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This study examined the effects of nickel and chromium exposure on two biochemical biomarkers,
glutathione peroxidase (GPX) and acetylcholinesterase (ACHE), in parallel with an indicator of over-
all health, Scope for Growth (SFG), in the mussel Mytilus galloprovincialis to evaluate their ecological
relevance and to assess their potential use as biomarkers of Ni and Cr pollution. SFG integrates major
physiological responses into an index that represents the energy status of the animals and is considered an
ecologically relevant biomarker. Following exposure to a range of Ni and Cr concentrations effects of Ni
and Cr were evident on GPX and SFG but not on ACHE. Accumulation in the mussels’ tissues increased
according to exposure concentrations. Adverse effects on the energy status and induction of GPX were
found at the higher exposure concentrations while possible hormetic effects on the energy status and
moderate GPX suppression were associated with lower exposure concentrations. Nevertheless GPX was
negatively correlated with SFG suggesting that GPX responses reflect the overall health of the organisms
and thus show potential as an early warning signal of population level effects of Ni and Cr. On the other
hand, our results indicate that ACHE is not a suitable biomarker for Ni and Cr pollution.

Keywords: biomarkers; glutathione peroxidase; acetylcholinesterase; energy budget; mussels; metals

1. Introduction

Biomarkers represent molecular, biochemical, physiological or behavioural changes in organisms
following exposure to environmental stressors that are increasingly used for the assessment of
pollution impacts in aquatic ecosystems [1,2]. It is generally believed that suborganism responses
occur prior to alterations at the population and community levels so biomarkers can be predictive
and anticipatory [3]. Biochemical biomarkers range from general to specific, reflecting general
cellular stress or exposure to specific classes of contaminants [4,5] but hardly provide evidence
of consequences on the organisms and populations. In order to reveal potential ecological conse-
quence, biochemical biomarkers should be related to changes in growth, reproductive output, or
metabolic function that could lead to alterations in the health status of the organisms [6]. Hence
linking biochemical biomarkers with biomarkers of the overall health of individual organisms is
important for the evaluation of their utility in predicting population-level effects [7].
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316 C. Tsangaris et al.

Ni and Cr are common heavy metal contaminants of known toxicity and they are both considered
carcinogenic [8,9]. These metals represent major contaminants produced by mining and smelting
operations of lateritic nickel ores [10], an important industry in Greece. In coastal areas impacted
by nickel ore processes, high Ni and Cr concentrations are found in water, sediments and biota [10–
12]. Numerous studies describe adverse effects of Ni and Cr in aquatic organisms [8,9]. However,
information on the effects of these metals on biomarkers in mussels of the genus Mytilus that are
common sentinel organisms in pollution biomonitoring programmes [13] is lacking. The present
study examined the effects of Ni and Cr on two biochemical biomarkers glutathione peroxidase
(GPX) and acetylcholinestrease (ACHE), in parallel with a physiological condition index, Scope
for Growth (SFG), in the Mediterranean mussel Mytilus galloprovincialis in order to evaluate
their usefulness as predictive biomarkers of population level effects of Ni and Cr pollution.

GPX is an antioxidant enzyme, which contributes to the oxidative defence by catalysing the
reduction of hydrogen and lipid peroxides [14,15]. Variations in antioxidant enzyme activities are
considered as biomarkers of reactive oxygen species (ROS) production that may lead to oxidative
stress caused by a wide range of environmental stressors including heavy metals [4]. Toxicity
and carcinogenicity of Ni and Cr is known to occur due to production of ROS [16]. Ni and Cr
undergo redox cycling resulting in production of ROS by reactions with hydrogen peroxide and
organic hydroperoxides [16,17] and previous literature data on vertebrate species demonstrate
that both metals affect GPX [18,19]. ACHE is an enzyme involved in nerve impulse transmission
and its inhibition is widely used as a biomarker of neurotoxicity. Neutoroxic compounds such
as organophospate and carbamate pesticides specifically inhibit ACHE [5,20] but more recently
ACHE inhibition by several other chemicals including heavy metals has been demonstrated [21–
25]. ACHE is thus currently suggested as a potential biomarker for detecting general stress in
aquatic organisms [13]. Previous studies have shown inhibitory effects of Ni and Cr on ACHE
activities in aquatic species [24,26,27] and in vitro ACHE inhibition by Cr in mussels [24]. To
our knowledge in vivo effects of Ni and Cr on GPX and ACHE activities in mussels of the genus
Mytilus have not been studied.

