a more sensitive and
selective response to pollutants. Hepatic cytosolic GST activity
towards ethacrynic acid appeared to be induced in rainbow
trout exposed to PCB 153 or DDE, but was not induced after
2,3,7,8-TCDD exposure (Machala et al., 1998). This observation
indicates that this parameter may be a suitable biomarker for
exposure to nonplanar PCBs and organochlorines that does not
induce the CYP1A activity.

Often, contradictory modulations of potencial biochemical
indicators of an oxidative stress in various fish species have been
reported (Bainy et al., 1996; Petrivalsky et al., 1997). However,
differential induction of the hepatic GST isoenzymes plays an
important role in the antioxidant defence. Therefore, more
selective GST activities appeared to be additional potential
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biomarkers, as shown in both field and short-term laboratory
studies (Otto and Moon, 1995; Rodrigez-Ariza et al., 1993b).

GST activities reveal that this biochemical response to
pollutant mixtures are complex, since the absence of a specific
effect does not always reflect the absence of contamination.
Furthermore, the antagonistic effects on liver biotransformation
promoted by different xenobiotics present in complex mixtures
are well known. Finally, the role of GST on PAHs detoxification in
fish deserves further research.

GPx showed a negative significant correlation with metabolites
type phenanthrene in liver and positive correlation with ace-
naphthene concentration in sediments.

Normally, laboratory and field studies have shown increases in
the GPx activity after exposure of fish to different pollutants (Van
der Oost et al., 2003). Yin et al. (2007) identified the reactive
oxygen specie generated in C. auratus by phenanthrene as
hydroxyl radical (- OH). Jee and Kang (2005) reported a remark-
able increase in the activity of hepatic GPx in Paralichthys olivaceus
exposed to 2.0 uM phenanthrene after 2 weeks exposure. Oliveira
et al. (2008) observed in Liza aurata exposed to 0.3, 0.9 and 2.7 uM
phenanthrene for a period of 16 h a significant increase of GPx
activity. Recently, Lopez-Galindo et al. (2010a) observed an
increase of GPx activity in S. Senegalensis exposed to 2 mg/L
Mexel®432 (a mixture of aliphatic hydrocarbons with an alcohol
and amine functionality). However, the same authors (Lopez-
Galindo et al., 2010b) did not observe any trend of the GPx activity
over time and dose in S. senegalensis exposed to 0.1 mg/L hypo-
chlorite. A significant decrease in GPx activity was observed in
field experiments with red mullet, Mullus barbatus (Burgeot et al.,
1996) and seabream Diplodus annularis (Bagnasco et al., 1991)
exposed to PAHs contaminated sites.

Glutathione peroxidase is the most important peroxidase for
the detoxification of hydroperoxides and of hydrogen peroxide.
The GPx enzyme has been postulated to protect erythrocytes from
damage by H,0, and responsible for reduction of lipid hydroper-
oxides. Therefore, it is hypothesized that this enzyme may protect
tissues against an oxidative damage due to lipid peroxidation. The
liver is a major site of detoxification and the first target of
ingested oxidants, and is considered to be a very important tissue
in the study of GPx protective role from lipid peroxidation.

It is not a common negative correlation between GPx activity
and pollutants. To explain the negative correlation between
GPx activity and phenanthrene-type metabolites in liver, results
observed by authors have been compared with the effect of
phenanthrene (concentrations in mg/mL water) on the fish GPx
activity in laboratory bioassays, but there is no sufficient
bibliography available about the relation between GPx and
phenanthrene-type metabolites in liver from field assays. One
explanation could be a suppression of the GPx inducibility, due to
chronic exposure to complex mixture of pollutants with the pre-
sence of GPx inhibitors compounds, such us mercury, cadmium or
copper (Ulusu et al., 2002; Ahmad et al., 2005; Vicente-Martorell
et al., 2009; Franco et al., 2009); other explanation could be that,
since GST is a cofactor for glutathione peroxidase, the decrease of
GST (that present a negative correlation with naphthalene-type
metabolites in liver) to face oxidative stress produce a decrease
of Gpx activity (Vieira et al., 2009). More research is required to
determine the potential utility of GPx activity in fish liver as a
biomarker for environmental risk assessment purposes.

A significant correlation of CAT with anthracene concentration
in sediment was observed. CATs are hematin-containing enzymes
that facilitate the removal of hydrogen peroxide (H,0,), which is
metabolized to molecular oxygen (0;) and water. Since CATs are
localized in the peroxisomes of most cells and are involved in
fatty acid metabolism, changes in activities may often be difficult
to interpret (Stegeman et al., 1992). Sturve et al. (2006) also found

a significant increase of CAT activity in the Atlantic cod
(G. morhua) exposed to North Sea oil. Vieira et al. 2008 observed
a significant difference between the control and fish (P. microps)
exposed to 2 pg/L anthracene with a percentage of induction of
58%. These results suggest that anthracene induce the production
of O3, which is converted to hydrogen peroxide (H,O,) by an
action of CAT.

The mechanisms of toxicity and detoxification of PAHs in fish
are not fully understood and even contradictory effects of PAHs on
antioxidant enzymes have been reported depending on the
substance, time exposure and concentration. (Vieira et al.,
2008). Therefore, since antioxidant enzymes of fish have been
used as biomarkers in areas polluted with petrochemical
products, it is convenient to clarify their pattern of answer to
petrochemical products and their components.

5. Conclusions

Using the principal reference in Europe on sediment quality
(Holland Legislation) Odiel and Tinto River are no or few
contaminated sites and Padre Santo Canal is a site moderately
contaminated PAHs site. However, higher responses in the
activities of the biomarkers were observed in Tinto and Odiel
River, probably due to the presence of other pollutants, such as
heavy metals and/or pesticides.

LPO, CAT and GR biomarkers were most sensitive to chronic
pollution of complex mixtures showing a significant difference
with respect to the control fish in Odiel and Tinto Rivers.
Nevertheless, GST, CAT and GPx showed correlations with both,
sediments and liver PAHs.

GST was most correlated with four rings PAHs and both, GPx
and CAT, was most correlated with three rings PAHs.

The field studies are important because isolated PAHs may be
inducers of anti-oxidant enzymes, but complex mixtures can
contain compounds that affect (direct and/or indirect) to the
enzyme activities producing different effects with respect to
laboratory assays realized with the same compounds and
enzymes.
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