SFG is an established biomarker of the overall health of an organism that provides a general
response to environmental stressors and is considered an ecologically relevant biomarker [28].
SFG integrates estimates of major physiological responses (feeding, food absorption, respiration
and excretion) converted to energy equivalents into an index that represents the energy available
for growth and reproduction [28].

The aim of this study was to assess the responsiveness of GPX and ACHE activities, in parallel
with SFG, to Ni and Cr exposure in M. galloprovincialis and to evaluate the linkage of GPX and
ACHE responses to effects on the overall health status of the organisms in order to assess their
usefulness as early warning signals of population level effects of Ni and Cr.

2. Materials and methods

2.1. Experimental exposure of mussels

Mussels Mytilus galloprovincialis of similar shell length (5.5 ± 1.0 cm) were purchased from a
local farm at Megara (Saronikos Gulf, Greece) in November 1997 and in April 1998 in order to
avoid spawning and the winter period when energy reserves are low. In the area of Megara, heavy
metal levels in mussels are similar to those found in non-polluted Mediterranean coastal areas
[29,30]. The mussels were placed in 4 l tanks (5 mussels/l) and were acclimated in aerated artificial
seawater (38‰, 18 ± 1 ◦C) for seven days prior to heavy metal exposure. Artificial seawater was
prepared using artificial marine salt (Sera premium sea salt, Germany).
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The mussels were exposed to a range of Ni (3 μg/l, 300 μg/l and 3000 μg/l) and Cr (0.5 μg/l,
5 μg/l, 50 μg/l) concentrations for 28 days. The lowest concentrations were chosen as being
representative of the dissolved Ni and Cr seawater levels reported in contaminated areas; (0.52–
0.79 μg Cr/l) [31], (0.116–3.5 μg Ni/l) [32]. The dosed metal concentrations although high were
considered environmentally relevant, as in polluted environments such as areas of nickel mining
and smelting, spills of ores and effluents may lead to high localised concentrations of Ni and Cr
depending on currents and tidal actions. For example values up to 600 μg/l of Ni and 5000 μg/l of
CrVI have been found in seawater leachates of nickel ores [10] while values of up to 27200 μg/l
of Ni have been reported in wastewater from Ni mining, smelting and refinery operations [9].
All concentrations were sublethal according to earlier studies in mussels [33,34]. Ni and Cr were
added in seawater as stock solutions of NiCl2 and Na2CrO4. Cr (VI) was employed which is
considered more toxic and biologically available than Cr (III) [8]. Artificial seawater with no
added metal served as control. The seawater was renewed every second day and the mussels
were fed daily with Dunaniella tertiolecta (60 × 106 cells/mussel). After 28 days of heavy metal
exposure GPX and ACHE activities, SFG, as well as heavy metal -Ni and -Cr concentrations in
the mussels were measured.

2.2. Heavy metal analysis

Whole mussel tissues were dissected, freeze-dried and digested with concentrated HNO3 in Teflon
digestion vials under pressure at 120◦ for 12 h [35]. Three to five individual organisms were
analysed per treatment. Ni and Cr analysis was performed by atomic absorption spectrophotometry
(AAS) on a Varian Spectra AA 20plus spectrophotometer (Varian, Victoria, Australia). Heavy
metal concentrations were expressed as μg/g dry weight tissue. Analytical quality control was
achieved using certified reference material (DORM-2) provided by the National Research Council
of Canada.

2.3. Glutathione peroxidase (GPX) activity

GPX was measured as described by Livingstone et al. [36] in the digestive gland, which is the
major detoxication tissue in mussels, and where the highest GPX activities are found [37]. Diges-
tive glands from 4–6 individuals (four replicates per treatment) were pooled and homogenised
using a Potter-Elvehjem homogeniser (Heidolph Electro GmbH, Kelheim, Germany) in 1:4 (w:v)
20 mM Tris-HCl buffer, pH 7.6, containing 1 mM EDTA, 1 mM dithiothietrol, 0.5 M sucrose and
0.15 M KCl. Homogenates were centrifuged at 500 g for 15 min and 10,000 g for 30 min.All prepa-
ration procedures were carried out at 4 ◦C. Se-dependent GPX activity was assayed in the 10,000 g

supernatant by the rate of NADPH oxidation monitored at 340 nm by the coupled reaction with
glutathione reductase using H2O2 as a substrate (GSSG + NADPH + H+ → 2GSH + NADP+,
NADPH extinction coefficient = 6.2 mM−1/cm). GPX activity was expressed as nmoles NADPH
consumed per min per mg protein. Total protein content in the homogenate supernatants was
measured by the Bradford method [38] using a Bovine Serum Albumin (BSA) standard curve.

2.4. Acetylcholinesterase (ACHE) activity

ACHE activity was measured in the adductor muscle as ACHE has an essential role in nerve
transmission processes at neuromuscular junctions and this tissue has been previously used for
ACHE measurements in mussels [39]. Samples were prepared as described by Bocquené et al.
[39]. Tissues from 4–6 individuals (four replicates per treatment) were pooled and homogenised
using a Potter-Elvehjem homogeniser in 1:5 (w:v) 0.1 M Tris-HCl buffer, pH 7. Homogenates
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318 C. Tsangaris et al.

were centrifuged at 15,000 g for 20 min. All preparation procedures were carried out at 4 ◦C.
ACHE activity was assayed at 412 nm by the colorimetric method of Ellman [40]. ACHE activity
was expressed as nmoles of acetylthiocholine hydrolysed per min per mg protein. Total protein
content in the homogenate supernatants was measured by the Bradford method [38].

2.5. Scope for Growth (SFG)

The procedure described by Widdows and Salked [41] with the modification of Cotou et al. [42]
was used to measure Scope for Growth. Clearance rate, respiration rate and food absorption
efficiency were measured for each mussel individually (three to six mussels per treatment) under
laboratory standardised conditions (artificial seawater of 38‰, 18 ± 1 ◦C). For clearance rate
and absorption efficiency measurements, mussels were placed in individual chambers in a closed
circulation system at a water flow rate of 160–180 ml/min, where Dunaniella tertiolecta was
added at a concentration of 6500–7000 cells/ml. Algal cell concentrations were measured from
the outfall of all chambers including the controls (two chambers without mussels) four times at
45 min intervals, using a Z1 Coulter Counter (Coulter Electronics, Luton, UK). Clearance rate
(Cl) was calculated as follows:

Cl = Fl X (C0 − C1)/C0,

where Fl = flow rate, C0 = inflow concentration (control chamber), C1 = outflow concentration
(experimental chamber).

Faeces were collected from each chamber after mussels remained in the system for 12 h.
Absorption efficiency (AE) was measured by the ratio of Conover [43]:

AE = (F − E)/((1 − E) × F),

where F = ash free dry mass/dry mass of food, E = ash free dry mass/dry mass of faeces.
Respiration rate was measured for each mussel in a transparent plastic respirometer (i.e. modi-

fied Quickfit chamber) containing 750 ml of air saturated synthetic seawater circulated with a
magnetic stirrer. Each mussel was settled in the respirometer for 15 min and subsequently the
decline in oxygen tension was monitored over a period of 30–45 min using a Strathkelvin Model
781 oxygen meter (Strathkelvin Instruments, Glasgow, UK).

Physiological rates were converted to energy equivalents and were used to calculate SFG, the
energy available for growth and reproduction, according to the equation:

SFG = A − R = (C × absorption efficiency) − R,

where A = energy absorbed from food, C = energy consumed from food, R = energy lost via
respiration.

Energy lost via excretion was not included in the above equation because it accounted for less
than 5% of the total energy loss. Calculation of C, A and R was as follows:

C(J/g/h) = clearance rate (L/g/h) × algae cells concentration (mg ash-free dry weight/l)

× 23.5 J/mg ash free dry weight,

where 23.5 J/mg ash free dry weight is the energy content of phytoplankton cells [44].

A(J/g/h) = C × absorption efficiency

R(J/g/h) = respiration rate (μmolO2/g/h) × 0.456 J/μmol O2,

where 0.456 J/ml O2 is the energetic equivalent of respiratory oxygen consumption [45].
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2.6. Statistical analysis

Data are presented as mean ± standard error of the mean (n = 3−6 for metal analysis and SFG
and n = 4 for ACHE and GPX). Kolmogorov-Smirnoff test and Levene’s test were applied to test
normal distribution and homogeneity of variance respectively. Data were log-transformed where
necessary. Significant differences between means were tested by one-way ANOVA followed by
the Dunnett test to detect differences between heavy metal treated and control mussels. To examine
relationships between GPX, ACHE and SFG linear regression was applied. Statistical analysis
was performed using the SPSS statistical package. Significance level was set at p < 0.05.

3. Results

3.1. Ni and Cr bioaccumulation

Ni and Cr concentrations in whole tissues of mussels exposed for 28 days to a range of Ni and Cr
concentrations in seawater are shown in Table 1. Ni concentrations in the mussel tissues increased
accordingly to Ni exposure concentrations and were significantly different from concentrations
of control mussels at 300 and 3000 μg Ni/l. Cr tissue concentrations increased with increasing
Cr exposure concentrations and were significantly different from controls in mussels exposed to
50 μg Cr/l.

3.2. Effects of nickel exposure

SFG of Ni exposed mussels significantly decreased to 41 and 21% of controls at Ni tissue
concentrations of 59.9 and 219 μg Ni/g dw, respectively (Figure 1a). On the contrary, a sig-
nificant increase in SFG to 173% of controls was found in Ni exposed mussels at the lowest Ni
tissue concentration of 9.5 μg Ni/g dw (Figure 1a). These changes in SFG of Ni exposed mussels
were primarily due to corresponding changes in the energy absorbed from food (Table 2). As
shown in Table 2 the energy absorbed from food varied with respect to Ni tissue concentrations
while changes in the energy consumed by respiration were not significant. GPX activity of Ni
exposed mussels significantly increased to 180% of control levels at the highest Ni tissue concen-
tration of 219 μg Ni/g dw (Figure 1b). At lower Ni tissue concentrations of Ni exposed mussels,
GPX activities decreased (69–76% of controls) although differences compared to controls were

Table 1. Ni and Cr concentrations (μg/g dw) in whole tissues of mussels
exposed to a range of Ni and Cr concentrations in seawater for 28 days.

Ni added in seawater (μg/l) Ni in mussel tissues (μg/g dw)
0 8.8 ± 1.0
3 9.5 ± 1.5
300 59.9 ± 3.6∗
3000 219.2 ± 6.6∗

Cr added in seawater (μg/l) Cr in mussel tissues (μg/g dw)
0 1.1 ± 0.2
0.5 1.4 ± 0.2
5 2.5 ± 0.4
50 15.4 ± 6.1∗

Mean ± standard error, n = 3–5.
∗Significantly different from control, p < 0.05.
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320 C. Tsangaris et al.

Figure 1. Effects of Ni concentrations in the tissues (μg Ni/g dw) on Scope for Growth (SFG) (a), glutathione
peroxidase activities (GPX) (b), and acetylcholinesterase activities (ACHE) (c), of mussels exposed to Ni for
28 days. Results are expressed as percentage of the control values. Control SFG = 19.7 ± 2.3 J/h/g; Control
GPX = 10.3 ± 2.4 nmoles/min/mg protein; Control ACHE = 6.4 ± 0.6 nmoles/min/mg protein. Mean ± standard
error, n = 6 (a), n = 4 (b), (c). ∗Significant difference from control, p < 0.05.

Table 2. Components of the energy budget, A (J/h/g): energy absorbed from food and R (J/h/g):
energy consumed by respiration, used for the calculation of SFG (J/h/g) of mussels exposed to a
range of Ni and Cr concentrations in seawater for 28 days.

Ni added in seawater (μg/l) A (J/h/g) R (J/h/g) SFG (J/h/g)
0 32.8 ± 2.3 13.1 ± 0.5 19.7 ± 2.3
3 43.1 ± 3.7∗ 9.0 ± 1.1 34.0 ± 4.1∗
300 18.9 ± 2.7∗ 10.4 ± 1.3 8.6 ± 1.5∗
3000 20.0 ± 2.5∗ 15.8 ± 3.1 4.1 ± 3.2∗

Cr added in seawater (μg/l) A (J/h/g) R (J/h/g) SFG (J/h/g)
0 38.7 ± 5.7 8.6 ± 0.6 30.1 ± 5.4
0.5 52.5 ± 4.9∗ 8.0 ± 0.6 44.5 ± 4.6
5 57.9 ± 6.6∗ 9.3 ± 1.6 48.6 ± 5.4∗
50 39.4 ± 4.5 4.4 ± 2.1∗ 25.1 ± 4.7

Mean ± standard error, n = 3–6.
∗Significantly different from control, p < 0.05.
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not statistically significant (Figure 1b). There were no significant differences in ACHE activities
between Ni exposed and control mussels (Figure 1c).

3.3. Effects of chromium exposure

SFG of Cr exposed mussels at the highest Cr tissue concentration of 15.4 μg Cr/g dw only slightly
decreased compared to controls (83% of controls) (Figure 2a). On the contrary, at lower Cr
tissue concentrations, SFG values of Cr exposed mussels increased to 148 and 162% of controls
respectively, this increase being significant at 2.5 μg Cr/g (Figure 2a). These increased SFG values
were primarily due to increased energy absorption from food while the slight decrease in SFG at
the highest Cr concentration was due to a decrease in the energy consumed by respiration (Table 2).
GPX activities of Cr exposed mussels showed a decreasing tendency (63–69% of controls) at the
lower Cr tissue concentrations of 1.4 and 2.5 μg Cr/g dw however differences from controls were
not significant (Figure 2b). Cr exposure had no effect on ACHE of mussels as similar ACHE
activities were found in Cr exposed and control mussels (Figure 2c).

Figure 2. Effects of Cr concentrations in the tissues (μg Cr/g dw) on Scope for Growth (SFG) (a), glutathione
peroxidase (GPX) activities (b), and acetylcholinesterase (ACHE) activities (c), of mussels exposed to Cr for
28 days. Results are expressed as percentage of the control values. Control SFG = 30.1 ± 5.4 J/h/g; Control
GPX = 8.4 ± 1.4 nmoles/min/mg protein; Control ACHE = 8.5 ± 0.6 nmoles/min/mg protein. Mean ± standard error,
n = 3 (a), n = 4 (b), (c). ∗Significant difference from control, p < 0.05.
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3.4. Relationship between biochemical biomarkers and scope for growth

Using the combined data of both Ni and Cr exposure experiments (means of treatment groups
were used, n = 8) a significant linear relationship was found between GPX activities and SFG
(R2 = 0.539, p < 0.05) whereas there was no significant relationship between ACHE activities
and SFG (R2 = 0.050, p > 0.05).

4. Discussion

Laboratory studies are useful to assess the responsiveness of biomarkers to different types of
contaminants and to investigate relationships between biomarkers at different levels of biological
organisation in order to provide information on their relevance and applicability for the assessment
of environmental pollution. The present study revealed effects of Ni and Cr on GPX and SFG of
mussels following laboratory exposure to a range of Ni and Cr concentrations while no effects on
ACHE were noted. The observed effects did not show a clear dose response but rather followed
a biphasic pattern while Ni and Cr accumulation in the tissues of mussels increased according to
exposure concentrations in agreement with previous studies in Mytilus sp. [34,46]. At the higher
exposure concentrations, Ni and Cr body burdens were markedly elevated (59.9, 219 μg Ni/g dw
and 15.4 μg Cr/g dw) and higher or comparable to those found in mussels at contaminated areas
[8,9]. These elevated Ni body burdens negatively affected the overall health status of mussels as
indicated by the decrease in SFG to 41 and 21% of control levels. SFG represents the energy
budget of the animals and is considered a good indicator of the overall health status [28]. Adverse
effects of Cr on health status were not prominent; however the lowest SFG value (83% of controls)
coincided with the highest Cr body burden. These results are in agreement with previous studies
that have shown inverse relationships between SFG and heavy metal body burdens in mussels
[47,48]. On the contrary, unexpectedly positive effects on the energy status were detected in metal
exposed mussels with lower Ni and Cr body burdens (9.5 μg Ni/g dw, 1.4 and 2.5 μg Cr/g dw).
SFG values of these mussels increased by 48–66% above control levels suggesting a hormetic
response. Hormesis is described as stimulation of organism performance occurring at low levels
of exposure to agents that are harmful or toxic at high levels of exposure. Hormetic responses are
induced by a variety of stressors and include a wide range of endpoints, with growth responses
being the most common [49]. Positive effects on shell growth of mussels during toxic exposure
have been previously reported for low Cd [50] and low hydrocarbon concentrations [51] and they
have been also assigned to hormesis. SFG is an indirect estimate of growth and its increases both
in Ni and Cr exposed animals of this study were mainly due to increased clearance rates that
resulted in increased energy absorption from food (Table 2). A similar increase was recorded in
the filtration rate of clams Anadara granosa during the first 24 hours of Cd exposure whereas after
prolonged Cd exposure that rate was decreased [52]. Previous studies have reported similar pattern
of responses with stimulation at low levels of exposure and adverse effects occurring at higher
levels of exposure and have drawn attention to hormesis implications in toxicity testing [53,54].
Unexpected responses occasionally observed in field investigations of contaminant impacts may
also be related to hormetic responses [55,56]. Our results imply that consideration has to be taken
into account in case of unexpectedly high SFG values at areas of low Ni and Cr contamination as
they might be related to hormetic type responses. Hormesis is regarded as an overcompensation
response to a disruption in homeostasis [57] and its importance in ecotoxicology is underlined
by Chapman [58]. Stebbing [49] suggested that hormesis might not be only symptomatic of the
effects of sub inhibitory levels of toxicants, but it could be a useful index of such effects.

GPX in metal exposed mussels showed a similar to SFG biphasic pattern of response, with
increased GPX activities at the highest Ni body burden and moderately decreased activities at
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lower Ni and Cr body burdens. The increased GPX activities indicate enzyme induction possibly
as a protection mechanism against ROS that can be produced by Ni [16,17]. Generally, enzymes
of the antioxidant defence system are induced by contaminant-mediated production of ROS as a
protection mechanism against oxidative stress or inhibited when deficiency of the system occurs
[14]. No data are currently available on the effects of Ni and Cr on GPX in mussels but both metals
have been reported to affect GPX in vertebrate species as a response to formation of ROS [18,19].
Our results indicate that GPX responses of mussels to Ni and Cr vary depending on exposure
dose. Literature data on mussels exposed to various contaminants in field or laboratory conditions
report variations [15,59–62] as well as no changes of GPX activities [63]. Thus, these different
contaminant-mediated effects could be explained by a different dose or time response of GPX to
different contaminants. A depletion of certain antioxidant enzymes as a first response to contam-
inant exposure followed by a later induction has been reported in bivalve species in field [15,64]
and laboratory experiments [65]. GPX reduces hydrogen peroxide and organic peroxides using
the glutathione pool in order to prevent oxidative damage [14,15]. Géret et al. [65] suggested that
the decrease of GPX activity of clams Ruditapes dessucatus in the first days of Cd exposure could
be attributed to a depletion of cellular glutathione, which is used as a cofactor in GPX reactions,
due to formation of Cd complexes [15]. After some days of Cd exposure, metallothioneins that
capture free Cd ions in the cells were induced and the antioxidant system was functional. Ni also
binds to glutathione and metallothioneins, thus the effects of different Ni doses on GPX in the
present study could be similarly explained. Cr binds to glutathione but not to metallothionein,
which may explain the lack of GPX induction in Cr exposed mussels. Nevertheless, GPX is a
component of a complex antioxidant defence system and its response is accompanied by responses
of other enzymes and scavenger molecules that could have been responsible for the protection
against ROS. For example, a reciprocal compensation between decreasing GPX and increasing
catalase activity, that are both hydrogen peroxide metabolising enzymes, has been reported [66].

The ability of biochemical markers to provide early warning signals of ecosystem-level damage
can be evaluated by their correlation with ecologically relevant biomarkers such as SFG [7,48].
In the present study, despite the different responses of SGF and GPX of mussels to different Ni and
Cr doses, a significant linear regression relationship was found between the two biomarkers sug-
gesting that GPX responses may reflect the overall health of the organism. The concurrent marked
reduction in SFG with the increase in GPX activity at the highest Ni body burdens suggests that
the decline in the overall health of the organisms may be due, to some extent, to ROS production.
Furthermore, it associates GPX induction with a real harmful effect on the organism thus fulfilling
the requirements of a biochemical biomarker to have a significant ecological consequence. On
the other hand the unexpected hormetic-like responses of SFG in parallel with consistent, even
though moderate decreases in GPX activity is a subject for further research. This may be due to
energy conservation or energy allocation towards other defence mechanisms or components of
the antioxidant defence when SFG was increased. However, even if the significance of this finding
needs to be clarified, our results suggest that GPX may be useful as an early warning signal of
population level effects.

Conversely, the present study showed no effect of Ni or Cr exposure onACHE activity of mussels
and consequently no relationship betweenACHE and overall health status of the organisms. Based
on studies that have shown inhibitory effects of Ni and Cr on ACHE in aquatic species [24,26,27]
ACHE inhibition was expected in this study. Literature data on mussels report in vitro ACHE
inhibition by Cr [24] but no data are available on ACHE inhibition by Ni. Previous laboratory
studies have shown ACHE inhibition by heavy metals such as Cu, Cd, Fe and Zn in mussels
in vitro [21] and by Zn and Cu in clams in vivo [22]. However, the concentrations used in the
above experiments were much higher than those occurring in the marine environment. Payne
et al. [25] suggested that inhibition of ACHE by heavy metals is likely to occur at very high
concentrations, rarely found in the environment. Field studies in Mediterranean coastal waters
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have related decreases in ACHE activities of mussels with heavy metal pollution nevertheless
in most cases additive effects of several contaminants possibly occurred [67,68]. However, the
concentrations used in the above experiments were much higher than those occurring in the
marine environment. It has to be noted that ACHE activities of mussels in the above-mentioned
studies were measured in total soft tissues [21,67,68] and haemolymph [24] whereas in this study,
ACHE activity was measured in the adductor muscle considering the importance of nerve impulse
transmission in muscle tissues and that previous studies have shown ACHE activity variations in
this tissue of field collected mussels that could relate to pollution levels [39,60]. In the present
study, the lack of ACHE inhibition in mussels with elevated Ni and Cr tissue concentrations,
higher or comparable to those found in mussels at contaminated areas [8,9], suggests that ACHE
in M. galloprovincialis may not be suitable as a biomarker of Ni and Cr effects.

In conclusion, our results indicate that SFG and GPX were affected by Ni and Cr levels of
the present study although a clear dose response was not evident; adverse effects on the energy
status and induction of GPX were found at the higher exposure levels while possible hormetic
effects on the energy status and moderate GPX suppression were associated with lower exposure
levels. Nevertheless GPX responses were linked to changes in the overall health of the organisms
suggesting GPX in M. galloprovincialis shows potential to signal population level effects of Ni and
Cr. Our findings imply potential complications in the use of these biomarkers for the assessment
of Ni and Cr pollution in marine environments as the type of response appeared to be related
to exposure levels. A better understanding of such complex responses may help interpret some
conflicting results in biomarker application for the assessment of environmental pollution. On
the other hand, ACHE was not affected by Ni and Cr exposure and is not considered a suitable
biomarker for Ni and Cr pollution.
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